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It is a common understanding worldwide that electromobility will have a significant
share in passenger transport and that there will be a very dynamic increase in the return
volumes of discarded batteries in the future. Whilst, currently, recycling is in the hands of a
few and mostly small companies, large companies are increasingly preparing for the circular
economy scenario of electric vehicles. This requires robust, safe and efficient processes, on
which many research centers are currently working in the international environment. At
present, there is no preferred concept for the processing of battery scrap, not to mention
any standardization or norming. Politically, the EU specification of a 50% weight-based
recovery rate (recycling efficiency, RE) based on cell level is causing widespread discussion.
On one hand, such a requirement seems low, but taking into account that 15% and 20%
weight shares of electrolytes and graphite, respectively, have not been recoverable to date,
this RE alone already poses challenges for many companies. The overall question therefore
is whether the holistic weight-based RE is the right way to go, or if element-based quotas
for Ni, Co, Cu, Li, etc. are clearly the more target-oriented way [1]. This request has
been partly implemented recently by the EU in the new draft of the Battery Recycling
Directive [2], where, exemplarily, Li is addressed, with a target of 70% by 2030.

Regardless of this discussion, the recovering of technology elements from Li-based
batteries requires mechanical and metallurgical processes in combination. Many options
for treating discarded batteries are currently being discussed and investigated. Three
exemplary recycling process pathways, A, B, C, are shown as a modular scheme, as the
following figure (Figure 1) simplifies. These three process options are already realized at an
industrial or at least at a pilot scale and comprise different approaches regarding elements
recovered and modules selected.

Figure 1. Options and flexibility of battery recycling routes indicating three already industrially
applied process paths: A (inert shredding and separation before dedicated chemical processing),
B (thermal conditioning and mechanical separation prior to large-scale production), C (direct smelting
without pre-conditioning), based on [1].

Metals 2021, 11, 533. https://doi.org/10.3390/met11040533 https://www.mdpi.com/journal/metals1
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It can be seen that different process modules are in place, which can be incorporated
into a recycling process. The resulting process A combines inert shredding and mechanical
comminution and separation. Thermal conditioning is performed afterwards, whereas
process B starts with a thermal treatment and a mechanical comminution and classification
is then performed in atmosphere before entering large-scale units. Process C can be inserted
into a pyrometallurgical unit with or without dismantling and discharging. Hence, the
selection of such modules starting from dismantling/discharging up to hydrometallurgy
forms recycling routes A, B, C. Each process path entails specific benefits and drawbacks,
for example, based on energy input, eco-footprint or recoverable elements and components.
In this scheme, the focus is not set on the economic viability of the main points, but on
providing options or scenarios with the focus on the respective technological strengths and
weaknesses. Depending on the path taken, the components of a cell can be converted into
commodity products, and even raw materials for a closed circle to batteries, or environ-
mentally sensitive substances; Figure 2 is helpful to illustrate the options for obtainable
recycling products.

Figure 2. Alternatives of obtained recycling chain products depending on the process paths selected, based on [3]. Here,
HP-C refers to high-purity graphite materials used for smelting crucibles.

Noble metals, such as copper (Cu), nickel (Ni) and cobalt (Co), are recovered generally
as a marketable and profitable product, independent from the process modules selected.
These metals comprise the highest value within a battery, which is why their recovery is a
crucial goal in all recycling paths. However, losses in by-products can hardly be avoided
since a yield of 100% is practically unrealistic, nevertheless, research always focuses on
minimizing process-related losses. Moreover, iron (Fe), represented as steel casings or LFP-
cathode systems, and manganese (Mn), represented as an alloying element in steel casings
or NMC-cathode systems, are comparatively ignoble metals. Aiming for near zero-waste
recycling, Fe and Mn are to be considered as potential products, as well. The mineral phase
resulting as slag from pyrometallurgical operations can be transferred to the construction
sector, but an elemental recovery of Mn and Fe is not realized in most scenarios. Aluminum
(Al) from casing and foils can, similarly to Fe and Mn, be transferred to a slag in a direct
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smelting route or recovered to a high degree by advanced mechanical processes, like
dismantling, shredding and classification. The graphite in the battery’s anodes is a critical
element according to the European Union [4], hence, its recovery must play an important
role in terms of resource efficiency [5]. Using it as a reducing agent in pyrometallurgical
operations is technically possible [6,7] but questionable, since a carbothermic smelting
process is under critical view, when aiming at a carbon-free industry approach. Hence,
dedicated recovery steps are required. Lithium (Li) represents the mainstay of proven
and all innovative battery systems, and its recovery always requires hydrometallurgical
operations. Lithium carbonate, but also lithium hydroxide, are marketable products, whose
production in recycling ensures the principle of a circular economy.

The obtainable products correspond to a wide range of processes alternatives, which
has already been outlined by the different process combinations A, B, C. The established
large-scale operations for comparable commodity materials (outer ring) are certainly the
most economic ones and, thus, it should be a battery recycling process target to reach an
entry point into these production levels as fast as possible. As a matter of fact, the available
options are highly diversified, leading to more recycling process alternatives. Figure 3
visualizes this by showing most of the battery recycling options as a modular wheel.

Figure 3. Entry points for recycling products in current large-scale metal production value chains, based on different
process modules, based on [8]. Here, the outer ring represents established large-scale operations for comparable commodity
materials, also indicated as base material production. The middle ring stands for an advanced second stage in dedicated
battery recycling, whereas the inner ring stands for the first process stage in dedicated battery recycling.

This wheel can be read starting from the center with end-of-life batteries, passing two
rings of first and possibly second dedicated battery recycling steps into the commodity ma-
terial production systems (outer ring). Hence, the two inner rings refer to battery-specific
recycling facilities and unit operations, and the outer ring represents existing, large-scale
metallurgical or chemical industrial production facilities. Obtained products from dedi-
cated battery recycling facilities are channeled into existing large-scale operations for new
product generation. Battery scrap, which can be either cell or module based, is treated in
process modules, which obtain a specific product fraction. For example, Al casing is recov-
erable by the module “mechanical treatment”, possibly in combination with the module
“thermal pre-treatment” before or even after the mechanical process. This Al casing product
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is then directly transferred to existing, non-battery-specific aluminum production facilities,
where it is transformed to a secondary aluminum alloy by the module “pyrometallurgy”.

It is to be pointed out that the entry points of the outer ring are defined in terms of
impurities by commodity material producers. Thereby, meeting these demands on battery
recycling products is a pre-requisite for generating marketable products. The channeling
of battery recycling products into existing infrastructure for primary production is an
important tool for near zero-waste recycling. However, with all process chain optimization,
it must always be kept in mind that metal losses can also increase with each process module
added and that the revenues from the newly recovered products may be offset by the costs
of these required additional steps. Additionally, last not but least, all recycling operations
must be robust against changing battery chemistries [9,10] and impurities deriving from
sorting failures or insufficient orderliness and cleanliness in the plant. One simple example
is the future Si-based battery which shows a strong tendency to disable hydrometallurgical
operations by gelation risk.

Based on 19 high-quality articles, this Special Issue presents methods for further
improving the currently achievable recycling rate, product quality in terms of focused
elements and moreover, approaches for the enhanced mobilization of lithium, graphite and
electrolyte components. In particular, the target of early stage Li removal is a central point
of various research approaches in the world, which has been reported, for example, under
the names early stage lithium recovery (ESLR) [11] or CO2 leaching (COOL) [12]. These
processes are a strongly focusing on environmentally friendly lithium mobilization before
entering pyrometallurgy or conventional hydrometallurgy. Figure 4 simplifies the effect of
this approach.

Figure 4. Early stage Li recovery (ESLR) process scheme, based on [11,13].

It has to be pointed out that early stage Li recovery is a tool which can be incorporated
into all existing recycling paths, hence, it is an effective add-on for pursuing a high recycling
efficiency for this critical element. Currently, the process is investigated by using (thermally
treated) black mass [11], but directly shredded material may also be a practical option for
future research.

Besides the topic of environmentally friendly lithium mobilization, many more ap-
proaches are present in this Special Issue, starting with robotic disassembly and dismantling
of Li-ion batteries [14,15]. Moreover, the optimization of various pyro- and hydrometal-
lurgical as well as combined battery recycling processes for the treatment of conventional
Li-ion batteries, up to an evaluation of the recycling on an industrial level, and different
battery recycling topics, are addressed as well. The recovery of lithium by innovative
methods comes to the fore as an important component. In addition to the consideration of
the Li distribution in compounds of a Li2O-MgO-Al2O3-SiO2-CaO system, the Li recovery
from battery slags is also discussed. The development of suitable recycling strategies for
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new battery systems, such as all-solid-state batteries, but also lithium–sulfur batteries,
are also taken into account in this Special Issue. Some articles also discuss the issue that
battery recycling processes do not have to produce end products such as high-purity bat-
tery materials, but that they should be aimed at finding an “entry point” into existing
proven large-scale industrial processes where marketable product generation is possible
and cost-efficient (referring to the discussion around Figure 3).

The contributions of this issue are structured according to their research areas, as can
be seen in Table 1.

Table 1. Published articles in this Special Issue, “New Science Based Concepts for Increased Efficiency
in Battery Recycling” sorted by research field and given as sources in the References.

Research Field Source in Special Issue

Dismantling [14,15]
Shredding/Separation [5,16]
Thermal Conditioning [11]

Smelting [6,7,17–19]
Hydrometallurgy/Chem. Processing [9,10,12,20–22]

Reviews [23–25]

Participants in this Special Issue originate from 18 research institutions from eight
countries. We would hereby like to thank all of them for the high-quality research and
reviews including the evaluation and derivation of recommendations for future work.
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Abstract: This study proposes a cleaner lead-acid battery (LAB) paste and pyrite cinder (PyC)
recycling method without excessive generation of SO2. PyCs were employed as sulfur-fixing reagents
to conserve sulfur as condensed sulfides, which prevented SO2 emissions. In this work, the phase
transformation mechanisms in a PbSO4-Na2CO3-Fe3O4-C reaction system were studied in detail.
Furthermore, the co-treatment of spent LAB and PyCs was conducted to determine the optimal
recycling conditions and to detect the influences of different processing parameters on lead recovery
and sulfur fixation. In addition, a bench-scale experiment was carried out to confirm the feasibility and
reliability of this novel process. The results reveal that the products were separated into three distinct
layers: slag, ferrous matte, and crude lead. 98.3% of lead and 99% of silver in the feed materials were
directly enriched in crude lead. Crude lead with purity of more than 98 wt.% (weight percent) was
obtained by a one-step extraction. Lead contents in the produced matte and slag were below 2.7 wt.%
and 0.6 wt.%, respectively. At the same time, 99.2% total sulfur was fixed and recovered.

Keywords: lead-acid battery recycling; pyrite cinder treatment; lead bullion; sulfide matte; SO2

emissions; pilot plant

1. Introduction

Lead-acid batteries (LABs) are widely applied in automobiles and electric bicycles. Recently,
advances in energy, transportation, and telecommunication industries have increasingly expanded its
demand, and its scrap volume grows worldwide [1]. It has been estimated that the number of spent
LABs would be multiplied annually based on the mean lifetime of 2–3 years and will continue to grow,
especially in China and other emerging economies [2]. As a result, it has become the most significant
secondary lead source worldwide [3]. About 80–85% of total secondary lead is recycled from lead
paste [4]. Typically, a spent LAB consists of four main components: lead paste (30–40%), lead alloy
grids (24–30%), polymeric materials (22–30%), and waste electrolytes (11–30%) [5,6]. Of these, lead
paste is the most difficult to deal with [7].

Metals 2019, 9, 911; doi:10.3390/met9080911 www.mdpi.com/journal/metals
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Spent LABs are of great environmental concern [8,9] because of the toxicity of lead [10]. It will be a
serious problem to environmental protection and human health if disposed and treated improperly [11].
In many countries, spent LAB is classified as a hazardous waste. In China, plants without a certificate
for hazardous waste treatment are not allowed to handle or process spent LABs [10,12]. Currently,
pyrometallurgy is the predominant methodology for LAB recycling worldwide [13]; spent lead paste
is recovered as metallic lead through an energy-intensive decomposition process using traditional
pyrometallurgical processes [14]. Reverberatory furnaces, shaft furnaces, electric furnaces, rotary
furnaces [15], and bottom blowing methods [16] are usually selected to smelt lead-containing residues
and wastes [15]. Although the traditional recycling technology of spent LABs through smelting is
relatively mature, occasional and serious pollution is still possible [2], for example, in form of lead
particulates, discharge of toxic and unstable sludge, slag, and wastewater [14]. Since 2009, there has
been more than 10 major lead poisoning accidents recorded in China, and nearly 4000 children have
been affected by these accidents [10].

Some emerging technologies [9,17,18], including electrowinning, solid phase electrolysis, biological
technique, vacuum methods [19], and so on, are being developed and applied. However, in most
methods, some problems still exist and need to be solved (e.g., sulfur footprint removal; lead-containing
dust, industrial SO2 emissions and pollution in pyrometallurgy [20,21]; tedious procedures;
large amounts of generated unmanageable waste water; and high electricity consumption [22]
in hydrometallurgy).

In addition, pyrite cinder (PyC), another hazardous waste, is produced in large quantities in
industrial sulfuric acid manufacture. Only in China, the production of PyCs annually exceeds 12 million
tons [23]. It often contains toxic metals, including Pb, Cd, As, and so on, as well as appreciable quantities
of valuable metals such as Cu, Co, In, Au, and Ag [24]. The recycling or harmless treatment of PyCs
is a huge challenge, even in developed countries. The recycling status of PyCs is not encouraging:
the recycling rate in USA is about 80%–85% and about 70%–80% in Japan. China recycles only
around 50% of PyCs, and large quantities of PyCs are simply landfilled or dumped without any
treatment [23]. A limited amount of PyCs is recycled to produce cement, bricks, iron oxide pigments,
or iron sponges [23,24]. This leads to serious consequences including occupation of considerable land
resources, dust problems, and contamination of soil and ground water [24].

In view of environmental regulations, treatment costs, and limited availability of landfill/disposal
sites, the search for new and cost-effective practices for the recycling of LABs and, in recent years,
valorization of PyCs has become increasingly important [10]. In this article a novel, integrated
resourcing treatment method of LABs and PyCs, a reductive sulfur-fixing recycling process [25,26], was
proposed to recover valuable metals, recycle iron and sulfur values, as well as to co-treat hazardous
materials. The novelties of this process are SO2-free generation, sulfur fixation and conservation,
a much shorter flowsheet, absence of harmful by-products, and a wide adaptability for different
secondary materials. This work investigated the experimental feasibility and reliability of this novel
process. The fundamental phase conversion mechanisms and reaction paths in the treatment were
further examined.

2. Experimental Parameters

2.1. Materials

The materials employed in the reaction mechanism investigations included PbSO4, Na2CO3,
Fe3O4, and carbon powder. They were of analytical grade (≥99.9 wt.%) and purchased from Aladin
Industrial Corporation, China. Nitrogen with a purity of 99% was applied as a protective gas. LAB
paste, pyrite cinder, and metallurgical coke were adopted in the batch processing tests. The lead paste
used was separated from scrap LABs and supplied by Yuguang Gold & Lead Co., Henan, China. The
coke and sulfur-fixing agent, pyrite cinder, were supplied by Jiuquan Iron & Steel Co., Ltd., Gansu,
China. Their chemical compositions were analyzed by inductively coupled plasma-atomic emission
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spectrometry (ICP-AES, Perkin Elmer, Optima 3000, Norwalk, CT, USA). The assays are shown in
Table 1. The concentration of the various metal oxides in LAB and PyC and phase compositions of lead
in LAB paste were determined by EDTA (Ethylene Diamine Tetracetic Acid) titration. The contents of
PbO, PbO2, and metallic Pb components presented in Table 1 were determined by dissolving each
individual component in turn into solution, followed by EDTA titration. Firstly, lead paste was added
to 5% (mass fraction) acetum to dissolve the PbO component. Secondly, the residue was moved
and further dissolved in HNO3 solution (1 + 1 volume fraction) to separate metallic Pb. Then, the
remaining residue was dissolved in the mixed solution of 1 + 1 HNO3 and 1 + 40 H2O2 to separate
PbO2. Thus, the contents of PbO, PbO2, and metallic Pb can be titrated in the corresponding solution by
means of EDTA (0.05 mol/L) titration. The PbSO4 component in lead paste was determined by sulfur
concentrate. It suggests that the lead paste comprised 54.7 wt.% PbSO4, 22.1 wt.% PbO2, 8.5 wt.% Pb,
and 8.5 wt.% PbO.

Table 1. Chemical composition of the corresponding materials (wt.%), * g/t.

Materials Pb S Fe SiO2 CaO Na Mg Al Ba Sb

Lead
paste

72.90 5.77 0.02 5.48 0.22 0.33 0.06 0.03 0.14 0.09
PbSO4 PbO PbO2 Pb - - - - - -
54.68 8.49 22.05 8.53 - - - - - -

Pyrite
cinder

Pb S Fe SiO2 CaO Na MgO Al2O3 Cu Ag*
0.02 1.31 58.23 9.68 1.02 0.01 0.19 2.08 0.05 324

Coke
Industrial analysis (%) Chemical composition of the ash (%)

Fixed Carbon Volatile Ash Fetotal SiO2 Al2O3 CaO MgO
84.05 1.13 13.94 15.96 30.96 18.18 4.05 1.45

2.2. Apparatus

The equipment used in this investigation is shown in Figure 1. Equipment included a horizontal
tube furnace equipped with a gas controller and temperature controller (SR3-8P-N-90-100Z, SHIMADEN
Co., Ltd., Tokyo, Japan, accuracy ±1 ◦C) and two S-type thermocouples. Silicon carbide (Si-C) heating
elements were used to heat the furnace. An alumina crucible was used to carry the reaction mixture.
The solid products were quenched in liquid N2. The tail gas was absorbed by a NaOH solution.

Figure 1. Cont.
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Figure 1. (a) Schematic of the experimental apparatus and (b) temperature profile of the furnace.

2.3. Procedure

When investigating the reaction mechanism, pure PbSO4 was selected as the model compound
because it is the major and most difficult component to deal with in lead paste. In order to reveal the
reaction paths, the PbSO4-Fe3O4-Na2CO3-C reaction mixture was synthesized using pure chemicals
according to their potential reaction stoichiometry. Five grams of PbSO4 was employed in each
synthesized specimen. The specimens were pressed uniaxially under 15 MPa to obtain cylindrical
samples 10 mm in diameter, loaded into the alumina crucible, and pushed into the constant temperature
zone of the furnace at the desired temperature for 5, 10, 15, 20, or 30 min. The protective N2 gas flow
rate was fixed at 0.5 L/min. After the preset reaction time, the product was taken out rapidly and
quenched in liquid nitrogen. The phase compositions were characterized by XRD (D/max 2550PC,
Rigaku Co., Ltd., Tokyo, Japan) with Cu-Ka radiation. The XRD data were collected in the range of
2θ = 10◦–80◦ with a 2θ step width of 1◦. The recorded spectra were evaluated by comparison with
entries from the PDF-2 database [27].

In the batch experiments of real lead paste, 200 g of lead paste was mixed evenly with a given
amount of coke, pyrite cinder, Na2CO3, and other fluxes (CaO and SiO2) for every test. The mixture
was placed into an alumina crucible and positioned in the furnace. After the required treatment time,
the crucible was rapidly quenched in liquid nitrogen and weighed. Next, the crucible was broken to
carefully separate and weigh crude lead, ferrous matte, and slag. Each sample was well prepared for
ICP-AES analysis. The microstructures of matte and slag samples were characterized by a scanning
electron microscope and energy diffraction spectrum (SEM-EDS, Carl Zeiss LEO 1450, Oberkochen,
Germany; EDS, INCA Wave 8570, Oxford Instruments, Oxford, UK). The direct Pb recovery rate (η)
and sulfur-fixing rate (γ) were calculated based on following Equations (1) and (2), respectively:

η =
Mass o f Pb in the crude lead

Mass o f Pb in the initial f eed materials
× 100%; (1)

γ =
Mass o f sul f ur in the f errous matte and slag

Mass o f sul f ur in the inital f eed materials
× 100% . (2)

3. Results and Discussion

3.1. Phase Transformation Mechanisms

The XRD patterns of the PbSO4-Na2CO3-Fe3O4-C reaction system are presented in Figure 2.
It is observed from Figure 2a that exchange reactions between PbSO4 and Na2CO3 occurred
above 500 ◦C. At 650 ◦C, xPbO·PbSO4 (x can be 1, 2, or 4), PbO, and Na4CO3SO4 were
detected. This indicates that the reactions between PbSO4 and Na2CO3 were a multistage process.
PbO was generated from PbSO4 in the presence of Na2CO3 through the following sequence:
PbSO4→PbO·PbSO4→2PbO·PbSO4→4PbO·PbSO4→PbO. A schematic of the reaction path is shown in
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Figure 3a. Thus, SO3 in PbSO4 transferred to Na2SO4. With increased temperature, PbS and metallic
Pb emerged at 750 ◦C, and the main products after 30 min reaction were Pb, PbS, PbO, Fe3O4, and
Na2SO4. It indicates that a part of PbSO4 was reduced to PbS. At the same time, PbO was reduced to
metallic Pb. When temperature rose to 850 ◦C, NaFeS2 was generated after 30 min lead time. This
suggests that iron oxide was involved in the sulfur-fixation reactions. Sulfur in PbS and Na2SO4 was
transferred to NaFeS2. Metallic Pb emerged and settled from the reaction mixture as a metal layer.
When temperature was increased to 1000 ◦C, intermediate products—sodium iron oxides, sodium lead
oxides, and lead iron oxides—were detected, and as temperature rose from 1100 ◦C to 1200 ◦C, their
generation grew. However, the main products were Pb, NaFeS2, and FeS.

Figure 2. XRD pattern of the PbSO4-Na2CO3-Fe3O4-C mixture (molar ratio 3:3:1:18) at (a) different
temperatures and (b) reaction times.
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(a) 

 
(b) 

Figure 3. Schematic of (a) the multistage process between PbSO4 and Na2CO3 and (b) lead extraction
reactions between PbS and Fe3O4.

Figure 2b suggests that Na2CO3 first reacted with PbSO4 to convert it to PbO. At the same time,
PbO can be reduced to metallic Pb at 850 ◦C. The unconverted PbSO4 will also be reduced to PbS. After
5 min reaction, the products comprised Pb, PbS, Na2SO4, PbO, and Fe3O4. As reaction time extended,
the diffraction intensity of metallic Pb increased steadily, and that of PbO decreased. Fe3O4 did not
react with PbS within around the first 20 min but 30 min later when NaFeS2 emerged.

The above results indicate that the presence of Na2CO3 and reductant is a critical factor to ensure
sufficient sulfur and lead recovery. At low temperatures and weakly reductive atmospheres, as
Figure 3a shows, PbSO4 first reacted with Na2CO3 to convert to PbO and Na2SO4, which helped the
decomposition of PbSO4 and ensured that sulfur was conserved in the recycling system in the solid
state (as Na2SO4) without generating and emitting SO2 gas. As temperature increased, unconverted
PbSO4 was selectively reduced to PbS. Then, the sulfur-fixing agent, Fe3O4, reacted with PbS, as shown
in Figure 3b. The sulfur in PbS was further immobilized and finally recycled as FeS and NaFeS2.

The entire reaction path can be described as follows, where the Gibbs free energies ΔGθT of the
reactions below are calculated by HSC 9.2.6 and its database [28] (unit of ΔGθT is kJ/mol, temperature T
is ◦C):

PbSO4 + Na2CO3 = PbO + Na2SO4 + CO2(g); ΔGθT = −0.149 T + 7.586; (3)

C + CO2(g) = CO(g); ΔGθT = −0.173 T + 121.52; (4)

PbSO4 + 4CO(g) = PbS + 4CO2(g); ΔGθT = −0.681 T + 166.39; (5)

3PbS + Fe3O4 + 4CO(g) = 3Pb + 3FeS + 4CO2(g); ΔGθT = −0.066 T − 24.284 ; (6)

PbS + Na2CO3 + CO(g) = Na2S + Pb + 2CO2(g); ΔGθT = −0.132 T + 128.00; (7)

12



Metals 2019, 9, 911

PbO + CO(g) = Pb + CO2(g); ΔGθT = −0.013 T − 67.25,

T ≤ 900 ◦C; ΔGθT = 0.014 T − 90.546, T ≥ 900 ◦C;
(8)

Na2SO4 + 4CO(g) = Na2S + 4CO2(g); ΔGθT = 0.034 T − 127.88; (9)

4Na2SO4 + Fe2O3 + 16CO(g) = 2NaFeS2 + 3Na2O + 16CO2(g); ΔGθT = 0.207T − 126.14; (10)

6Na2SO4 + Fe3O4 + 23.5CO(g) = 3NaFeS2 + 4.5Na2O + 23.5CO2(g); ΔGθT = 0.339 T − 164.05; (11)

2Na2SO4 + 2FeS + 7CO(g) = 2NaFeS2 + Na2O + 7CO2(g); ΔGθT = 0.1884 T − 122.67. (12)

Figure 4 illustrates the ΔGθT versus T, Log(pS2) versus T, and Log(pSO2) versus T diagrams
of the reaction system. The thermodynamic calculation results agreed well with the experimental

reaction mechanism. PbSO4
Na2CO3→ PbO and PbSO4

CO→PbS reactions tended to take place firstly at a low
temperature. Then, lead was extracted from PbS and PbO with the help of Fe3O4 [29] and Na2CO3 [30].
Sulfur was conserved as FeS, Na2S, and NaFeS2.

Figure 4. (a) The ΔGθT and T diagram, (b) Log(pS2) and T equilibrium diagram, and (c) Log(pSO2) and T
equilibrium diagram in the boundary condition of FeO-Fe3O4 equilibria (data from HSC 9.2.6 database).

The reaction systems in Figure 4b,c were defined by oxygen pressures based on the FeO/Fe3O4

boundary conditions. Thus, the activity of elemental carbon, gaseous sulfur polymers, and CO(g) can
be calculated from the results obtained, and they will not violate the equilibria by any means. It was
found from Figure 4b,c that the Pb, Na2S, and Na2SO4 equilibrium domains formed before FeS. It
indicated that Na2CO3 will first react with PbSO4 to extract metallic Pb. The results coincide with
previous experimental results. Additionally, the Na2O/Na2SO4 equilibrium generated the lowest SO2
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partial pressure (i.e., allows the smallest SO2 losses to gas). Therefore, it is essential for sulfur (dioxide)
emissions to have Na2CO3 in the raw materials.

3.2. Batch Experiments of End of Life (EoL) Lead Paste

3.2.1. Influence of Coke Addition

Lab-scale batch experiments using real EoL (end of life) lead battery paste were carried out to
investigate the effect of major recycling parameters on direct lead recovery and sulfur fixation efficiency.
The results of increasing coke addition are presented in Figure 5. It reveals that the direct Pb recovery
and sulfur-fixation rates increased with increasing coke dosage and were stable after 12% coke addition,
where 95.9% lead was recovered and enriched in crude lead, and 97.7% sulfur was recovered in the
ferrous matte and slag. This indicates that the reductive atmosphere was a significant factor for lead
recovery and sulfur fixation. As the results shown in Figure 2 indicate, lead extraction from PbSO4,
PbS, and PbO, as well as sulfur conversion from PbSO4, PbS, and Na2SO4, should rely on carbothermal
reduction. A suitable coke addition can notably improve lead recovery and sulfur fixation according to
Equations (1) and (2), respectively.

Figure 5. The effects of coke dosage on lead recovery and sulfur fixation. (Wlead paste:WNa2CO3:Wpyrite cinder

= 200:16:50 g, FeO/SiO2 = 1.3, CaO/SiO2 = 0.4, 1200 ◦C, 2 h).

3.2.2. Influence of Na2CO3 Addition

The effects of Na2CO3 addition on direct Pb recovery and sulfur fixation are depicted in Figure 6. It
illustrates that lead recovery and sulfur fixation rates gradually increased as Na2CO3 dosage increased
from 0% to 4%, where 97.0% lead was recovered, and 99.2% sulfur was made immovable. Without
Na2CO3 addition, PbSO4 could be directly reduced to PbS, and it further was converted to PbO with
the help of sulfur-fixing agent Fe3O4. As a result, metallic Pb was extracted and recovered from lead
oxide. However, when the Na2CO3 addition exceeded 4%, direct Pb recovery and sulfur-fixing rates
no longer increased and were maintained at around 96% and 98%, respectively. This means that the
active Na2CO3 reached saturation. Excess Na2CO3 was unable to further increase the capacities of
lead recovery and sulfur fixation.
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Figure 6. The effects of Na2CO3 dosage on lead recovery and sulfur fixation. (Wlead paste:Wpyrite cinder:
Wcoke = 200:50:24 g, FeO/SiO2 = 1.3, CaO/SiO2 = 0.4, 1200 ◦C, 2 h).

3.2.3. Influence of Treatment Temperature

The influences of temperature on lead recovery and sulfur-fixing rates are presented in Figure 7.
The results show that 1200 ◦C was the optimal recycling temperature to obtain a high lead and sulfur
recovery, where 97.0% lead was recovered in crude lead. The sulfur fixation rate was maintained at
around 98% when temperature increased from 1150 ◦C to 1350 ◦C. This indicates that the sulfur-fixation
reactions had completed before 1150 ◦C. Excessive temperature was unbeneficial for lead enrichment
because volatilization of lead will intensify at high temperatures. The above presented XRD results of
the PbSO4-Na2CO3-Fe3O4-C mixtures also indicate that the intermediate products, lead oxides, tended
to combine with sodium oxide and iron oxides at high temperatures, which limited further reduction
of lead oxide to metallic lead.

Figure 7. The effects of treatment temperature on lead recovery and sulfur fixation. (Wlead paste:WNa2CO3:
Wpyrite cinder:Wcoke = 200:8:50:24 g, FeO/SiO2 = 1.3, CaO/SiO2 = 0.4, 2 h).

3.2.4. Influence of Treatment Time

The direct Pb recovery and sulfur-fixation rates at different treatment times are presented in
Figure 8. It implies that 1.5 h was an acceptable recycling time for sulfur fixation, lead alloy settling,
and enrichment, where more than 96.7% of lead and 99.5% of sulfur were recovered. A declining trend
was observed when the treatment time exceeded 1.5 h because of the increasing volatilization of lead
and sodium salt. The results in Figure 2b reveal that the lead extraction and sulfur fixing reactions
could take place in minutes. However, an acceptable lead recovery and sulfur fixation rate relied on
reactions between PbS and Fe3O4. Adequate completion of these reactions would take time.
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Figure 8. The effects of treatment time on lead recovery and sulfur fixation. (Wlead paste:WNa2CO3:
Wpyrite cinder:Wcoke = 200:8:50:24 g, FeO/SiO2 = 1.3, CaO/SiO2 = 0.4, 1200 ◦C).

3.3. Comprehensive Experiments and Characterization of Products

3.3.1. Comprehensive Experimental Results

Comprehensive bench-pilot experiments with 1500 g lead paste were conducted to detect the
repeatability and reliability of this novel process. The above obtained optimal recycling conditions
were used—Wlead paste:WNa2CO3:Wpyrite cinder:Wcoke = 100:4:25:12 g, treatment temperature 1200 ◦C,
and treatment time 1.5 h. SiO2 and CaO were added in the initial feed materials to form slag and adjust
FeO/SiO2 = 1.3 and CaO/SiO2 = 0.4. Figure 9 shows a physical macrograph and the corresponding XRD
patterns of recycling products. It is clear that the products were separated into three distinct layers:
slag, ferrous matte, and crude lead bullion. Table 2 shows the chemical compositions of different
products obtained.

Figure 9. Physical macrograph (a) and corresponding XRD patterns (b) of the recycling products.
(Wlead paste:WNa2CO3:Wpyrite cider:Wcoke = 1500:60:375:180 g, FeO/SiO2 = 1.3, CaO/SiO2 = 0.4, 1200 ◦C,
1.5 h).

16



Metals 2019, 9, 911

Table 2. Chemical compositions of recycling products in the comprehensive expansion experiments
(wt.%), * g/t.

No. Product
Chemical Compositions (wt.%)

Pb Fe S Na Sb Ag * SiO2 CaO Al2O3

1
Crude
lead

98.87 0.26 0.04 - 0.075 136 - - -
2 98.02 0.38 0.07 - 0.089 115 - - -

Average 98.45 0.32 0.06 - 0.082 126 - - -

1
Ferrous
matte

2.37 53.25 22.54 9.56 - - - -
2 2.73 52.66 24.39 9.68 - - - -

Average 2.55 53.09 23.47 9.62 - - - -

1
Slag

0.39 22.96 3.24 9.79 - 31.22 18.86 6.83
2 0.59 24.31 3.19 9.88 - 30.72 18.50 6.14

Average 0.49 23.64 3.22 9.84 - 30.97 18.68 6.49

The results show that 98.3% lead and 99% silver were directly enriched in crude lead in the pilot
test. More than 98% purity crude lead was obtained by a one-step extraction. Lead contents in the
matte and slag were 2.7% and 0.6%, respectively. At the same time, 99.2% of total sulfur was fixed
and recovered in the treatment system (85.9% in ferrous matte and 13.3% in slag), which helped to
prevent the generation and emission of SO2. The main phases in the solidified matte were FeS, Fe3O4,
and NaFeS2. Some unreacted PbS and entrained gangue materials, such as Ca3Al2(SiO4)3, FeSiO3,
Ca2(Al(AlSi)O7), and CaSiO3, were also detected. The matte can be sold directly or used for sulfuric
acid manufacture and regenerate the sulfur-fixing agent. The slag comprised Ca2(Al(AlSi)O7), Fe2SiO4,
Fe3O4, Na2Si2O5, NaAlSiO4, CaSiO3, Ca3Al2(SiO4)3, and some entrained FeS. It is harmless and can be
used as raw material for cement production after water-quenching and granulation.

3.3.2. SEM-EDS Characterization of Products

The recycling products obtained, ferrous matte and slag, were characterized by SEM-EDS
techniques. The results are presented in Figures 10 and 11. Figure 10 illustrates that ferrous oxide FeO
and few metallic Fe droplets were embedded in the ferrous sulfide and its FeS minerals. At the same
time, iron spinel (magnetite) Fe3O4 was adjacent to FeS. Some metallic lead and lead oxide particles
were embedded and entrained in FeS minerals. It helps to confirm that lead extraction from PbS was
carried out by exchange reactions between iron oxide (Fe3O4 and FeO) and PbS.

The SEM-EDS results presented in Figure 11 show that magnetite Fe3O4 tended to combine with
sodium silicate Na2Si2O5. Carnegieite Na2AlSiO4 particles were found embedded in magnetite and
fayalite. Mackinawite FeS was found to be mainly entrained on the interfaces between gehlenite
Ca2(Al(AlSi)O7) and fayalite Fe2SiO4.
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Figure 10. SEM-EDS results of the matte produced from conditions of Wlead paste:WNa2CO3:
Wpyrite cinder:Wcoke = 1500:60:375:180 g, FeO/SiO2 = 1.3, CaO/SiO2 = 0.4, 1200 ◦C, and 1.5 h.

 

Figure 11. SEM-EDS results of the slag produced from conditions of Wlead paste:WNa2CO3:
Wpyrite cinder:Wcoke = 1500:60:375:180 g, FeO/SiO2 = 1.3, CaO/SiO2 = 0.4, 1200 ◦C, and 1.5 h.
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4. Conclusions

A cleaner recycling of lead from EoL LAB paste and co-treatment of PyCs by a reductive
sulfur-fixing recycling technique was experimentally confirmed to be feasible. The optimal treatment
conditions were determined as Wlead paste:WNa2CO3:Wpyrite cinder:Wcoke = 100:4:25:12 g, FeO/SiO2 = 1.3,
CaO/SiO2 = 0.4, treatment temperature 1200 ◦C, and time 1.5 h. Under these conditions, 98.3% lead in
the raw materials was directly enriched and recovered in crude lead, and 99.2% total sulfur was fixed
and recovered to matte and slag. Crude lead of 98% purity was obtained in a one-step extraction. Lead
contents in matte and slag were 2.7% and 0.6%, respectively.

The phase transformation mechanisms were clarified. PbSO4 originally reacted at low temperatures
with Na2CO3 to convert to PbO and Na2SO4, which avoided decomposition of PbSO4 and ensured
that sulfur was conserved in the recycling system in the solid state (Na2SO4) without generating and
emitting SO2 gas. As temperature increased, unconverted PbSO4 was selectively reduced to PbS.
Then, Fe3O4 reacted with PbS. The sulfur in PbS was further transferred and finally fixed as FeS and
NaFeS2. This new process provides a promising alternative recycling and treatment method for various
secondary lead-containing materials and iron-bearing industrial wastes.
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Abstract: The recycling of spent lithium-ion batteries (LIB) is becoming increasingly important with
regard to environmental, economic, geostrategic, and health aspects due to the increasing amount
of LIB produced, introduced into the market, and being spent in the following years. The recycling
itself becomes a challenge to face on one hand the special aspects of LIB-technology and on the
other hand to reply to the idea of circular economy. In this paper, we analyze the different recycling
concepts for spent LIBs and categorize them according to state-of-the-art schemes of waste treatment
technology. Therefore, we structure the different processes into process stages and unit processes.
Several recycling technologies are treating spent lithium-ion batteries worldwide focusing on one or
several process stages or unit processes.

Keywords: environmental technologies; waste treatment; recycling; spent lithium-ion batteries;
recycling chain; process stages; unit processes; industrial recycling technologies

1. Introduction

The development of information technologies, electrically powered vehicles, stationary energy
storage systems, and consumer electronics will further increase the consumption of lithium-ion batteries
(LIBs) over the next few years [1,2]. As a result, there will be also an increasing amount of spent
batteries in the future, which will have to be treated by suitable processes [3,4]. Review articles and
research activities, which focus mainly on the valuable active materials of the cathodes, define process
steps involved in recovering these active materials as pretreatment. From this point of view, most of
the recycling technologies, independent from the technological scale, cannot be clearly structured,
represented, compared, and differentiated. Due to the increasing importance of the individual process
steps prior to metallurgical treatment, this article classifies the steps for the recycling of spent LIBs
along the generic process chain for waste materials providing uniform nomenclature. Moreover,
it compiles an overview of the known industrial processes.

LIBs are rechargeable electrochemical energy converters in which chemical energy is converted
into electrical energy by reversible redox reactions during the discharge process and vice versa during
charging [5]. LIBs are one of the most important mobile energy storage devices for electrical and
electronic applications. Moreover, this battery type has a great potential of success in the international
market due to its beneficial properties like high energy density, no memory effect, and low self-discharge.
Another fact is that the production of LIBs requires a considerable amount of metallic resources which
represent a potential risk to the environment if disposed to landfills and which have to be returned to
the material cycle [6].

The recycling of LIBs is of great importance not only from an economic and environmental
perspective, but also from a geostrategic point of view and some health aspects [7]. Spent LIBs contain
geographically unevenly distributed rare and valuable materials and generate large quantities of
metal-containing waste [8]. High voltage and current from residual energy can lead to severe injuries.
Furthermore, active materials containing nickel oxide have a carcinogenic potential [9,10]. For these
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reasons, recycling of spent LIBs enhances environmental protection and the idea of a circular economy
by separating the valuable metallic constituents into different products. These products are secondary
raw materials for the production of metal or metal composite products [3].

Besides the intrinsic value of the battery materials and components, national or supranational
legislation like the Battery Act or the Directive 2006/66 EC provide the framework for the recycling
of LIB. These directives prescribe responsibilities and procedures for each contributor included in
the life cycle of a battery. Moreover, the directives classify different battery types in respect to their
implemented application and address waste management. Especially, collection and recycling targets
are formalized to promote material instead of energy recovery or disposal. Therefore, recycling is
defined as the reprocessing of waste materials in a production process either for their original purpose,
i.e., material or raw material recovery, or for other purposes, i.e., other recovery like backfilling, but
excluding energetic recovery [11]. Recycling efficiency is the result of the ratio of output material to
feed material and targets 50 mass percentage. However, the different purposes of the output materials
are not further distinguished. Moreover, recycling efficiency can be already achieved by a beneficial
ratio of the cell mass in a battery system, when the battery system is dismantled to cell level.

Since their market launch in 1990, the energy and power densities of LIBs increased continuously
and new areas of application have been opened up [12]. This led to a high and still increasing variety
of battery types with different material compositions [13]. In this initial stage, robust pyrometallurgical
recycling technologies are mainly used on industrial scale for waste treatment. These technologies reach
the recycling efficiency by backfilling the slag. In addition, operating above the smelting temperatures
of the contained metals pyrometallurgical technologies are very energy-intensive at the same time [14],
since they are mainly focusing on high value materials like cobalt, nickel and copper. Therefore, and
with regard to the increasing number of battery types and the global energy consumption, international
research also focuses on the development of alternative or supplementary mechanical processes in
combination with hydrometallurgical refining [15,16].

2. Material Recycling of Lithium-Ion Batteries

The smallest functional unit of a LIB is called a battery cell. It generally consists of two electrodes,
a separator, electrolyte, and cell housing. Each electrode is composed of a metallic conductor foil and a
coating, the so-called active material. By definition, the designation of the negative and the positive
electrode is assigned during the discharge process. Therefore, the anode is mostly a copper foil with
graphite coating and typically, the cathode is an aluminum foil coated with an intercalated lithium
compound. The separator is mostly a porous polyolefin, the electrolyte a mixture of organic solvents
and a lithium salt. The cell housing is a sealed container made of aluminum, steel, special plastics, or
highly refined aluminum composite foils [17]. Battery cells are cylindrical, prismatic, or bag-shaped.
The cells can be connected in series or parallel to form either a single block or a module as subunit of a
bigger battery system [5,9,18].

If the recycling chain for waste materials is applied to LIBs, the treatment has to be subdivided
into process stages on the one hand which are characteristic in terms of process technology and into
unit processes on the other hand which limit the amount of waste material and the material conversion
processes. Therefore, the recycling chain consists of four process stages with two unit processes
each [19,20]:

1. Preparation: waste logistics and presorting,
2. Pretreatment: dismantling and depollution,
3. Processing: liberation and separation,
4. Metallurgy: extraction and recovery.

Typical recycling processes do not mention the process stages’ preparation and pretreatment [21,22].
However, both of them have a significant influence on the efficiency of the downstream steps, i.e.,
processing and metallurgy. Furthermore, the differentiation between recycling concepts becomes
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more precise if their combinations with preparation and pretreatment is indicated as well. As a result,
both process stages are included into the holistic characterization of the recycling processes of spent
LIB here.

2.1. Process Stages of the Recycling Chain for Lithium-Ion Batteries

Figure 1 shows the generic recycling chain for lithium-ion batteries with its four process stages and
the associated unit processes. Different mixtures of batteries are collected and sorted in the preparation
stage either according to battery types and/or to active materials. During the subsequent pretreatment
and processing, the first secondary raw materials are produced to be fed into established recycling
processes. The treatment of enriched fractions e.g., concentrates of active materials, occurs within
the framework of metallurgy. The recovery of organic solvents as well as electronic and auxiliary
components or casing and support materials, i.e., plastics and metals, are not considered in detail, here
(cf. Figure 1). For most of these materials conventional recycling chains already exist.

Figure 1. Recycling chain with process stages and unit processes for spent lithium-ion batteries.

Since it focusses on the central challenges of battery recycling, this generalized recycling chain
can be used to evaluate all of the present recycling concepts, as well as in laboratory scale to whole
industrial facilities. Some of the unit processes within the process stages are used iteratively, others are
omitted altogether (cf. Figure 1) [20].
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2.2. Unit Processes

The individual unit processes are composed of unit subprocesses and unit operations that are
linked in different complexes. Unit subprocesses describe the character of the implicated state of
aggregation, whereas unit operations treat a material within a single device [23,24]. Martens and
Goldmann [19] present the general objectives of the respective unit processes in detail. These are
explained below for spent LIB.

2.2.1. Preparation

The unit processes of preparation as the first process stage in LIB recycling are waste logistics and
presorting as shown in Figure 2.

Figure 2. Process stage 1 for recycling of lithium-ion batteries: preparation.

Waste Logistics

In the past, LIBs were mainly produced for portable and mobile applications. Currently, different
collection systems collect the batteries depending on the legislation of the respective country [25,26].
For example, according to the European Directive (2006/66/EC) on waste batteries and accumulators,
distributors of industrial batteries from electric vehicles have to take back the batteries themselves.
Therefore, collection systems for those battery types are either already available or under development.
In this field, car manufacturers do often closely cooperate with local recycling companies due to the
low sales figures and correspondingly few returns now [27–31]. Afterwards, spent LIBs are either
transported directly to the subsequent treatment facility or handled and stored before they are handed
over [32,33].

Nevertheless, there is a great potential for the collection of spent LIB. One example is the LIB
collection rate of Germany for portable systems e.g., smartphones or laptops which amount to only
45%. In a global comparison, even this figure in many countries is not achieved and more often no
collection systems exist [34,35]. However, a large proportion of portable batteries are subject to the
hoarding effect [36] or stockpiling [9,37]. Besides, they end up in incinerators, landfills, or other wastes
due to a lack of consumer or sorting personal awareness, respectively [29,37–43]. In addition, electrical
and electronic scrap containing LIBs is illegally exported from the developed to African and Asian
countries, which also reduces the collection rates [44,45].

Due to the considerable high hazard potential (cf. Depollution), both the collection and transport of
LIBs require special measures against short circuits and leakage of the electrolyte [46]. The classification
of spent lithium-ion batteries as a hazardous good [13] demands special transport containers, warning
signs, and packaging [46–52]. Therefore, the waste logistics cause a significant share of the total
cost in battery recycling due to the high safety requirements and the resulting low specific transport
weight [53].

Presorting

Spent batteries of any origin are usually not collected separately. They are accumulated as battery
mixtures of different battery types or of lithium-ion batteries of different composition [29,36,54]. Due to
the large number of battery types, it is not possible yet to recover all the constituents from the mixture
using a single recycling process [26,55,56]. Therefore, presorting by battery type is necessary for
recycling technologies specializing in lithium-ion batteries to define material flows for further treatment.
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The sorting technologies used for presorting of batteries are assigned to picking. Characteristic
features of each individual battery are analyzed and evaluated using trained personnel or sensors.
Then, the batteries are separated manually or automatically [29,47,55]. Recycling technologies based
on picking are designed for complex battery materials, so high recycling rates can be achieved [34,56].
In addition, it is possible to sort by different cathode active materials (e.g., Figure 2) within a single LIB
type. However, picking requires an initial dismantling (cf. Dismantling) of the battery cells into their
functional unit and an elemental analysis of the active material previously. As this type of preparation
is associated with a significant processing time and hazard potential (cf. Depollution), it is currently
not used industrially.

Currently, most of the technologies for recycling of spent LIBs operate without presorting, especially
technologies based on pyrometallurgical unit operations [16] (cf. Pyrometallurgy). The processes
were derived from the recycling of nickel-based battery systems [57,58], the production of primary
and secondary metallic raw materials [16], or the recycling of completely different wastes [35].
The changing composition of these mixed material systems causes low recycling rates and poor quality
of the secondary raw materials. Therefore, only metals like nickel, cobalt, and copper are recovered
and by-metals like aluminum or manganese are discharged into the furnace slag [34]. The latter ones
can only be reintroduced into the material cycle at great expense.

2.2.2. Pretreatment

After the preparation stage, the batteries need to be dismantled to a defined level. Furthermore,
different hazard potentials are deactivated thermally, electrically, or cryogenically (cf. Figure 3).
Depending on the size or original purpose of the battery system, both linear and iterative pretreatment
is performed within this process stage and its unit processes.

Figure 3. Process stage 2 for recycling of lithium-ion batteries: pretreatment.

Dismantling

The increasing market penetration of electric cars and the resulting increase of spent LIBs in
respect to amount, mass, and size makes dismantling reasonable and in some cases urgently necessary.
Dismantling is a time-consuming and thus cost-intensive process step due to the complexity of spent
batteries [9,56]. Often, technological equipment such as furnaces or crushing devices are limited
regarding to the maximum size or mass of the feed in order to achieve process ability, sufficient process
stability, and efficiency [59]. In addition, it is indispensable for some methods of depollution to access
the battery modules or cells (see Depollution). Besides the battery cell, a battery system consists of
a high proportion of periphery components like the battery management system (BMS) or cooling
parts. Therefore, dismantling of LIBs from system to module, cell, or even electrode level generates
products made of metals, plastics, and electronic components that can be fed to established recycling
routes increasing the overall recycling efficiency [14,56,60,61]. Furthermore, functional components or
reusable assemblies can also be obtained for Second Life applications [9,62]. From an economic point
of view, dismantling is an optimization problem between the dismantling level, i.e., the revenue from
recovered individual parts or energy savings in mechanical and/or metallurgical processing, and the
costs for the equipment and operating expenditure [9].
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Several dismantling concepts are known, such as manual, semi-automatic (hybrid), and fully
automatic dismantling [9,56,63]. From the economical and safety perspective, it is difficult to implement
only manual dismantling [54]. Hybrid concepts try to overcome this by combining manual activities
with robots [64]. The implementation of automated dismantling by industrial robots is subject of
controversial discussions about the manifold battery designs and the rapid technical development of
batteries [9,46,54,56,64–66]. Currently, battery systems are manually dismantled to different dismantling
levels within the framework of research projects and some industrial applications [39,54,66,67].
Occupational safety requires that the DC voltage is reduced at least below 60 V [54,68].

Depollution

The depollution within the recycling of LIBs prevents carry-over of critical or hazardous
components into subsequent process steps and avoids the release of harmful emissions into the
environment [19]. The hazard potentials of spent LIBs can be summarized as electrical, chemical, and
thermal ones which interact with one another [56,69]. Depending on the individual recycling process,
its intermediate and final products, the depollution utilizes different methods like discharge, cryogenic
treatment, and/or thermal treatment to remove hazardous substances or conditions [70]. As a result,
depollution is also called as deactivation [10], passivation, or stabilization [9].

Discharging is a method that lowers the electrochemical energy content of the battery [9].
This method is primarily used for recycling processes using dismantling (cf. Dismantling) or
mechanical liberation (cf. Liberation) [31,71]. Various methods for discharging were subject of the
research project LithoRec II [10,18,63], whereas discharging using an external circuit with resistor
is the most common and a practical method for large battery cells with high capacities [16,71]. In
addition, cells are discharged in salt brines [9,72–74], in powders from metallic conductor foils or
graphite [75], or in stainless-steel containers with stainless-steel chips [70]. Especially, when using
brines, undesired side reactions are also mentioned leading to corrosion of electrical contacts or housing
components as well as to the release of hydrogen [10,31,75] or other gases [9]. The discharge in salt
brines (mainly NaCl) in particular is currently a common method for discharging for low capacity
batteries [70,74]. If high voltage batteries are discharged, this method can lead to leaks in the battery
housing and has its limits regarding to discharging process and efficiency as well as contamination
of electrode materials [75]. According to Zhao [31], only high discharge currents and professional
technical equipment can achieve the safe and complete discharge of LIBs. However, this results in an
enormous expenditure of time and money, especially with regard to high-performance batteries from
electric vehicles [9]. This does not apply to batteries with internal damage anyway.

Cryogenic treatment is one method that avoids exothermic reactions, especially during liberation
(cf. Liberation). If LIBs are exposed to temperatures around −200 ◦C, the ion mobility decreases
significantly [10,69]. Appropriate safety measures must be taken (e.g., heat-resistant conveyor units
and exhaust gas purification systems), since the chemical reactions after liberation occur later compared
to the treatment at normal temperatures.

Thermal methods such as pyrolysis or calcination easily remove flammable electrolyte components
and decompose the electrolyte components by breaking down the organic compounds thermochemically.
The fact that these thermal processes partially decompose components such as the separator and the
binder of the electrode coatings and that they delaminate the coating from the metallic conductor foils
is in turn used in a number of processes [54,76]. These processes are carried out in vacuum induction
furnaces [76], rotary kilns [34], or blast furnaces [77]. Appropriately designed dedusting and flue gas
cleaning systems then separate the resulting decomposition products [6,10,54,76]. At laboratory scale,
pyrolysis in tube furnaces with a vacuum environment is also applied as pretreatment of mixed active
materials for further lithium recovery [78].
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2.2.3. Processing

The third process stage in the recycling chain of LIBs is the processing with the unit processes
liberation and separation (cf. Figure 4). The aim of this process stage is to break up the bonds
between the individual components, i.e., materials, in order to separate them into defined concentrates.
Liberation also includes size control to influence adaptability and efficiency of physical separation
technologies. Especially, if the active materials are separated from the metallic conductor foils,
impurities must be minimized in the corresponding fraction in order to unburden or even enable the
subsequent refining (cf. 2.2.4) [3].

Figure 4. Process stage 3 for recycling of lithium-ion batteries: processing.

A separation efficiency depends generally on the mechanical degree of liberation of the individual
components that need to be separated [79]. Secondly, it depends on the efficiency of the separation
technology used. A combination of crushing, size classification, and sorting is intended to either
produce secondary raw materials in the sense of material recycling, to prepare the material recycling by
metallurgical processes, or to achieve waste treatment and disposal [33]. In addition, thermal, chemical,
and mechanical separation processes can be used for special purposes e.g., electrolyte separation by
drying, de-coating of the metallic conductor foils, or shape modification of crushed and enriched
materials [18,80], respectively.

Liberation

The mechanical liberation of LIBs is mainly achieved by shear, cutting, and tearing stresses since
their material behavior is ductile [81]. Therefore, mechanisms based on slow or fast compression are
more likely to trap materials or create new compounds [82]. The liberation of LIB modules is usually
carried out in two stages [34,82], rarely in one stage [10,16,54,83]. The first step is precrushing of the
feed and the second liberation of the components itself. During this mechanical treatment it is essential
to protect the tools and process chambers of the equipment against corrosion caused by electrolytes [31].
Furthermore, there are approaches for electrohydraulic defragmentation of LIBs, but so far, this could
not be converted to a large technical scale successfully [84–87]. Liberation by using diamond saws,
water, or laser beams is described in the literature as well, but it is very time consuming and lacks
efficiency [31]. In addition, there is always a fire hazard when diamond saws and laser beams are used.

Depending on the type of pretreatment and depollution (cf. 2.2.2), it is necessary to adopt adequate
safety measures to provide a safe work environment during the liberation. For example, the medium
in the process chamber can cause strong exothermic decomposition reactions up to explosions [3].
Ideally, each single battery cell is completely discharged for liberation [20,31,80]. The hazard potential
deriving from volatile electrolyte components can be reduced by thermal or cryogenic treatment in
order to use ambient air during crushing. Charged low capacity batteries have to be crushed either
under a protective gas [3,9], such as carbon dioxide [88], nitrogen [63], argon [88,89], or helium [69],
or in liquid media, such as water or salt solutions [88]. Using water, further safety precautions are
required due to undesirable side reactions of the electrolyte with the process medium (e.g., formation
of hydrofluoric acid). Regardless of the process medium, the volatile electrolytes and dust must be
separated from the medium afterwards by adequate purification systems.
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Thermal and chemical liberation methods are applied to delaminate the coating material from the
current collector foils, especially for cathodes. Thermal methods like pyrolysis or roasting decompose
the binder, whereas chemical methods either dissolve the aluminum or detach the cathode active
materials from the aluminum foil in a special solution [9].

Separation

Mechanical sorting according to electromagnetic, electrostatic, density, and granulometric
properties mainly separates liberated components and materials. At times, hydrometallurgical
treatment follows separation, hydrometallurgical processes require a high purity of the intermediate
products for sufficient process stability and selectivity. Commonly used processes are magnetic
and eddy current separation, screening, gravity sorting in flow fields [31,69] or with pneumatic
shaking tables [88] as well as flotation, to either enrich valuable materials or to deplete impurities in
fractions [3,88,90]. Furthermore, it is necessary to install appropriate measures for the dedusting and
separation of the electrolyte from the process media, latter thermally or chemically [18,31].

The combination of separation steps is extremely material and process specific. Nevertheless,
in most recycling processes adopting processing technologies the materials are enriched in products
such as casing materials, plastics (mainly the separator foil), a mixture or separated electrode foils,
and a mixture or the individual active materials [9,18,80,91]. If the electrode foils still contain active
materials after the mechanical liberation [9], coating and metallic foil are liberated and separated by
further mechanical [14,80], thermal [92] or chemical treatment [3,77,93,94] (cf. Liberation).

Active materials can be sorted by flotation [95] or multistage magnetic separation after appropriate
preparation steps [96]. This mechanical processing of active materials is the preferred option from
the energetic and geostrategic point of view (cf. 1). Challenges arise from the small particle sizes at
sufficient liberation and the small differences in the material properties there [79]. Therefore, the active
material fractions are mostly not sorted mechanically but fed to either established or newly developed
pyro- and/or hydrometallurgical processes (cf. 2.2.4).

2.2.4. Metallurgy

The final stage of the LIB recycling feeds pretreated, i.e., dismantled, batteries or material
fractions from processing into extractive metallurgical processes for the production of sufficiently
pure intermediate materials. The unit processes are extraction and recovery. Both unit processes
are always carried out in a coupled manner. Consequently, the refining process is classified into
hydro- and pyrometallurgical processes (cf. Figure 5). For materials used in the housing of the
batteries, in peripheral components, and the conductor foils established metallurgical processes exist,
e.g., for aluminum, copper, and alloyed steel. These components are treated in pure secondary
smelters using specifically designed and optimized processes [19]. The metals cobalt, nickel, copper,
manganese, and iron bear an outstanding position in the recycling of LIBs due to their high intrinsic
value and the comparatively low cost of recovery [56]. Here, pyrometallurgy can be combined with
hydrometallurgical processes but pure hydrometallurgical processing is becoming more and more
important [39,58,97,98]. When discussing different metallurgical technologies for the processing of
spent LIBs, the pyro- and hydrometallurgical unit processes are compared as stand-alone.

Figure 5. Process stage 4 for recycling of lithium-ion batteries: metallurgy.
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Pyrometallurgy

In industrial pyrometallurgical processes, the solid feed is melted down, typically in an electric
arc furnace [99] or shaft furnace [7], and transferred into an alloy, a slag, and/or a matte and the off gas
with dust particles [9]. Organic components of the feed are pyrolyzed or entirely burned depending
on the furnace technology. Graphite can be generally used as a reducing reagent for carbo-reductive
melting processes. If the graphite content of the feed material is too high, problems occur during
pyrometallurgical processing influencing reaction kinetics due to low reactivity of graphite, properties
of the melt like melting point and viscosity, slag formation, and consequent metal recovery as well
as the overall process efficiency [7,99]. Depending on the composition of the feed and the process
specifications, cobalt, nickel, copper, and iron can be collected as metal alloy or matte. The metal alloy
is sold as a secondary raw material, such as alloyed steel [100], whereas the matte is further processed
hydrometallurgically. Unfortunately, due to its principle, pyrometallurgical processes transfer lithium,
manganese, and aluminum into the slag which is currently used as filler material, e.g., in road
construction [34,37,92] or in concrete [101], or is deposited in landfills [40]. In principle, the recovery of
these three substances from slag is technically feasible via hydrometallurgical processes [9,40] but not
economically [6,35,88,102,103]. Furthermore, pollutants such as carbon dioxide, dioxins, and furans
occur [3,9,93,104].

Pyrometallurgical technologies exhibit comparatively low flexibility due to the required high
economic investments and the complex processes involved in the extraction of metals [93]. Other
disadvantages of such technologies are low capacities, high energy consumption, as well as limited
recycling efficiency [9,37,93]. An advantage of this technology is its robustness which requires
only minor pretreatment and conditioning of the feed since many hazard potentials are eliminated
automatically during smelting [9].

Hydrometallurgy

One option in pyrometallurgical processing is to produce intermediate instead of final products
which are refined by hydrometallurgical processes [105]. Currently, the favorable option is to
directly process active material concentrates with a combination of several hydrometallurgical unit
operations [16,70]. Hydrometallurgical processing is mainly applied for the metals coated on the
cathode. The processing can be subdivided into dissolving and concentrating of the feed as well as
cleaning and recovering the metal salts [106]. Various organic and inorganic acids were examined as
solvents often mixed with deoxidizing agents to increase the recovery rate [9,93,106]. Furthermore,
bio-organisms are able to dissolve and convert the metals by caustic methods as well [4,9,77].

Once dissolved, the metals are extracted from the solvent by liquid–liquid extraction, ion exchange,
or chemical precipitation [69,77,97]. If the resulting metal salts meet the quality requirements of the
corresponding raw materials, subsequent recovery can be forgone. Otherwise, further precipitation,
crystallization, or electrochemical processes such as extraction electrolysis or electro winning are used.
Thereby, corresponding metal compounds or impurities are separated selectively or deposited on
electrodes, respectively [4,77,106].

Hydrometallurgical processes require material preparation and size control provided by manual
dismantling and/or liberation and separation. The direct manual dismantling of batteries to electrode
level provides highly pure feed materials on one hand [61] and decreases the required piece sizes for
further hydrometallurgical processing on the other. For industrial implementation, however, manual
removal of the valuable cathode materials does not appear to be expedient from both an economic and
occupational safety point of view [70] (cf. Dismantling and Depollution). If the electrode coatings are
separated mechanically (cf. 2.2.3), the coating fraction contains some copper and aluminum particles
of the metallic conductor foils as contaminants [9,80]. Their particle size distribution and material
composition are thus significantly influenced by the type of processing, which in turn determines the
metallurgical effort and yield of recyclable materials [9,106]. Further impurities are residues of organic
solvents, which influence the pH value of the solution and the performance of other solvent based
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processes. Therefore, these impurities have to be considered in the design stage of hydrometallurgical
processes as well.

As a more general rule, hydrometallurgical processes require strong organic acids and expensive
additives producing considerable amounts of waste liquids [107] and harmful or toxic emissions [22].
In contrast, metals from the cathode coating can be recovered in an energy-efficient and selective
way [4,69].

3. Industrial Recycling Technologies

Numerous recycling companies worldwide treat spent LIBs of different types and forms (cf.
Table 1). The recycling technologies differ according to the used process stages and unit processes
as well as the generated final products. This is due to the historical development of the individual
companies, the environmental conditions and regulations, as well as the relevant market situation.
In principle, it is possible to characterize each technology on the basis of the process stages and
unit processes introduced in Section 2. Literature often shows only the unit processes for the last
process stage (metallurgy) in tabular form (cf. Table 1—data from tables). In some cases, there are still
indications of pretreatment and mechanical processing from which the overall recycling technology can
be guessed, but which cannot be reliably traced. Detailed descriptions and explanations are available
for certain process technologies (cf. Table 1—process described). However, the low information density
prevents a clear and complete characterization according to the process stages and unit processes [6].

Table 1. Overview of industrial recycling technologies for spent lithium-ion batteries (mech=mechanical
processing; hydro = hydrometallurgy; pyro = pyrometallurgy; n. d. = no data).

Company Data from Tables Process Described

ACCUREC GmbH
mech [108], pyro [3,26,69], pyro and hydro [10,59], pyrolysis
and hydro [109,110], disassembly, pyrolysis, mech [7], n. d.

[111,112]
[3,7,10,13,98,113]

AEA Technology Batteries hydro [59,69] [98,114]
AERC Recycling Solutions pyro [59] n. d. [69] -

AFE Group (Valdi)/ ERAMET pyro [59,69] -
AkkuSer mech [59], mech and hydro [110], n. d. [111] [98,113]

American Manganese n. d. -
Anhua Taisen Recycling Technology Co. Ltd. mech and hydro -

Battery Resourcers LLC n. d. [13]
Battery Safety Solutions collection, discharge and disassembly -

Batrec Industrie AG
mech [108], mech and pyro [59], mech and hydro [26], pyro

[3,69], hydro [10], pyrolysis and pyro [109,110], mech,
pyrolysis, mech, hydro [7], n. d. [111,112,115]

[3,7,10,13,98,113,115]

BDT n. d. [111] -
Brunp Recycling Technology Co. hydro [3,59,116] [13]

Cawleys n. d. -
Chemetall n. d. [1,2] -

DOWA Eco-Systems Co. Ltd. pyro [59,69], n. d. [111,115] [117]
DK Recycling und Roheisen GmbH pyro [69] -

Düsenfeld GmbH mech and hydro [118] (for LithoRec [13])
Earthtech disassembly -

Erlos/Nickelhütte Aue disassembly [112], pyro and hydro -
Euro Dieuze Industrie/ SARP hydro [59,69,109,110], n. d. [111] -

Farasis Energy - [13]
Fuoshan Bangpu Ni/Co High-Tech Co. n. d. [111] -

GHTECH - [13]
G&P Batteries (Ecobat Technologies Ltd.) pyro and hydro [109,110], n. d. [59,111,115] -

GRS Batterien pyro [109,110], n. d. [111] -
Guangdong Guanghua Sci-Tech Co., Ltd. disassembly -

Highpower International Inc. disassembly, pyro and hydro [13]
Huayou Cobalt New Material Co Ltd. pyro -

Inmetco pyro [3,7,69], n. d. [115] [7,10,13,113,119]
Japan Recycling Center pyro [69] -

JX Nippon Mining and Metals Co. pyro [59], pyro and hydro [69], n. d. [111] -
KYOEI Steel pyro -
Li-Cycle US mech and hydro -

Lithion Recycling hydro -
Metal-Tech Ltd. n. d. [111,115] -

Neometals hydro -
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Table 1. Cont.

Company Data from Tables Process Described

Nippon Recycle Center Corp. pyro [59] -
OnTo Technology Oregon US hydro [69], mech [116], presorting, disassembly and hydro [7] [7,13]

Pilagest mech and hydro [109,110], n. d. [69] -
PROMESA GmbH & Co. KG mech -

Recupyl S.A.S mech [108], mech and hydro [7,110], hydro [3,10,26,59,69,109],
n. d. [111,115] [7,10,13,98,113,119]

REDUX GmbH pyro [69], pyrolysis and mech [54]
REVATECH n. d. [115], n. d. [111] -

SAFT. AB pyro [69] -
Salesco Systems pyro [69] -

Shenzhan BAK Battery Co. disassembly [31] -
Shenzhen Green Eco Manufacturer Hi-Tech. Co., Ltd. mech and hydro [116], hydro [3,59], n. d. [111,115] [3,13]

Shenzhen Tele Battery Recycling Co. hydro [31] -
SK Innovation Co n. d. -

S.N.A.M. mech, pyrolysis and pyro [110], pyro [3,69,109], pyro and
hydro [59], n. d. [111,115] [98,113]

Sony Corp. & Sumitomo Metals and Mining Co. pyro [3,59,69], n. d. [111,115] [3,13,98,113]
Soundon New Energy Tech. Co. Ltd. - -

SungEel Hitech Ltd. mech and hydro [116] [13]
Technologies Inc n. d. [59] -
TES-AMM China n. d. [111] [13]

Toxco/ Retriev Tech. hydro [26,59], mech [69,108], disassembly, cryogenic
pretreatment, mech and hydro [3,7,10], n. d. [111,112,115] [3,7,10,98,113,115,119]

Umicore pyro [10,59], pyro and hydro [3,7,26,108–110], n. d.
[69,111,112,115] [3,7,10,13,98,113,119]

Xstrata/ Glencore pyro [7,26], pyro and hydro [3,59,69,108], n. d. [111,115] [7,10,13,98,113]
4R Energy Corp. n. d. [116] -

The production of LIBs has so far taken place almost exclusively in China, South Korea, and
Japan [39,58,77,120]. Hence, battery waste is mainly recycled in Asian and only a few European and
North American plants [26,29,82,91,111,121]. American and European recycling companies show a
wide variety of technologies but lack the volumes of spent batteries for profitable operation [70,121].
Avoiding high investments for dedicated process equipment, spent LIBs are also fed as secondary feed
in existing metallurgical plants [7] (cf. Presorting).

Lv et al. [6] and De-Leon [116] published information on the capacities of specialized technologies
for certain feed materials or material mixtures. Currently, the industrial recycling approaches focus
primarily on the recovery of the valuable metals cobalt and nickel from portable and industrial
batteries [29,40]. Therefore, the entire LIB is broken down either thermally or mechanically in order to
be recovered by pyro- and/or hydrometallurgical processes. Aiming to increase the total recycling
efficiency of current industrial recycling processes, also aluminum and organic battery components,
such as the electrolyte and plastics, should be considered for recovery [20,80,99]. Hence, unit operations
like thermal pretreatment or separation have to be adjusted in order to avoid decomposition of the
organic battery components.

In general, three industrial process routes can be identified for material recovery of spent LIBs
depending on the temperature depolluting the batteries, effort for preparation and processing and
overall recycling efficiency (cf. Figure 6).

• high temperature route with optional presorting and calcination as deactivation, no processing but
direct pyrometallurgical treatment (cf. Figure 6A)-p), and optional hydrometallurgical refining (cf.
Figure 6A)-h)

• moderate temperature route with pyrolysis as thermal pretreatment, multistage mechanical
processing (cf. Figure 6B)-n; n ≥ 1), and pyro- and (cf. Figure 6B)-p-h)/or hydrometallurgical (cf.
Figure 6B)-h) refining

• low temperature route (often called direct recycling process [13]) with electrical and no/or cryogenic
depollution, multistage processing, and hydrometallurgical refining (cf. Figure 6C)-n; n ≥ 1)

In general, the material, characterized by the arrows with continuous lines, flows top down
through the different process stages and unit processes transforming spent batteries into secondary
(raw) materials, emissions, and waste. Arrows with dotted lines show on the one hand an optional
hydrometallurgical treatment after pyrometallurgical unit operations (cf. Figure 6A,B) or an optional
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iteration of the respective unit operations. Due to generalization and low information density of
the industrial technologies, the material transformation within the process stages and unit processes
cannot be further distinguished in concentrates for further treatment and secondary materials.

Figure 6. Schematic flow chart of the three most common industrial process routes: high temperature
route (A), moderate temperature route, (B) and low temperature route (C); p—pyrometallurgical,
h—hydrometallurgical, n—number of iterations.

It can be stated that the possible overall recycling efficiency decreases with higher process
temperatures due to the decomposition of organic components and later due to the downgrading
of metals like aluminum and manganese into slag. A detailed discussion of the different process
routes is presented by Harper et al. [9], Lv et al. [6], Chen et al. [13], and Pinegar and Smith [7].
Nevertheless, an overall quantitate process analysis for the three main and other industrial recycling
technologies in respect to recycling efficiency, energy, and auxiliary material consumption are scarce
in the literature [101]. For example, the energy demand to recover the different metals depends
on the specific recycling technology employed, as well as the forms of the final secondary (raw)
materials [101]. Only one life cycle assessment can be found in literature for technologies containing
two process routes. On the one hand, a combination of the unit processes dismantling, depollution,
pyrometallurgical extraction, and recovery represents the high temperature route [60], and on the other
hand a combination of the unit processes dismantling, depollution, liberation, separation, multistep
hydrometallurgical extraction, and recovery [122] characterize the low temperature route.

4. Conclusions

The global search of recycling technologies for spent LIBs has led to various nomenclature and
confusing classifications of relevant processes. The common goal is a high recycling efficiency and the
suitability in terms of recovery of material and energy. In contrast, the generic process chain for waste
from Martens and Goldmann [19] offers the possibility of dividing the individual processes into four
process stages and associated unit processes. The different recycling technologies can thus be clearly
classified, differentiated, and process specifications addressed.

It is conspicuous that, currently, no company is carrying out the entire process chain for spent
LIBs. They rather specialize in certain process stages, combinations of process stages, or only unit
processes. Advantages and disadvantages of the unit operations discussed in this review address the
existing technologies knowing that an optimized entire process chain does not exist yet. Most probably,
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the optimum from an energetic, material, ecological, and economic point of view will be found from a
combination of different unit processes and operations. It is noticeable that some of the unit processes
are partly iterated. For example, the process stage of processing can have multiple steps of liberation
and subsequent separation. Then, other stages or groups are completely skipped, especially in
technologies with pyrometallurgical processes, which partly dispense with depollution or processing.
Although further and deeper information about the industrial technologies are missing, a rough
assessment and understanding of these technologies can be gained in respect to the currently used
process stages and unit operations. Nevertheless, a reliable comparison and evaluation of the several
recycling technologies cannot be done.

So far, research has focused on metallurgical processing with pyro- and increasingly
hydrometallurgical processes. On a laboratory scale, manual dismantling of the battery systems and
subsequent dismantling of the battery cells to electrode level delivers usually the relevant feed materials
(cathode coating). Extrapolating this to industrial plants, mechanical liberation with subsequent sorting
will become necessary. Different approaches are available for this mechanical treatment. However,
they are not distinguishable based on their unit processes alone. In such a case, the unit processes
have to be further subdivided into unit subprocesses and unit operations like liberation dependent
on the stresses applied (kind, intensity, speed of stressing tools) process medium, specification of the
machines, and apparatus used, etc. [88]. The same applies to the other process stages, but primarily
hydrometallurgy, where parameters such as solid–liquid ratio, solvents used, and process conditions
(temperature, residence time) influence the material conversion processes. Necessary information is
also lacking due to the economic competition situation and the current spirit of optimism that will not
change in the near future.

The article shows that production of secondary raw materials or materials from spent batteries
is in principle technically possible. Moreover, waste treatment of spent LIBs is currently carried out
already worldwide [13]. Though the collection of spent batteries and the revenue-generating sale of the
secondary raw materials produced remain decisive for the recycling [123]. Additionally, the political
framework for an economically and ecologically reasonable collection system need to be created for
long-term success [9]. Finally, recycling of spent LIB can contribute to the global supply of metallic
resources for LIB production in the long term, but for the ongoing increasing demand and battery
wastes, primary resources will stay inevitable [124] and present global recycling capacity has to be
expanded [70], respectively.
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Abstract: Since the current volumes of collected end-of-life lithium ion batteries (LIBs) are low, one
option to increase the feasibility of their recycling is to feed them to existing metals production
processes. This work presents a novel approach to integrate froth flotation as a mechanical treatment
to optimize the recovery of valuable metals from LIB scrap and minimize their loss in the nickel slag
cleaning process. Additionally, the conventional reducing agent in slag cleaning, namely coke, is
replaced with graphite contained in the LIB waste flotation products. Using proper conditioning
procedures, froth flotation was able to recover up to 81.3% Co in active materials from a Cu-Al
rich feed stream. A selected froth product was used as feed for nickel slag cleaning process, and
the recovery of metals from a slag (80%)–froth fraction (20%) mixture was investigated in an inert
atmosphere at 1350 ◦C and 1400 ◦C at varying reduction times. The experimental conditions in
combination with the graphite allowed for a very rapid reduction. After 5 min reduction time,
the valuable metals Co, Ni, and Cu were found to be distributed to the iron rich metal alloy, while the
remaining fraction of Mn and Al present in the froth fraction was deported in the slag.

Keywords: mechanical treatment; slag cleaning; cobalt; nickel; manganese; lithium-ion battery;
recycling; circular economy

1. Introduction

Since their commercial launch in 1991, lithium-ion batteries (LIBs) have become the dominant
power source technology for a variety of electronic devices, from electric vehicles (EVs) to laptops, due
to their superior electrochemical properties such as low self-discharge rate and high energy density [1].
The prospected demand of LIBs is expected to grow annually by 25% from 180 GWh in 2018 to 2600
GWh in 2030 [2]. The major driving factor for the growing demand is attributed to the transportation
sector shifting to a low-emission fleet [2]. Consequently, an increasing demand of LIBs sets pressure
on both the upstream processes (e.g., mining and refining) to extract raw materials and manufacture
components, and downstream processes (e.g., second life and recycling) to maximize the recovery of
secondary raw materials. Depending on the vehicle model, the LIB in an EV can make up 40% of the
total costs, making it the most valuable component [3]. Therefore, the development of cost-efficient
EVs is strongly focused on the value chain of batteries [3]. This in turn advocates for integrating
recyclability as a design feature in the development phase [4].

The estimated lifetime of EV batteries is eight years during first life and five years for second
life [5]. In consumer electronics, the lifespan is generally less than three years [6]. In 2035, 104 GWh of
battery capacity is expected to reach end-of-life (EoL) [5], thus making the relatively large amount
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of metal reserves in EoL batteries attractive for recycling [7]. The benefits of recycling are multifold
in terms of economics, regulatory perspective, securing raw material supply, new business creation
opportunities [7], and environmental protection. Developing cost-efficient technologies and processes
for LIB recycling is thus a necessity.

Despite this, only a small portion of the EoL LIBs are currently properly collected [8], while
the vast majority are either hoarded in households, or end up in landfills [9]. This not only raises
environmental concerns but is also a waste of valuable resources [10,11]. Additionally, the current
EU Battery Directive 2006/66/EC in place does not sufficiently reflect the integration of the life cycle
concept or the growing importance of LIBs as the recycling efficiencies are not defined for specific
components or elements (e.g., Li and Co) [4,12].

The major components of a LIB include its casing, separator membrane, electrolyte, current
collectors, a polymeric binder, and the active materials found in the electrodes. The active material
usually comprises of graphite (anode) and some of various lithium metal oxides (cathode), and the
mixture of the two is commonly referred to as black mass in industrial jargon [13]. The different
components, relative amounts, and currently the most commonly applied materials were recently
summarized by Velazquez-Martinez et al. [14]. Due to cost savings, supply risks [15], and increasing
energy density requirements, cathode chemistries such as NMC 622 and 811, with less cobalt compared
to NMC 111 or LCO chemistries, have entered the market. [7] In waste LIBs, the black mass hosts the
elements with the highest economic value, and recovering these elements has, consequently, been the
main focus of the industrial LIB recycling operations. [13,14] In the current state-of-the-art industrial
LIB recycling processes, mechanical unit operations are first performed to recover the macroscopic
components, and to separate the black mass fraction. The black mass is then further treated with either
hydro- or pyrometallurgical processes (or a combination of both), and the valuables are recovered as
either alloys or salts [16].

The main goal of the initial mechanical processing is to produce a sufficiently pure stream of black
mass for the subsequent chemical purification, while providing a high enough throughput to ensure
the economic profitability of the process. Therefore, a trade-off exists between the throughput and the
grade/recovery of the valuables [17]. For example, it has been found that the different LIB components
have distinctive particle size distributions after crushing, with the black mass consisting of considerably
finer particles than the other components [17]. Consequently, after crushing the waste LIBs, screening
is usually applied to separate the black mass in the underflow, while retaining the majority of the
coarser components (Cu, Al, plastics) in the overflow [14,17]. However, due to incomplete liberation of
the active particles [18], in order to increase the black mass recovery, the industrially applied sieve
opening sizes are relatively large (~500 μm) [14]. This, however, results in quantifiable amounts of Al,
Cu, and plastics reporting in the underflow. In addition, the Cu-Al rich sieve overflow has been shown
to retain a considerable amount of the black mass [18].

Generally, it is seen that one of the advantages of applying pyrometallurgy in battery recycling is
to minimize mechanical pre-treatment [19,20]. However, a relatively high fraction of metals is lost
to the slag, which in some cases is further refined to recover metals or utilized by the construction
industry [11,14,19]. These include metals, such as Li and Mn, with high oxide stability at high
temperatures [21]. The industrial Umicore ValÉas™ and Sumitomo-Sony recycling concepts include
pre-processing steps, such as dismantling and sorting, but no mechanical treatment [14]. In laboratory
scale, Ren et al. [22] utilized two waste streams, namely (1) LIBs with Al cans and (2) copper slag
from an industrial electric arc furnace cleaning process to produce an Fe-Co-Ni-Cu alloy and slag with
fayalite (Fe2SiO4) and hernycite (FeAl2O4). Guoxing et al. [23] proposed a smelting reduction process
at 1475 ◦C based on a MnO-SiO2-Al2O3 slag system resulting in a Co-Ni-Cu-Fe alloy and manganese
rich slag to recover valuable metals from LIBs.

The EoL LIBs will start gradually returning to metals production as their amount increases and
the recycling efficiency improves. Currently, the volumes are rather low and the most feasible way
to recycle them is to feed them to existing metals production processes instead of developing and
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building new production plants. In this approach, the waste LIB would be partially functioning as a
chemical reagent, applied as a secondary feed for the industrial process, and ideally eliminating the
need for new chemical reagents. Consequently, decreasing the loss of valuable metals to the slag must
be researched by introducing suitable mechanical pre-treatment. However, at the same time, new
flexible processes should also be developed as the chemistries and compositions of the LIBs (or other
batteries) are continuously developing.

In the present investigation, the aim is to integrate existing unit operations (sieving, grinding,
froth flotation) and a unit process (EF slag cleaning) for recovering Co and Ni from the black mass
fraction of LIB scrap and replacing the conventional reducing agent coke with graphite. Figure 1 shows
a flowchart of the proposed process investigated in this article. In previous studies by the authors,
the integration of battery recycling to nickel slag cleaning was reported successful for the first time [24].
Unlike these previous studies and many industrial pyrometallurgical processes for battery recycling,
this approach emphasizes the importance of mechanical pre-treatment to minimize the loss of valuable
metals to the slag. Coupling froth flotation to a pyrometallurgical unit process is introduced as a novel
method for improving the LIB recycling efficiency, by allowing the selective recovery of leftover active
materials from the Cu-Al rich sieve overflow, which is produced as a side stream during the initial
mechanical processing of the waste LIBs. This approach is fundamentally different compared to the
conventional black mass flotation studies [25–30] that have targeted to separate the anodic graphite in
the froth phase, and the cathode active components in the tailings. Furthermore, the recovered froth
flotation products are utilized as the only source of reducing agent in the nickel slag cleaning process
replacing the fossil coke.

 
Figure 1. A simplified flowchart of the investigated LIBs recycling process. * graphite, ** not specified.

2. Materials and Methods

2.1. Froth Flotation

2.1.1. Sample Preparation and Characterization of the Waste Lithium Ion Battery Feed

LIB waste was obtained from Akkuser Oy (Nivala, Finland). In the industrial process, the waste
LIBs are sorted, crushed, and sieved. Firstly, sorting was performed based on the cathode chemistry of
the EoL LIBs, dividing the waste into fractions of high Co content and low Co content. The sorted
fractions were subsequently crushed and sieved with a ca. 1000 μm sieve, and magnetic separation
was applied to recover the steel casing materials. The present work utilized the underflow (<~1000 μm)
of the industrially sieved high Co content fraction.

A sample of waste LIB of ca. 1.3 kg was taken and sieved in two batches for one hour. Sieving
was performed using a vibratory sieve shaker (Fritsch Analysette 3, Idar-Oberstein, Germany) using a
stack of four sieves with opening sizes of 1250 μm, 400 μm, 200 μm, and 100 μm. Since the exact sieve
opening size of the industrial sieving process was unknown, the coarsest sieve selected was 1250 μm.
To enable characterization with an X-ray fluorescence spectrometer (XRF, Niton XL3t, Thermo Fisher
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Scientific, Waltham, MA, US), a sample of the fractions with sizes > 100 μm was pulverized for 10 min
in a disc mill (Retsch RS 200, Haan, Germany), and characterized with XRF for elements with atomic
number ≥ 12.

As will be further discussed in Section 3, based on the composition results of the size fractions,
the samples for froth flotation experiments were prepared by dry sieving ca. 190 g of LIB waste with
a 500 μm sieve, at an amplitude of 5.5 mm over 10 min. The overflow (>500 μm) of this laboratory
sieving process was used as feed for the flotation experiments.

2.1.2. Experimental Procedure of Froth Flotation

As a first conditioning step, the feed material was treated in a vibratory micro mill (Fritsch,
Pulverisette 0, Idar-Oberstein, Germany), with an amplitude of 6 mm, and a batch size of ca. 13.33 g.
The energy input provided by the micro mill under these conditions is low, as the objective of this step
was solely to improve the particle liberation, by purifying the Cu/Al/plastic film surfaces, and not to
further comminute the active materials. This procedure was repeated thrice to obtain a total feed mass
of 40 g. In the experimental series, seven different milling times (0 min, 5 min, 10 min, 15 min, 20 min,
30 min, and 40 min) were studied.

After milling, the material was placed in a one-liter laboratory-scale flotation cell (Lab Cell—60mm
FloatForce mechanism, Outotec, Espoo, Finland), and one liter of tap water was added. The solid-water
suspension was then subjected to 1000 rpm of agitation for 3 min. After this period, 150 g/t of kerosene
(collector) were added, allowing 3 min of conditioning under stirring. Finally, 8 ppm of MIBC (frother)
were added, followed by two minutes of conditioning. Subsequently, air was fed to the cell at a flowrate
of 2 L/min, marking the beginning of the flotation experiment. Throughout conditioning and flotation
stages, the agitation was kept constant at 1000 rpm.

After the air flow was turned on, the system was given approximately 10 s to form a stable froth
fraction, after which the froth was manually scooped at defined time intervals for a total of 25 min.
To monitor the kinetics of the separation, froth products were collected into three different fractions,
namely 0–1 min, 1–10 min, and 10–25 min from the beginning of the experiment. Since froth production
was at its most hectic in the earlier stages of the experiment, for the 0–1 min fraction, the froth was
scooped in a continuous fashion, for the 1–10 min fraction, froth was collected every 30 s, and for
the 10–25 min fraction, sampling was carried once per minute. To maintain a constant froth height,
tap water was added into the flotation cell as needed.

Each froth fraction was subsequently filtered and dried for 48 hours in a convection oven (Memmert
UE400, Büchenbach, Germany). The drying temperature was kept at 40 ◦C, to avoid the formation
of hydrofluoric acid (HF) via decomposition of any leftover electrolyte or other fluorine compounds.
During all working stages of the flotation experiments, the laboratory atmosphere was monitored
with a portable HF (g) detector (GfG Micro IV, Dortmund, Germany), but no peaks of HF release
were recorded. This suggests that the majority of the electrolyte was already recovered during the
industrial processing.

2.1.3. Characterization of the Flotation Products

The dry froth products and tailings were weighed, and the elemental compositions for atomic
numbers ≥ 20 were determined by a portable XRF gun (Oxford Instruments, X-MET 5000, Abingdon,
UK). To account for the heterogeneous nature of the LIB waste, five 30 s measurements were performed
for each froth/tailings sample, and an average value was calculated. To improve the accuracy in the
analysis of composition, inductively coupled plasma mass spectrometry (ICP-MS) was performed on
selected samples, and a linear regression model was built based on the observed correlations, for each
individual element of interest. The regression models were then used to adjust the results obtained
with the XRF.

Based on the measured mass and the elemental compositions of the fractions, the elemental
mass per fraction, head grade, cumulative grade, and cumulative recovery were calculated for each
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component of interest. Furthermore, separation efficiency (SE) values were calculated for Cu as shown
in Equation (1) [31]:

SE =
100Cm(c− f )
(m− f ) f

(1)

where,

C = Fraction of feed weight reporting to the froth at time t (1, 10, 25 min) [wt%]
m =Metal content of Cu in the mineral [wt%]
c = Fraction of Cu reporting to the froth at time t (1, 20, 25 min) [wt%]
f = Fraction of Cu reporting to the feed at time t (1, 10, 25min) [wt%].

Since all Cu content in the waste LIB feed was assumed to be in a metallic phase, the value for m
was assumed to be 100 wt%. The active materials, however, were assumed to be present in various
chemistries (as discussed in Section 3), and determining a single m value for them would have thus
been difficult. For this reason, SE values were not calculated for Co, Ni, and Mn.

Based on the results of the characterization, an optimal milling time was determined, and an
additional flotation experiment was performed under the optimal parameters (as discussed in Section 3)
to collect a sufficient amount of material for the subsequent nickel slag cleaning experiments.

2.2. Slag Cleaning

2.2.1. Materials

The slag was acquired from Boliden Harjavalta (Harjavalta, Finland). Table 1 shows the elemental
composition of the slag, which was analyzed with X-Ray Fluorescence (XRF) spectrometry. Most of
the metals in the slag were in oxidic form, and therefore they were converted into oxides. For iron,
the oxidation state can be 2+ and/or 3+, so it was left in the metallic state. The sum in Table 1 is less
than 100 wt% mostly due to the unknown amount of oxygen in iron oxide. Additionally, the slag
contained entrained metallic or sulfidic droplets [24].

Table 1. The elemental composition of the industrial nickel slag.

Compound Fe SiO2 MgO Al2O3 Ni CaO Co Cu S Zn

wt% 35.86 33.86 7.14 3.12 3.46 1.65 0.46 0.52 0.15 0.06

In order to investigate whether graphite from recycled LIBs could be used as a reducing agent in
nickel slag cleaning, the battery material from the selected flotation fraction was added to the slag.
Supposedly, this fraction should contain the highest amount of graphite and cobalt. The slag and
flotation fraction were mixed in a mortar with a 4:1 ratio to ensure that there is excessive carbon
available. The elemental composition of the starting mixture with slag and battery fraction from
flotation for the experiments is presented later.

2.2.2. Experimental Procedure

The furnace settings and the experimental procedure for high-temperature heating and quenching
were described in detail earlier [32,33]. The experiments were conducted in an LTF 16/450 single-phase
vertical tube furnace (Lenton, Parsons Lane, Hope, UK). A schematic of the furnace can be seen in
Figure 2. The furnace was equipped with four silicon carbide heating elements, an alumina working
tube (Ø 35 mm ID, Frialit AL23, Friatec AG, Mannheim, Germany) and an inner tube (Ø 22 mm ID)
installed inside the working tube to ensure the correct position of the sample in the hot zone. A Kanthal
A1 wire (Ø 0.65 mm) was used in the experiments for lifting the sample to the hot zone.
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Figure 2. Furnace settings.

The experiments were conducted in inert atmosphere with a gas flow rate of 400–500 mL/min
argon (99.999% purity, AGA Linde, Espoo, Finland). The end of the working tube was sealed with a
cork allowing gas to flow out of the furnace through a tube installed inside it. The silica crucible with
the nickel slag and flotation fraction mixture was placed into a basket made of Kanthal wire. To ensure
an inert atmosphere in the experiments, the furnace was flushed with argon gas for 15 minutes before
lifting the sample to the hot zone from the cold zone. Time zero (t = 0) was set to be the moment when
the crucible was lifted and positioned in the hot zone. The samples were held in the hot zone at 1350 ◦C
and 1400 ◦C for 5, 10, 20, 30, and 60 min. The end of the working tube was immersed in ice water before
the end of the contact time and after reaching full contact time, the cork was taken out and the Kanthal
wire was pulled sharply upwards to release the basket with the sample to be quenched in ice water.

After quenching, the samples were dried, mounted in epoxy, ground, polished, and coated with
carbon. The SEM-EDS (Scanning Electron Microscopy-energy Dispersive X-ray Spectroscopy) analyses
were carried out at Aalto University Department of Chemical and Metallurgical Engineering with a
MIRA 3 SEM (Tescan, Brno, Czech Republic) equipped with an UltraDry Silicon Drift Energy Dispersive
X-Ray Spectrometer and NSS Microanalysis Software (Thermo Fisher Scientific, Waltham, MA, USA).
An accelerating voltage of 15 kV and a beam current of 9.8 nA were used in the analyses. The counting
time was set to 20 s per spectrum. The standards (Astimex Standards Ltd. Toronto, Ontario, Canada)
in EDS analyses were as follows: pure metals (Co Kα, Cu Kα, Ni Kα, Zn Kα, Mg Kα, Mn Kα, Al Kα),
quartz (Si Kα and O Kα), hematite (Fe Kα), marcasite (S Kα), calcite (Ca Kα), and sanidine (K Kα).
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3. Results & Discussion

3.1. Characterization of LIB Waste

The size distribution of the industrially produced waste LIB sample used in this study is reported
in Figure 3. As presented in the figure, the highest mass fractions are those at sizes <100 μm and
400–1250 μm with ca. 30 wt% each, whereas the middle size fractions represent around 20 wt% each.
The fact that the fraction > 1250 μm only hosts 0.3 wt% of the total mass indicates that the industrial
sieving was efficient.

Figure 3. The mass balance of the waste LIB sieving process.

For the most abundant elements (Fe, Al, Cu, Ni, Mn, Co), the elemental compositions of the sieved
fractions are presented in Figure 4, as measured by XRF. Other components, including e.g., graphitic
carbon and Li, are collectively represented by the “other” column.

Figure 4. The elemental compositions of the sieved waste LIB feed.
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The cumulative distributions of the main components are presented in Figure 5. From this figure,
it is seen that Cu and Al report to the > 400 μm fractions, whereas Fe, Co, Ni, Mn, and other components
are dominant in the finer fractions. For Cu and Al, this behavior is expected, as these metals likely
originate from the large components in the LIBs, such as current collector plates and casing materials.
However, it is noteworthy that both Al and Cu are also present in the finer fractions, as approximately
20 wt% of these elements are recovered in the fractions < 400 μm. Interestingly, Al is more abundant
than Cu in all of the < 400 μm fractions, which could be explained by its presence in some cathode
chemistries (LiNiCoAlO2). In any case, these results indicate that an industrial crushing process will
result in fine-sized Al and Cu components, thus emphasizing the need for the LIB recycling studies to
be conducted with real battery waste, instead of artificially produced anode-cathode mixtures, as has
been the case in various publications [25–30]. Indeed, the presence of these metals in the black mass
and its repercussion in subsequent metallurgical processes has been overlooked so far by other authors.

Figure 5. The cumulative distribution of the most abundant metals in the sieved waste LIB fractions.
Non-metals and less abundant metals are collectively represented in the “others” chart.

The cathode active components (Co, Ni, and Mn) are expected to report in the finer fractions,
since these materials are applied as fine powders (<100 μm) in the electrodes of the battery. However,
the fact that all of these components are also present in the size fractions > 100 μm suggests that the
currently used combination of crushing and dry sieving is inefficient in separating the active particles.
The majority (~70 wt%) of the Co, Ni, and Mn particles are carried on to the coarser fractions, possibly
adhered on the surfaces of the coarser components (Al, Cu, plastics). This phenomenon is also reported
in other studies conducted with industrial LIB waste [18].

Fe seems to follow a similar trend with the cathode active components, indicating that the waste
battery feed might involve LIBs with Fe-based cathode chemistry (LiFePO4). Further evidence for
the Fe content in the feed being at least partially of-cathodic-origin rather than as residue of casing
materials is the fact that magnetic separation had been performed by the industrial operator for the
separation of any metallic Fe. As the industrial operator claims to have sorted the waste LIB feed for
high Co cathode chemistries only, the assumed LiFePO4-based Fe content is most likely either due to
inefficiency in the sorting process, or the presence of mixed cathode chemistries.

The major constituents of the unidentified “other” materials are expected to be graphite (anode
active material), carbon black (conductive additive), Li (cathode active material), F (PVDF), O (cathode
active material), and polymers (PVDF and the separator films). The cumulative distribution of these
materials seems to follow a very similar trend with Co, Ni, and Mn. Since the majority of the elements
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in the “others” fraction are associated with the active materials in the battery structure, they can be
expected to be distributed in a similar manner with the cathode active elements.

Based on the cumulative distributions of the components, it can be argued that the dominant
cathode chemistry in the waste LIB feed is most likely LiCoO2, including some LiNixMnyCozO2

variants (various NMC-ratios) and LiNiCoAlO2. Furthermore, it is likely that small amounts of
batteries with LiFePO4 cathodes have ended up in the waste stream as well.

3.2. Flotation Experiments

3.2.1. Cumulative Grades and Recoveries

The froth flotation results for the metallic components of waste LIBs after various activation times
are compiled in Figures 6–8.

Figure 6. The cumulative recoveries of selected metals (A) Co, (B) Ni, and (C) Mn from cathode active
materials in waste LIB after various milling times.
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Figure 7. The cumulative grades of selected metals (A) Co, (B) Ni, and (C) Mn from cathode active
materials in waste LIB after various milling times.

As Figures 6–8 show, when the binder surfaces are not removed, cathode active material recoveries
of ~70–80% can be achieved, while maintaining low (~10%) recovery of Cu. Low energy milling
seems to improve the separation up to the 20-min mark, after which the separation efficiency stabilizes.
In this experimental series, the optimal separation was achieved using 20-min milling time, with
cumulative recoveries (after 25 min) of 81.3%, 67.6%, and 78.4%, for Co, Ni, and Mn, respectively.
The cumulative recovery for Cu in the overflow was only 10% (i.e., 90% recovery in the tailings).
Furthermore, the separation efficiency of Cu, with the optimal 20-min milling time, was reported to be
−54.5%, indicating an efficient enrichment to the underflow. It is to be noted that even though only
7.4 wt% of Cu was floated with 5-min milling time (92.6% recovery in tailings, Figure 8A), the enhanced
separation of the active materials using longer milling times ultimately results in an increased Cu
separation efficiency. Milling enhances the Cu separation efficiency noticeably, as the SE value for Cu
in the absence of milling was −40.3%.
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Figure 8. The (A) cumulative recovery in the tailings and the (B) separation efficiency for Cu, after
various milling times.

The results hereby presented indicate that flotation can be applied for the selective recovery of the
leftover black mass in the Cu-Al rich sieve overflow, by extracting the active particles in the froth phase
and simultaneously enriching Al and Cu in the tailings. The Al-Cu enriched tailings are a valuable
material stream on its own, and it could be further separated relatively easily via density-based
separation, for example.

The exact mechanism of the extraction of the cathode active components in a seemingly true
flotation manner is unknown. A reasonable explanation is that the floatability of the cathode materials
is a result of the PVDF binder coating, which arguably hydrophobizes the Li-salt particles. The observed
trend of improved floatability with respect to grinding time could also be a result of the different
grinding response of graphite and the anode materials, as graphite is softer than the crystal structures
of the cathode. Yu et al. [25] described the floatability of ground black mass, and reported that short
grinding times (<5 min) resulted in an increment in the floatability of the cathode active components.
This was hypothesized to be a result of anode-cathode aggregate formation. In the aforementioned
article, the purpose of the milling was to wear down the binder surfaces, and it is likely that a higher
energy mill was used compared to the one applied in this article. Consequently, it is plausible that the
increased floatability of the cathode components reported in this article after longer grinding times
(20 min and above) could also be a result of the anode–cathode aggregate formation. Furthermore,
when milled with a low energy input, the adhered black mass particles are expected to be liberated
from the Cu, Al, and plastic surfaces, allowing for a larger amount of the active particles to be extracted
via true flotation. Nevertheless, as Figure 6 shows, grinding is not necessary for the floatability of
the cathode, as significant Co, Ni, and Mn recoveries (~60%) were reported in this study, even in the
absence of milling (0 min milling time).

The recovery of Cu and the other macroscopic components (Al, plastic separator) in the froth
fractions, however, is likely a result of the hydrodynamic conditions in the flotation cell, and the density
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of these materials. The plastic films, for example, are so lightweight that they float readily on top of
the suspension surface even before the airflow was started. Cu and Al, on the other hand, tend to
sink at first, but the strong agitation in the flotation cell continuously carries a certain amount of these
particles towards the froth fraction. This behavior is more akin to entrainment than true flotation and
could be tested in future works by changing the parameters that effect the hydrodynamic conditions of
the flotation process, such as the agitation speed, and the volume/geometry of the flotation cell.

3.2.2. Characterization of the Froth Fraction Used for the Nickel Slag Cleaning

The 0–1 min froth fraction was selected for further pyrometallurgical treatment, due to its observed
highest graphite content. The average cumulative grade of the combined 0–1 min froth fractions (two
experiments with 20 min milling) are presented in Table 2, along with the average head grade of
the two experiments. The amounts of oxygen and lithium in Table 2 were calculated based on the
assumption that O and Li are present with a relative molar ratio of 2:1 and 1:1 with respect to Co,
respectively, according to commercial Co-containing cathode chemistries. In the 0–1 min fraction,
the other materials are expected to be predominantly graphite, Al, F, P, and Fe. In the calculated head
grade, the other materials are expected to be primarily Al, graphite, and the separator film plastics.

Table 2. The composition of the combined 0–1 min froth fractions (obtained from two experiments
with 20 min milling time), and the average head grade of the experiments.

Grades Co Ni Mn Cu O Li Other

Head Grade [wt%] 19.00 2.26 2.39 24.29 10.32 2.24 39.50
0–1 min Grade

[wt%] 37.30 3.97 4.16 1.95 20.25 4.39 27.98

Characterizing the froth fraction quantitatively for graphite is difficult due to the heterogeneous
composition of the industrial LIB waste. One main complication is that, in addition to the graphite anode,
other sources of carbon are present in the material, namely carbon black, PVDF, and separator films.
To achieve an accurate characterization with Fourier-transform infrared spectroscopy, for example,
these carbon sources need to be thoroughly removed, possibly via roasting/acid leaching pretreatment.
Other traditional carbon characterization techniques such as Raman spectroscopy are vulnerable to
the fluorescent response of the metallic Al and Cu particles that are present in the froth fraction.
Likewise, the multiple cathode chemistries, and different elemental ratios within similar cathode
chemistries, hinder the applicability of X-ray diffraction for quantitative characterization. Therefore,
and considering that the aim of the present manuscript is to evaluate the use of flotation products
as smelter feed rather than their separation into high purity components, the graphite concentration
hereby presented is an estimate based on the concentrations of the other components that can be
accurately measured.

To estimate the amount of graphite in the 0–1 min fraction, the following series of assumptions are
made. Firstly, Al is expected to be present in a similar or slightly higher concentration than Cu, as its
lower density makes it more likely for the Al particles to end up in the froth fraction. Furthermore,
as indicated by Figures 4 and 5, Al-containing cathode chemistries are expected to be present in the
feed, likely increasing the Al content of the froth fraction. Secondly, F is expected to be present in
a similar concentration range as Li. Thirdly, taking into account the possible LFP cathode content
(indicated by Figures 4 and 5), the concentration of Fe, P, and other elements is expected to be in the
range of 1.5–2 wt%. This results in a conservative estimate of 19–20 wt% for the graphite grade in the
0–1 min fraction.

As Table 2 shows, in the 0–1 min fraction, the grades of the elements associated with the cathode
active components (Co, Ni, Mn, O, Li) were nearly doubled when compared to the head grade, and a
drastic reduction in the Cu grade was reported (from 24.29 wt% to 1.95 wt%). This suggests that, during
the first minute of the flotation process, a very selective separation of the active material takes place.
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These high grades were associated with recovery values ranging from 34% (Ni) to 38% (Co and Mn), as
indicated by Figure 6. Even though the separation efficiency was improved towards the later stages of
the experiment (Figures 6 and 8B), the chemical composition and especially the assumed high graphite
grade made the 0–1 min fraction particularly attractive for the pyrometallurgical slag cleaning procedure.
It is noteworthy, that even though the head grade of “others” was higher compared to the assumed
graphite grade in the 0–1 min fraction, graphite could still be expected to be enriched to the froth. This is
because the Al grade was expected to drop in the froth fraction, following a similar trend to Cu.

Elemental mapping at the microstructure of 0–1 min froth fraction by scanning electron microscopy
(SEM) with energy dispersive X-ray spectrometry (EDS) is presented in Figure 9. The results confirmed
the assumptions described above. It can be seen that the cobalt, nickel, and manganese were
concentrated together in the grains of cathode material, whereas aluminum was present separately in
the form of wires. Carbon presence between the grains of cathode material was detected.

 
Figure 9. EDS-mapping of 0–1 min froth fraction, (A) overview, (B) carbon, (C) manganese,
(D) aluminum, (E) cobalt, and (F) nickel.

3.3. Reduction of Metals

3.3.1. Sample Microstructure

Figure 10 shows SEM-backscattered electron (BSE) micrographs of different samples. Figure 10A
shows the microstructure of molten slag without any additions after 20 min contact time in argon
atmosphere, whereas Figure 10B–D show the microstructures of samples with slag-battery scrap
system for 5, 30, and 60 min contact times, respectively. The visual observations did not indicate much
difference between the sample structures after different contact times. Even after 5 min contact time,
the metal alloy (the lightest color in the micrograph) had already formed in the sample, as is seen in
Figure 10B. This was expected based on earlier findings by Ruismäki et al. [24].

The typical microstructure of a sample with slag-battery scrap system consisted of a glassy slag
and metal alloy, presented in Figure 11. The metal alloy was mainly homogenous, but contained
some sulfides (matte), which are also visible in the micrographs and seemed to concentrate on grain
boundaries. In most samples, the metal alloy was concentrated into metal droplet and was located

53



Metals 2020, 10, 680

on top of the slag. The metal alloy had not yet settled to the bottom of the crucible as opposed to
industrial nickel slag cleaning process. The chemical composition of the slag and metal are presented
in Sections 3.3.2 and 3.3.3, respectively.

 
Figure 10. SEM-BSE micrographs of different samples: (A) molten slag without additions after 20 min
contact time in argon atmosphere at 1400 ◦C, (B–D) samples with slag-battery slag mixtures after
different contact time 5, 30 and 60 min, respectively, in argon atmosphere at 1350 ◦C.

 

Figure 11. A typical microstructure of a quenched sample. This specific sample was held for 60 min at
1350 ◦C.
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3.3.2. Chemical Composition of Slag

The starting slag mixture, used in the simulated conditions of an electric arc furnace, consisted of
80 wt% of industrial nickel-slag and 20 wt% battery fraction from 0–1 min flotation time. The chemical
composition of the prepared mixture, seen in the Table 3, was calculated based on chemical composition
of the nickel-slag (Table 1) and the 0–1 min froth fraction (Table 2). The composition of starting mixture
was selected based on a previous study by Ruismäki et al. [24]. In this study, it was indicated that the
addition of battery scrap rich in cobalt has an increasing effect of cobalt recovery in nickel slag cleaning.

Table 3. Chemical composition of the starting mixture.

Substance Co Cu Li Fe Mn Ni Zn S SiO2 MgO Al2O3 Graphite

wt% 7.83 0.81 0.88 28.69 0.83 3.56 0.05 0.12 27.09 5.71 3.23 3.8–4.0 *

* graphite concentration is based on assumptions presented in Section 3.2.2.

Figure 12 presents the concentrations of major elements: Fe, Si, Mg, and Al in the slag as a function
of contact time in argon atmosphere. It was observed that the most significant change in concentrations
of major elements occurred in the first 5 min. The concentrations of elements do not seem to vary
between 1350 ◦C and 1400 ◦C.

Figure 12. Concentrations of major elements (A) iron and silicon, (B) magnesium and aluminum in the
slag phase at 1350 ◦C and 1400 ◦C as a function of contact time in argon atmosphere. The values at
0 min correspond to the elemental concentrations in the starting mixture.

After 5-min contact time, the concentration of Fe in the molten slag decreased significantly in
comparison to its concentration in the starting mixture (Table 3). Iron concentration in the slag increased
slightly as the contact time increased.

The concentrations of Si, Mg, and Al in the slag were significantly higher already after 5 min in
comparison to their concentrations in the starting mixture. Si concentration in slag increased with the
increasing contact time and reached the concentration of 27.7 wt% after 60 min contact time, which
corresponds to 59.3 wt% of SiO2. The increase in silica concentration in the slag was connected with
dissolution of silica crucible used in the experiments and reduction of metal oxides to the metal alloy.

The concentrations of Mg and Al in the slag remained stable between 5 and 60 min, about 5 wt%
and 2 wt%, respectively, corresponding to 8.3 wt% of MgO and 3.8 wt% of Al2O3.

Figure 13 shows concentrations of cobalt and manganese in the metal alloy. Nickel and copper
concentrations in the slag were under detection limit of the EDS. Extremely low concentrations (under

55



Metals 2020, 10, 680

detection limit) of nickel and copper in the slag phase suggest that their oxides were successfully
reduced to metallic form.

Figure 13. Cobalt and manganese concentrations (logarithmic scale) in the slag as a function of contact
time in argon atmosphere. The values at 0 min correspond to the elemental concentrations in the
starting mixture.

Manganese concentration in the slag varies slightly between 0.9 and 1.2 wt%. As was presented
in a previous study [21], manganese oxide is characterized by a high thermodynamic stability at high
temperatures and is therefore sometimes used as a deoxidizing agent. The feasibility of recovering
manganese from slags should be researched in case an increasing amount of manganese ends up in
slags. The precipitation of nanomanganese ferrite from industrial metallurgical slags by the oxidation
route has been proposed [34].

Cobalt concentration in the slag decreased significantly in comparison to its concentration in
the starting mixture (7.8 wt%). After 5-min contact time, its concentration in slag was about 0.2 wt%
and seemed to be stabilized between 10 and 60 min contact time. This information suggests that a
significant portion (about 93%) of cobalt was reduced to metal alloy. Similarly, as for the major elements,
the concentrations of the minor elements do not seem to vary between experiments conducted at
1350 ◦C and 1400 ◦C.

3.3.3. Chemical Composition of Metal Alloy

A Co-Ni-Fe-Cu metal alloy was formed in all samples, even after the shortest contact time of
5 min. The elemental composition of the metal alloy is shown in Figure 14. Concentrations of cobalt,
nickel, copper, and iron did not seem to change between 5 and 60 min contact times or at different
temperatures. The formed alloy consisted of about 2.5 wt% of copper, 9 wt% of nickel, 18 wt% of
cobalt, and 70 wt% of iron. Based on the results, the reduction of metal oxides by using graphite as a
reductant is possible and the kinetics are extremely fast.

56



Metals 2020, 10, 680

 
Figure 14. Concentrations of (A) cobalt, nickel, and copper and (B) iron in the metal alloy as a function
of time in argon atmosphere.

The reason for the fast reduction of metal oxides might be caused by the relatively small particle
size of the graphite and the metal fraction increasing its density. Additionally, the flotation fraction
containing graphite was evenly mixed with the nickel-slag making the reductant readily available for
the metal oxides within short diffusion distances. Compared to conventional slag cleaning, the coke
floats on top of the slag resulting in the top layer of the slag to be reduced first. Instead, in this
approach, the reduction proceeds supposedly quite evenly in the molten slag-battery scrap mixture.
Furthermore, an even reduction behavior enables the coalescence of forming metal droplets into larger
droplets relatively quickly. Thus, further analysis on the optimum charging procedure e.g., whether
the reductant should be charged as mixed, on the bottom or on the top of the slag or even injected
should be conducted.

3.3.4. Distribution of Cobalt between Metal Alloy and the Slag

In a system with two phases, the distribution equilibrium of elements between e.g., a slag (s) and
a metal or metal sulfide phase (m) can be described with distribution coefficients. The distribution
coefficient of an element Me between two phases is expressed as the ratio of weight concentrations of
Me dissolved in these phases in equilibrium [35].

Figure 15 presents the distribution coefficient of cobalt between metal alloy and the slag.
The temperatures of 1350 and 1400 ◦C do not have an impact on the cobalt distribution coefficient.
This is in agreement with the results of Piskunen et al. [36], which showed that temperature range
between 1350 ◦C and 1450 ◦C had relatively small effect on the matte-slag distribution coefficients.
The results indicate that the distribution coefficient of cobalt reached its maximum during the first
5–10 min. The mass distribution should be studied in order to see whether maximum recovery was
reached or not. Previous studies in similar conditions (5 wt.% of Co in the starting mixture, added
as synthetic oxide) reported distributions coefficients of cobalt between metal and slag of 101.0 after
10-min reduction time and approximately 101.4 after 20 min [24]. In the present study, the reaction rate
was higher by the reduction with graphite, as the coefficient was about 101.9 after 10 min and stabilizes
as opposed to the previous studies. The high concentration of cobalt in the starting mixture seems to
result in a higher distribution coefficient, and the end concentration of cobalt in the slag was lower
compared to the previous studies [24]. Therefore, it is suggested that the reduction kinetics within the
first five minutes should be researched in more detail.

57



Metals 2020, 10, 680

 
Figure 15. Apparent distribution coefficient of cobalt between the forming metal alloy and the slag
(A) as a function of reduction time, (B) as a function of SiO2 concentration in the slag.

Figure 15B shows the distribution coefficient of cobalt between metal alloy and the slag as a
function of silica concentration in the slag. It was observed that the increasing silica concentration in
the slag has an increasing effect on cobalt distribution coefficient. This information is in agreement with
the study of Hellstén et al. [37] on slag cleaning equilibria in iron silicate slag-copper system. According
to their observations, Fe/SiO2 ratio has a significant effect on trace elements distribution between
metal alloy and the slag. Hellstén et al. concluded that reduction of metal oxides can be optimized
by adjusting SiO2 concentration in slag and the goal should be to maintain the slag compositions
higher than about 28 wt% [37]. The previous study of Ruismäki et al. together with the present study
confirmed these findings, even though the silica concentration in the slag in this study was much
higher, 35–43 wt% [24] versus 51–59 wt%, respectively.

However, at high silica concentrations, the viscosity of the slag increases, resulting in the decreasing
reaction rates and the settling rate of particles through the slag layer [37,38]. As seen in Figure 10,
the metal alloy is collected on top of the slag even after longer reduction times, as opposed to industrial
practices, implying that the silica concentration may be too high for settling. The addition of basic
fluxing agents (e.g., CaO, MgO) releases strong silicate formers as trace elements from the slag and
increases the viscosity [37,38]. The solubility of weak silicate formers e.g., NiO, FeO and CoO in the
slag, on the other hand, decreases with increasing SiO2 concentration [37]. A high viscosity could also
slow down the reduction rate by entraining the remaining oxides of the valuable metals in the slag
as the concentration of the metals in the slag or metal alloy did not change significantly after 10 min.
This is supported by the increase of the silica concentration after 10 min. Experiments with longer
reduction times would give additional information on the equilibrium concentrations of the elements.

In order to separate the valuable metals, such as Co, Ni, and Cu, further refinement by
pyrometallurgical or hydrometallurgical processes is essential. The concentration of the metals
in the product, i.e., the metal alloy, should the adjusted partially according to the limitations of the
subsequent processes. The reductant to metal oxide ratio and reduction time play major roles in
adjusting the final concentrations of the metal alloy product. In many cases, Fe is considered as
a non-valuable metal or impurity, whereas Co, Ni, and Cu are recovered selectively [39]. If the
subsequent processing requires lower iron concentration in the metal alloy, iron can be selectively
oxidized from the metal alloy by using air or oxygen and adding silica flux enables the formation of
a fayalitic slag [40]. Optionally, the metal alloy from slag cleaning can be granulated and leached in
order to separate Fe, Co, Cu, and Ni in a controlled way similarly as in the direct Outotec nickel flash
smelting process [40]. Benefits of lower iron concentration in the metal alloy include lower processing
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costs of hydrometallurgical separation [41]. For maximizing resource efficiency, the recovery of metals
from pyrometallurgical slags and finding greener options for replacing landfilling of slags has gained
an increasing attention lately [11]. For instance, sodium roasting and subsequent water leaching has
been proposed by Li et al. [42] for recovering lithium from pyrometallurgical slag, while the recovery of
manganese from slags has been studied by Ayala and Fernández [43] and Baumgartner and Groot [44].

As the Co, Ni, Cu, and Fe oxides are seemingly easily and rapidly reduced with the presented
parameters, reducing the amount and accessibility of the reductant, i.e., changing the charging
procedure of the reductant could slow down the reaction rate and allow to adjust the final concentration.
Therefore, optimizing the product concentration while keeping in mind further refinement possibilities
is of industrial importance.

4. Conclusions

According to the results, the integration of industrial nickel slag cleaning and LIB recycling was
successful. This study presents a novel multifold approach in which:

• Froth flotation is introduced as a mechanical pre-treatment for pyrometallurgical battery recycling
• Graphite in the flotation fraction is utilized to replace coke in the nickel slag cleaning.

The laboratory-scale flotation experiments show that when the black mass is not pretreated for
the PVDF binder removal, both the anode and the cathode display a hydrophobic response and can
be recovered in the froth phase. This allows the recovery of the left-over black mass from the Cu-Al
rich sieve overflow in a purity comparable to the underflow of the sieve, thus increasing the overall
black mass recovery of the initial mechanical processing. Low-energy milling was demonstrated to
improve the black mass separation, and the optimal separation efficiency was achieved with 20-min
milling time.

A proof-of-concept for the processing of industrial nickel slag using solely graphite obtained from
the flotation of LIB waste as a reductant was reported for the first time. When the 0–1 min flotation
fraction was mixed with industrial nickel slag in a 1:4 ratio, the metals deportment into the matte/alloy
phase started immediately when the mixture reached the process temperature. The results indicated
that the distribution coefficient of valuable metals reached maximum within 5 min reduction time.

The reason for a fast reduction of metals might be caused by the relatively small particle size of
graphite and its even distribution in the mixture prior to melting. In conventional nickel slag cleaning,
the coke is charged on top of the slag as the coke is lighter than the slag, resulting in the top parts of the
slag to be reduced first. In practice, various measures are taken for improving phase contact and slag
mixing in the electric furnace in order to enhance reduction of ferric oxide to ferrous after which the
valuable metals can start to reduce. Instead, in this approach, the reduction appears to proceed quite
evenly in the molten slag. Thus, further analysis on the optimum charging procedure e.g., whether
the reductant should be charged mixed, on the bottom or on the top of the slag should be conducted.
It should be noted, that in industrial slag cleaning, the slag is tapped molten from the nickel smelting
furnace and in this approach, it was not the case.

For optimizing the process parameters further, the ratio of Ni-slag and battery scrap is of
importance as the reductant concentration has a great impact on the forming metal alloy and its
metal concentration. Therefore, mixing varying flotation fractions with the nickel slag should be
studied further. Additionally, the elemental concentrations in the metal alloy should be optimized
keeping in mind the further refining steps. This study suggests preliminarily that any excess carbon
available after the reduction of Co, Ni, and Cu will increase the concentration of iron in the metal
alloy. Due to thermodynamic constraints, it is not possible to avoid the co-reduction of iron when
recovering valuable metals. However, for further refining requirements, the possibility of decreasing
Fe concentration in metal alloy should be investigated. A thorough comparison with graphite and
other reductants, such as coke, biochar, and methane, used in nickel slag cleaning should be conducted
as well.
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Abstract: It is predicted there will be a rapid increase in the number of lithium ion batteries
reaching end of life. However, recently only 5% of lithium ion batteries (LIBs) were recycled in the
European Union. This paper explores why and how this can be improved by controlled dismantling,
characterization and recycling. Currently, the favored disposal route for batteries is shredding of
complete systems and then separation of individual fractions. This can be effective for the partial
recovery of some materials, producing impure, mixed or contaminated waste streams. For an effective
circular economy it would be beneficial to produce greater purity waste streams and be able to
re-use (as well as recycle) some components; thus, a dismantling system could have advantages over
shredding. This paper presents an alternative complete system disassembly process route for lithium
ion batteries and examines the various processes required to enable material or component recovery.
A schematic is presented of the entire process for all material components along with a materials
recovery assay. Health and safety considerations and options for each stage of the process are also
reported. This is with an aim of encouraging future battery dismantling operations.

Keywords: batteries; reuse; recycling; disassembly; safety

1. Introduction

Predicted sales of electric vehicles will create large volumes of end-of-life (EoL) lithium ion
batteries (LIBs). Within the European Union, in 2016 it was reported that just 5% of LIBs were being
recycled. [1] It is a significant challenge to create an economically viable process for the reclamation of
all materials from used batteries and to re-use all of the recovered materials and components. [2,3]
The automotive manufacturer remains responsible for the disposal of EoL battery packs, which is
complicated by the fact that these are both expensive to ship due to safety issues and may end up in
the waste stream in varying states of health.

It is, therefore, imperative to develop a well-understood and safe process for the efficient
dismantling of LIBs in such a manner that the valuable materials they contain may be re-used or
reclaimed. This is part of the larger circular economy picture for battery recycling and addresses some
of the hierarchy of recycling process decisions illustrated previously by Harper et al [4].

In order to develop a safe recycling process, the battery must first be stabilized by being discharged
to a known state of charge (SOC) [5] The SOC is defined according to the capacity that can be delivered
by the battery/cell with respect to its value in the charged state. The SOC is not defined by the cell
voltage, however the cell voltage can be used to infer the SOC. The exact end-of-discharge voltage
required to attain SOC= 0% varies with the internal resistance and the chemistry of the cell but is usually
quoted between 2.5–3V for a layered oxide–graphite chemistry [6]. It is possible to over-discharge a cell
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below 0% SOC to an open circuit voltage of 0 V. This can be achieved through discharge via a resistor or
external short circuit, care must be taken in performing this, as any remaining energy will be delivered
as heat. If over-discharge is desired, it must be performed carefully and slowly, to prevent this heat
build-up. It should be noted that over-discharging a cell to an end-of-discharge voltage of 0 V will also
change the chemistry of the cell [7,8]. From our experience, copper from the current collectors in the
battery tends to partially dissolve in the electrolyte when the battery is discharged to 0 V, this is due to
the high potential observed by the anode at 0 V and oxidation of the copper [9]. After end of discharge
voltage is reached, the cell is allowed to rest to open circuit voltage (OCV). Battery discharge can be
accomplished by simply connecting a load across the battery terminals, this allows for potential energy
collection and reuse. An alternative that can be used for cells (not modules and packs), is a salt-water
electrochemical discharge method. This does not allow energy reclamation but can render the cells safe.
A recent study analyzed this technique in some detail and concluded that several different aqueous
salt solutions were capable of efficiently discharging the battery without damage [10]. In the case of
damaged cells where discharge cannot be performed, more safety precautions will be necessary, often
these are first “made safe” by short circuiting the cell through nail penetration or discharging in a brine
solution before disassembly. This does however introduce greater potential for contamination of the
materials streams during processing.

Once discharged, the battery is transferred to a controlled environment in order that it may
be opened safely, because some chemicals inside the battery can react with water and with oxygen.
This is often done in a glove box filled with argon [11,12]. Parts of the battery can then be separated.
Systems for disassembling the battery have been described previously [13]. To date, in most cases
these systems involve the separation of some battery parts manually, followed by shredding [4,14,15]
or crushing [16,17] to attempt to recover useful materials. Due to the hazardous nature of the battery
components it is essential that engineering controls such as glove boxes or fume hoods are used for
handling battery materials. If the electrolyte is not removed from the reclaimed components, then
hazardous materials can be released from them at a later stage in the process [18]. The electrolyte
may be leached out of the components into water and procedures have been described for the
optimization of this process, for example, using flotation tanks or including additives in the water for
efficient leaching. [19–21] As was the case for the discharge process, the optimal procedures for battery
dismantling may depend on the reason for which the battery is being dismantled; the requirements for
an industrial recycling process may be different from the requirements of academic researchers who
want to open the battery to characterize its components. Such studies can give important insight into
how the material inside the battery changes during its useful lifetime [22,23].

An average of the chemical cell composition is given by Mossali et al., [24] however this was based
upon an average of several cell types. We compare the several chemistries used in electric vehicle cells
using BATPAC© Argonne National Labs, IL, USA. [25]–see Figure 1.

One of the principal challenges in Li-ion battery recycling is the sheer complexity of the battery
itself. A typical battery is enclosed in a large pack housing, within which there is a number of
modules (each containing several pouch cells), circuitry and the battery management system [30,31].
The exact layout of each of these components is different between manufacturers. Even at the pouch
cell level, each cell contains many chemical components (outer pouch material, aluminum and copper
sheets, anode and cathode material) and separating these is not a trivial problem. A particular
challenge is presented by the anode and cathode materials, which consist of a mixture of various
chemical components and require advanced chemical and physical methods, such as such as ultrahigh
shear de-agglomeration, calcination and soxhlet extraction, froth flotation, selective leaching, direct
regeneration and mechanochemical recovery, to be separated into ‘pure’ materials; their constituent
materials parts with no or limited contamination. [32–38] The benefits of recycling and materials
recovery are, however, substantial; in a truly circular economy, we should aim to recover and protect
the critical materials contained in LIBs.
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Figure 1. Percentage breakdown of components of a typical lithium ion battery (LIB) cell with different
cathode materials LiNi0.8Co0.15Al0.05O2 (NCA), LiMn2O4 (LMO) and LiCoO2 (LCO); identifying the
key materials and critical and strategic materials [26,27] (values of each component given as a percentage
by weight) [28]. As calculated for a prismatic cell using a basic cell model [29].

Figure 1 gives a visual representation of the materials present in three different prismatic LIB
chemistries; LiCoO2 (LCO), LiMn2O4 (LMO) and LiNi0.8Co0.15Al0.05O2 (NCA). In particular, it is
imperative to find better ways to recover and re-use metals such as lithium and cobalt, due to the
precarious nature of the global supply for these materials; over 50% of global lithium production is
located in a few regions of South America [39], while over 60% of global cobalt production is located in
one country, the Democratic Republic of the Congo [40,41].

There are concerted ongoing efforts in both academia and industry to improve the recovery levels
of these critical materials but this is hindered by the fast moving nature of the industry. Recycling rates
have been slow to increase, complicated by changing battery chemistries, changes in composition of
materials and the lack of focus on prior material recovery stages.

As an alternative to current systems, this paper reports on work looking at dismantling and
characterization of the components produced by hand dismantling systems. In order for disassembly
processes to become part of the commercial recycling procedure for LIBs, there must be a potential for
them to be automated, as has been discussed in the case of ‘test’ pouch cells [42]; we discuss how our
findings can be used to identify where problems and opportunities may lie for automated disassembly
of LIBs in the future, particularly in terms of the health and safety aspects of the cell opening procedures.
The aim of this work was initially to produce high quality transition metal containing black mass
for hydrometallurgical extraction for our project partners. However during the development of this
disassembly process we also optimized the process to reclaim clean and pure materials waste streams
from other components; separators, pouch material, current collectors. The composition, morphology
and the change in properties are investigated for two types of different scrap cells—Quality Control
(QC) Rejected and End of Life (EOL). The potential for re-use is discussed for the different components.

2. Materials and Method Development

The batteries used for this study were automotive pouch cells from a 1st-generation Nissan
Leaf. The dimensions of each cell are 215 mm × 256 mm, each cell has a nominal voltage of 3.75 V.
A single Nissan Leaf car contains 192 pouch cells (with 4 cells in each of 48 modules). Each pack
stores an electrical energy of 24 kW.h. The cells have cathodes which are approximately 75%
Lithium Manganese oxide spinel (LMO) with 25% Lithium Nickel Cobalt aluminum Oxide (NCA) on
aluminum current collectors, this is similar to reported previously [43]. The mass ratio of LMO:NCA
is calculated from the Inductively coupled plasma-optical emission spectrometry (ICP-OES) data as
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shown in Supplementary S1. The anode is comprised of graphite anodes on copper current collectors.
The electrolyte is LiPF6 in an organic carbonate solvent. Our process is tailored for this battery with
this chemistry. Although some aspects of the procedure are general, some will have to be tailored in
order to be applicable to other battery chemistries in other car models.

The teardown procedure is as described in Figure 2. We begin with cells that have been discharged
to a suitable OCV; for safety we check the voltage with a multimeter before beginning their disassembly.
Then, in a fume hood we manually cut the pouch open with a ceramic scalpel; during this whole
process, metallic tools are not used due to the risk of electrical discharge. When opening the cell with a
scalpel, care is taken to avoid damaging personal protective equipment such as gloves. Incisions into
the pouch cell are made around the edges of the cell, avoiding cutting the stack of electrodes and current
collectors; this stack is then separated into individual components using tweezers. This minimizes
contact between the gloves of the person carrying out the disassembly and the components that are
impregnated with electrolyte. All tools are thoroughly cleaned after this procedure. We envisage that
for a future automated process, the pouch incision could be made using a laser. Current investigations
using laser-opening methods are ongoing; the operation of which is being optimized to reduce the
heat transfer to the cell components whilst still cutting open the packaging, to ensure that thermal
runaway does not occur. It is noted that the settings for a laminated aluminum pouch are different
from a steel can. In addition, the laminated aluminum pouch is easily cut with a blade if necessary,
whereas the steel can require greater power or energy to pierce. The pouch cell is the subject of this
study. The cell components are physically separated into three groups; anode, cathode and ‘other’
materials. This physical separation minimizes the possibility of cross-contamination during further
processing, this is currently by hand, however we foresee the ability to automate this process and
some steps towards automatic separation have been reported [42,44,45]. It is noted however that upon
opening of the cells, the LiPF6 salt in the electrolyte can hydrolyze to produce HF and end of life cells
may contain lithium dendrites. Therefore, processes need to be developed such that lithium dendrites
are pacified (such as with CO2 or water mist) and gaseous HF is not released to atmosphere. To remove
the electrolyte and salt from the electrode, the three components are washed in separate solvent baths
of isopropan-2-ol (IPA) in a fume cupboard at ambient temperature, before drying under vacuum, (the
electrolyte remains in the bath). The procedure was attempted using a number of solvents, including
acetone, diethyl carbonate, dimethyl carbonate and IPA. In some of these solvents, the electrode black
mass delaminated from the metal films from the cell. IPA proved to be the most effective solvent for
this process because it caused the least delamination and therefore was chosen as the washing solvent.
In this case, we have not separated the electrolyte any further; the carbonates remain dissolved in the
IPA or water and a white lithium containing precipitate starts to form over time. The aim of washing
was to eliminate the possibility of HF forming from hydrolysis of the LiPF6 salt during the further
component processing and handling. After washing, the outer part of the pouch and the separator
can be recycled. Then, the electrode ‘black mass’ can be separated from the copper and aluminum
foil sheets. There are several ways of liberating the materials from the current collector; thermal
liberation to break down the binder, [46,47] solvent delamination [21,48], physical methods such as
ultrasonic and agitation. [49] Binder calcination forms HF due to decomposition of the PVDF and
solvent delamination (in N-methyl Pyrrollidone (NMP)) produces a secondary waste which falls under
current REACH regulations. [50] In this work, our focus was upon an environmentally conscious
solution for scale-up to industry and therefore we chose to investigate a combination of ultrasonic
delamination in a green solvent. Initially water and DMC were used with limited delamination effect;
upon the addition of an acid (2 M HNO3) we noticed significant delamination. From previous work
on copper and aluminum corrosion, it is known that the mineral acids and alkali’s will cause pitting
of aluminum, particularly if the pH is below 4 or above 7 [51]. Copper will dissolve slowly into
strong acids and in aqueous solutions above pH 3 will slowly oxidize. [52] Interestingly, previous
work with oxalic acid shows a passivating effect on both aluminum [53] and copper [54]. We therefore
chose oxalic acid, (pH 3), in water, as a greener delamination solvent alternative to NMP. Initially the
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oxalic acid concentration was optimized for delamination of the QC rejected cells, where we observed
the least damage and maximum delamination using weak organic solutions in an ultrasonic bath.
Therefore, due to delamination efficiencies and secondary waste concerns we chose to concentrate
and optimize the processes using oxalic acid in this study, greater efficiency or optimization may be
possible utilizing alternatives. The black mass was extracted by sonication in a bath of oxalic acid at a
respective optimized concentration for the copper and aluminum delamination process. It is possible
to further reclaim the black mass components; active materials, conductive additive and binder (PVDF).
These components are present in very small quantities (typically <10% by weight of the black mass).
Heat treatments can break down and burn off the PVDF or binder [55], however we can only recover
the active material components; graphite or the metal oxides. This process also delithiates the cathode
materials [56] and also has the disadvantage of being quite energy-intensive. In this work we show
as an example for the re-use case, materials which have been heat treated in this way. If we wish to
recover all materials including the PVDF binder and to do this without such aggressive heating, it is
necessary to consider a route that involves solvents to strip the binder out of the anode and cathode
materials. We show as an example the possibility to remove the PVDF and carbon black from the black
mass using NMP as a solvent. This however is not sustainable and further work for investigations of
green solvents or other removal methods are required.

Figure 2. Schematic diagram describing our procedure for the disassembly of a Li-ion battery. Steps
marked in blue are our procedure steps for each stage of the cell teardown. Boxes marked in orange
represent the recovered materials. Boxes marked in green represent waste materials.

3. Experimental Details

Delamination—The anodic and cathodic “black mass” was separated from the copper and
aluminum sheets present in the cell. The individual components were first washed in IPA or water
(as above) and then dried for 24 h at 50–75 ◦C and 100 mBar. This was followed by a sonication process
(40 Hz, 50 W) in a solution of oxalic acid, to remove the “black mass” from the metal foils. The anodic
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“black mass” was separated from the copper foils in an oxalic acid bath concentration 0.02 M, for 30 min
at ambient temperature; the cathodic “black mass” was separated from the aluminum foils in an oxalic
acid bath at a concentration of 0.5 M, for 5 min at 50 ◦C. The subsequent composite black mass powders
were dried under vacuum at 60 ◦C before further processing or re-use. The black mass materials can
be deconstructed still further and the binder and conductive additives removed for example by either
calcining or by chemical extraction methods, this is currently the subject of further study.

T-Peel tests were carried out on an Instron 30 kN test frame, in tension with a 500 N load cell
and 1 kN wedge grips. Specimens were pre-loaded to 1.5 N to remove slack from the specimen and
tested at 2 mm/min. Each specimen comprised of 2 adherends (25 mm × 120 mm) thermally bonded
at one end. Specimens were bonded using the following parameters—temperature 160 ◦C, time 3 s,
bond width 8 mm, pressure 40 kg·cm−2. SEM analysis was carried out using a Hitachi Tabletop
Microscope TM3030Plus (Hitachi High-Tech Corporation, Japan). For analysis of the pouch materials,
each sample was coated in AuPd, sputtered at 80 mA for 80 s under vacuum (0.01 mBar).

ICP-OES analysis—The cathodes were characterized using ICP-OES (Optima 8000, Perkin
Elmer Inc., Waltham, MA, USA). Prior to analysis, the cathodes were removed from a quality control
reject cell, dried at 50–75 ◦C and 100 mBar overnight, washed in distilled water and dried again at
50–75 ◦C and 100 mBar overnight. Samples were cut from the electrode sheet and dissolved in in
aqua regia.

The morphological analysis of the reclaimed material was conducted with the use of Scanning
Electron Microscope (SEM) (JCM-7000, JEOL, 1930 Zaventem, Belgium) equipped with a secondary
electron detector and under the acceleration voltage of 15 kV. The working distances applied for the
SEM study were 6.0 mm and 10.0 mm with the latter applied for the EDS analysis as well.

Electrochemical testing of the black mass—The obtained black mass was ground, sieved and
subsequently utilized for the slurry preparation. The anode ink contained—reclaimed graphite,
carbon black (Super C65, Timcal, Imerys, 6804 Bironica, Switzerland), carboxymethyl cellulose
(Bondwell BVH8, Ashland Industries Europe GMbH, Schaffhausen, Switzerland) and styrene butadiene
40 wt. % suspension in water (Zeon Europe GmbH, 40549 Düsseldorf, Germany) in a weight
ratio—92:3:2:3. The cathode coating was prepared in a dry room (dew point of −50 ◦C) with the
following constituents—reclaimed cathode material, carbon black (Super C65), PVDF (Solef® 5130,
Solvay SA, 1120 Brussels, Belgium)–prepared as 8 wt.% solution in NMP with the weight ratios of
the materials—94:3:3. Both slurries were prepared with the use of centrifugal mixer (Thinky ARE
250, Intertronics, Oxfordshire, UK,) and coated onto the aluminum and copper current collectors for
positive and negative electrodes, respectively. The prepared coatings were dried on a hot plate at
50 ◦C–anode and 80 ◦C–cathode. Then, they were transferred to the vacuum oven (Binder) and dried
overnight at 120 ◦C prior to the cell assembly.

Coin cells were assembled. The electrodes and separator were cut with a TOB electrode cutter,
with the disc diameter adjusted to 14.8 mm, 15.0 mm and 16.0 mm for positive electrode, negative
electrode and separator (Celgard 2325, Charlotte, NC, USA) respectively. Cells were constructed with
a lithium metal counter electrode and filled with 70 μL electrolyte (1 M LiPF6 in 3EC:7EMC PuriEl
R&D261, Soulbrian, MI, USA). The assembled cells were tested using Bio-Logic, Seyssinet-Pariset,
38170 France, BCS cycler applying the following protocol for the anode half-cells—discharge at 0.05 C
to 5 mV then charged back to 1.5 V at the same rate using constant current (CC) repeated twice.
Followed by 0.2 C discharge and charge steps with the same voltage limits. The cathode half-cells
were tested according to the following protocol—CC charge at 0.05 C to 4.2 V, CV step at 4.2 V and CC
discharge to 2.8 V.

4. Results

We herein describe how each step of the procedure is to be followed safely and how each
component may be reclaimed and possibly re-used.
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4.1. Discharge and Cell Opening

Prior to opening the cells it is necessary to ensure that the Open Circuit Voltage (OCV) is low
enough to commence a safe teardown. All relevant risk assessment and COSHH documents should
be completed to ensure a safe scheme of work is followed due to the potentially toxic nature of these
materials and the risk of sparking and/or fire. There is still some debate as to what the discharge level
actually is on cell opening and how to accurately capture discharge data due to charge recovery effects.
Furthermore, once discharged, there can be some minor charge recovery which may vary from battery
to battery.

For the purposes of this study, batteries were provided to us already discharged to a suiTable SOC,
in this case we discharged to 2.5 V cell voltage. At this level of discharge and as we are concerned
with materials recovery rather than degradation analysis, we were able to open the pouch cells and
separate the components in a fume cupboard (without an inert atmosphere) with no extreme adverse
reactions. The fume hood must be well-ventilated to prevent release of any toxic materials into the
working environment.

We examined cells in two different end states;

(1) Modules from EoL batteries that had previously been discharged to a low SOC (2.5 V) as
recommended on a 2nd life data sheet [57]. Figure 3a is a photograph of one of these modules
just as the outer module casing is opened. Inside are two plastic sheets (the blue layers in the
photograph) and between these are 4 pouch cells, as shown in Figure 3b. Since the outer casing is
mostly aluminum, it can be sent directly for metal recycling. The pouches are separated from the
casing for further processing.

(2) Pouch cells that had been rejected as part of routine Quality Control (QC) procedures. Having
been rejected during QC, these cells had never been placed in a module and were supplied as
individual cells, discharged to 0 V. Such cells may be considered as part of the manufacturing
waste associated with making LIBs. Figure 3c is a photograph of one of these cells. Figure 3d
is a photograph of this cell after the pouch has been cut open to expose the layers of electrode
materials in the pouch.

In both cases, before opening the actual pouches the external tabs on each cell were removed.
The photograph in Figure 3c clearly shows these tabs, on the right-hand side of the photograph as
viewed here. Note that the tabs are larger in the QC rejects, as they have never been welded and cut
shorter during the process of being fitted into a module. These external tabs are made of Copper,
coated in Nickel.

Once the tabs are removed, an incision is made through the outer wall of the pouch; this is done
using a ceramic blade in order to prevent any potential risk of shock or short circuit between electrode
layers (we envisage that in a future ‘automated’ version of this procedure, the incision could be made
using a laser or automated knife). The pouch is slit open on three sides as shown in Figure 3d. The outer
casing of the pouch is made of aluminum with a polymer coating, while inside each pouch there are
multiple layers of copper, aluminum, anode and cathode ‘black mass’ materials and polypropylene
(PP) separator layers. In addition, the electrode layers are suffused with the electrolyte solution.

Once the pouch is open, separate stacks are formed of copper foils (coated in anode black mass),
aluminum foils (coated in cathode black mass) and the other components of the cell (aluminum pouch
and PP separator. For the characterization of the cell components, these three stacks are kept separate
in order to prevent cross-contamination. The following sections will deal with the separation and
re-use of these components.

4.2. Materials Separation and Recovery

Figure 4 describes the average mass of material collection from the different components as the cell is
split down into its various components, a complete analysis is shown in Table 1. A total of 80% and 77% of
material is recovered from the QC rejects and EoL cells, respectively. The electrolyte is not currently being
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reclaimed from the water and solvent waste and therefore this is the major loss in these numbers. These
figures were obtained as an average from teardowns of three cells. From these data, we can conclude that
the amounts of material recovered are similar at most stages of the process. Exceptions to this are the
tabs (which are more readily recovered from QC reject cells, having not been welded into a module, as
discussed above) and the electrode black mass, which is more heavily weighted towards the anodic black
mass in the case of EoL cells. A number of factors could contribute to this result, including Li uptake into
the anode, dendrite formation and Cu dissolution, in the case of EoL cells.

Figure 3. (a) Photograph of a module of an end of life (EoL) battery, straight after the casing is opened.
(b) Photograph of the open module, showing the pouch cells inside. (c) Photograph of an individual
Quality Control (QC) reject pouch cell. (d) Photograph of an open cell pouch, showing the layers of
electrode materials within.

Figure 4. Shows the quantity of material reclaimed from the teardown methodology. Values are given
for both QC reject and EoL cells. The values given are averaged over 3 cells.
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Table 1. Summary of tear down and reclaimed masses of cell components from a QC rejected cell
and EOL.

Cell, Components and Materials
QC Reject EOL

Component Mass (g) Component Mass (g)

Full Cell 791.0(6) 795(1)

Fu
ll

C
el

l

Electrolyte 113(20) 120(1)

El
ec

tr
od

es

Anodes
Cu Foil

237(2)
74(2)

226.67(3)
74.6(2)

Anode Black Mass 143(1) 152(2)

Unrecovered Anode 19(1) 0.07(1)

Cathodes
Al Foil

390(9)
51(2)

399.4(2)
44.41(5)

Cathode black Mass 310(4) 290(1)

Unrecovered Cathode 29.12 65.26

Other Plastics
Separator 44.0(4) 19.0(4) 42 (2) 17(1)

Pouch 25.00(2) 25.1(2)

Metals Tabs
Cu Tab 1.01(1) 6.21(6) 5.23(6) 3.15(5)

Al Tab 3.9(1) 2.08(2)

4.2.1. Electrodes: Current Collectors

The current collectors are easily reclaimed after the ultrasonic delamination process,
the delamination is nearly 100% effective and little of the black mass is retained on the current
collector. The current collectors which are obtained through purely removal of the electrode coatings
using NMP solvent are shown in Figure 5. We can observe that for both the cathode and the anode
significant indentations into the current collectors are observed. This is from the calendaring of the
active material components onto the current collector in the manufacturing process. The image of the
aluminum current collector (Figure 5b) has some remaining metal oxides which are clearly embedded
into the current collector. The SEM images show insignificant changes between the reclaimed current
collectors from solvent removal and the delamination process indicating minimal damage from the
ultrasonic oxalic acid solution bath. The copper current collectors from the QC rejected cells have
additional pitting due to the oxidation of the copper when discharged to 0 V, (Figure 5a). It should be
noted the practice of taking QC rejected cells to 0 V is a safety measure to prevent these cells being
used in any other application. The dissolution of the copper is confirmed by the presence of copper
oxide in the cathode material as illustrated in the next section.

Figure 5. Scanning electron microscopy (SEM) images of copper (a) and aluminum (b) current collectors
obtained from the QC reject electrodes.
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4.2.2. Electrodes: Black Mass

The black mass separated from the metallic films by this process can then be filtered out of the
oxalic acid bath and rinsed with water or with IPA. This black mass is comprised of the active component
of the anode and cathode, with a conductive carbon and PVDF, the SEM images of the cathode from
the QC rejected (a,b) and the EOL (c,d) cells are shown in Figure 6. The EDX analysis shows that the
QC rejected cells have copper contamination from the discharge process to 0 V (Table S1.2). From the
ICP-OES analysis (Table S1.1) the transition metal ratio Mn:Co:Ni is 74.7:2.8:22.5, which is similar to
that observed by EDX. The undissolved content was calculated to be 6.7% by mass, this is due to the
conductive carbon and PVDF content of the electrode coating. Indicating that there is approximately
93.3% current collector and active mass content for the cathode, which is reasonable. ICP-OES also
showed 3.3% by weight of the total metal content. From EDX, the transition metal composition varied
between the QC reject and the EOL, a greater percentage of cobalt was present in the EOL cell, possibly
indicating low levels of manganese dissolution during the life-time of the cell. Ratios of Mn:Co:Ni are
74:3:23 and 73:6:22 for QC reject and EOL respectively. It should also be noted the Mn is preferentially
leached by oxalic acid [58].

The anode black mass was analyzed using SEM-EDX, before and after washing in either IPA or
in water. The elemental composition of the black mass varied across the electrode, therefore several
elemental maps were taken over the electrode and averaged. Figure 7 shows the SEM images of the
black mass from the QC reject and EOL cells. The elemental composition of and the morphology
of the surface of the pieces of reclaimed electrode are slightly different depending where within the
electrode they have come from. The sample shown in Figure 7a is the surface of the electrode, nearest
the separator, whereas Figure 7b is that closest to the current collector. EDS mapping of the elements
showed that fluorine concentrated in the spider-like covering shown in Figure 7b and initial XPS results
indicate that this is from PVDF binder (Supplementary S2).

The EDS analysis of the black mass from the QC rejects and EOL cells was compared for samples
which were not washed, washed in IPA and subsequently delaminated using oxalic acid solution
(Table S2.1). We analyzed and compared the particles which were closest to the separator (S) and the
current collector (C). The main elemental components in the EOL cell are carbon, fluorine, sulphur,
phosphorous and aluminum, the samples obtained from close to the current collector contained a
greater percentage of fluorine from the PVDF binder. The ratios of the washed electrodes are very
similar to that of the unwashed electrodes, indicating very little change of the black mass composition
upon washing. For the QC rejected cells, the black mass has a similar elemental composition to the
EOL cells, except for copper being present. The quantity of copper was also variable depending upon
whether the electrode was closest to the current collector or to the separator, as is expected the greater
copper and fluorine percentage was observed closest to the current collector.

At this stage, we now have a separate stack of anode black mass and cathode black mass. The anode
black mass contains graphite, carbon black, PVDF binder and other conductive additive. The cathode
black mass contains Lithium Manganese Oxide (LMO) and Lithium Nickel Cobalt Aluminum Oxide
(NCA powder), PVDF binder and conductive additive. Also, subsequent generations of automotive
cells involve different chemistries, as well as binder polymer, so the separation process will need to be
adapted for each model.

As an example; the SEM images shown in Figure 8a,b show large graphite particles (10–30 microns)
connected by binder material. These particles are packed together fairly closely in the anode layer. After
suspending some of this anode material in NMP (50 ◦C with ultra-sonication for 30 min) a suspension
was formed; passing this liquid through a standard cellulose filter (Whatman grade 1) results in most
(>90% of the material remaining on the filter. The SEM images in Figure 8c,d show discrete separated
graphite particles resulting from graphite reclamation via this route. The PVDF binder then remains in
the solvent used to strip it from the graphite and can be recovered either by evaporation of the solvent
or by addition of a non-solvent to remove it from the solution. This process however uses the solvent
NMP and therefore alternative routes are required to ensure a more sustainable process.
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The exact processes used to separate the electrode components will depend on the specific
requirements for the reclaimed material. From this process, the copper and aluminum metal sheets
can be cleanly recovered for potential reuse. The waste acid produced in the oxalic acid bath may
be contaminated with heavy metals or particulates and will require further treatment for recovery.
The cathodic black mass produces a mixed metal oxide material which can be sent for hydrothermal or
pyro metallurgical extraction but still contains the PVDF and carbon black at this stage and the anodic
black mass contains mainly graphite with PVDF and carbon black. We have shown the potential for
future post processing, such as solvent extraction of the PVDF and the carbon black or potentially
heat treatments. Significantly more work is required to understand the effects of the post processing
upon the active materials and hence the potential for re-use. For the purposes of demonstration of
black-mass re-use (Section 4), we have utilized heat treatment for post-processing the black mass after
reclamation, this is because the as reclaimed materials did not perform. Heat treatments have safety
implications as HF is produced as the PVDF decomposes.

Figure 6. SEM images of the reclaimed cathode black mass for (a,b) QC rejected cells and (c,d) end of
life cells.

Figure 7. SEM images of anode black mass for (a) QC rejected cell and (b) EOL cell. Both electrodes
have been washed in IPA (a) is the surface of the electrode nearest the separator and (b) is towards the
current collector.
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Figure 8. SEM images showing (a), (b) the anode material after being separated from the copper film (c),
(d) graphite particles from the anode, after the binder is removed by dissolving in NMP (N-methyl
Pyrrollidone) followed by filtration.

4.2.3. Electrolyte

The procedure to be followed in order to collect and characterize the electrolyte depends on the
aim of the cell teardown. If the aim is simply to collect the electrodes for recycling and in this case the
cathodic black mass for hydrometallurgical processing, it may not be necessary for separation of the
solvent and electrolyte salt. Here we have not reclaimed the solvent or the salt from the washings.
The quantity of solvent and salt has been calculated from the difference in the weights of the total cell
and the disassembled and washed components. However, the solvent and the salt can be reclaimed
from the washings through precipitation and solvent evaporation. The salt however will not be
collected as LiPF6 as it is unstable in water and LiF will precipitate over time as the LiPF6 reacts [59,60].

4.2.4. Outer Pouch

The outer pouch, separator and trim materials make up roughly 7% by weight of a dismantled
battery cell. This particular waste stream is, however, of considerably lower economical value than
the critical materials (particularly metals) present in the electrodes and electrolyte. Once collected,
the pouch is placed in a water bath and subsequently tested for re-use/recycling.

The unused pouches in this system are made of aluminum covered by a polymer coating; the inner
coating is polypropylene (PP) while the outer coating contains polyethylene terephthalate (PET) and
nylon 6 (PA6). We will use the as-supplied pouches as a ‘baseline,’ to which we can compare the
reclaimed pouches. Figure 9 presents SEM images from the inner surface of the ‘baseline’ pouch
material compared to that of a reclaimed pouch from a QC reject cell.

T-Peel tests were carried out on 14 specimens, using a method based on ISO 11339. Each specimen
comprised 2 adherends (25 mm × 120 mm) thermally bonded at one end. There were 5 pristine pouch
material specimens and 9 specimens made from reclaimed pouch (from a QC reject cell). Figure 10a
gives example load vs extension curves for one example of a “baseline” pouch and a “reclaimed” pouch.
In the 0–5 mm extension regime, both curves show an initial maximum load; between 10–15 mm the
load variation is flatter. Figure 10b gives average results across all samples tested, for the initial peak
load, the maximum load obtained and the mean load seen across the “flatter” 5–15 mm region. It is
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clear that the reclaimed pouches retain much of their mechanical strength; while there is some decrease
in the initial peak load and overall maximum load, the load variation across the 5–15 mm region has
not changed significantly. Therefore, it appears likely that pouch materials could be reused (in smaller
format sizes) if the weldability of the reused PP can be determined to be safe. Alternatively, it may
be beneficial to re-use the pouch material in a less hazardous environment as part of an alternative
supply chain.

Figure 9. SEM images of the inner surface of (a) a “pristine” pouch, compared to (b) and (c) a surface
from a reclaimed pouch (from a QC reject cell) that has been washed and dried. It is clear that some
modification of the surface has occurred.

4.2.5. Separator Films

The separator is a porous polypropylene (PP) film held between the two layers of black mass
forming the cathode and anode. It is peeled away from the layers of black mass during the cell
disassembly stage.

In order to investigate the contamination of the separator, we cleaned pieces of separator by
ultra-sonication in solvents for 30 min (ultrasound at 50 W and 40 KHz was used; the ultrasound bath
was held at 50 ◦C during this time). The separator films were then dried and re-weighed. The difference
in mass between the initially reclaimed separator and the separator after washing and drying is shown
in Figure 11. In all of these solvents, a significant decrease in mass was seen after the washing process;
we conclude that the solvents abstracted a significant amount of impurity from each film.

In addition, we note that the separator films were very weak and easily tore during the battery
dismantling process. It therefore seems unlikely that they can be re-used as separator films. PP is a
commonly recycled polymer, however and (depending on the cleaning procedures) it could be recycled
in products requiring lower grade PP.
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Figure 10. Graphs to show load vs extension curves for a number of pouch specimens. (a) Gives an
example load vs extension graph for a baseline pouch compared to a reclaimed pouch. We see an initial
peak load below 5 mm and then the graph appears flatter between 5–15 mm. (b) compares the average
peak load, maximum load and mean load over a number of baseline and reclaimed pouches.
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Figure 11. Mass loss of the separator on washing with various solvents (DMC, NMP, IPA, oxalic acid
and water).

5. Reuse and Recycling of the Components

After reclamation we must consider the re-use cases for the cell components that we have extracted.
We consider the current collectors, separator, pouch and black mass.

5.1. Pouch Materials

Used pouch material still has comparable mechanical strength to pristine pouch material. T-Peel
tests show a slight decrease in the initial peak load and overall maximum load but the results are
broadly comparable. If it can be demonstrated that the weldability of the pouch material is suitable,
there is potential for used pouch material to be reused in new pouch cells, albeit of a smaller format.
Used pouch material could also find applications in less hazardous environments if mechanical strength
is paramount.

5.2. Current Collectors

The Aluminum current collector is affected by the processing and is more delicate than the copper.
Figure 5 shows SEM images of current collectors from an uncycled (QC reject) cell, with the electrode
coating removed using NMP. The current collectors are pitted despite not being processed using
ultrasound. The copper current collector is affected by the state of charge it is stored at and ICP-OES
and EDX data in Supplementary Data Tables S1.1 and S1.2 show Cu contamination in the cathode
and anode black mass which is attributed to the dissolution of copper in the overdischarge process
applied to these cells. The pitting and possible dissolution further weaken the foils, making reuse in a
new cell difficult. Large scale electrode manufacture prints onto long rolls of foil which are cut into
discrete foils after printing. Laboratory scale operations can use draw down coaters for individual
foils. Recovering Al in the metallic form allows it to be recycled. Recycling Al saves 95% of the energy
invested in primary production of Al [61].

5.3. Black Mass

The black mass for the negative and positive electrodes were collected separately, Cathode Black
Mass was analyzed using SEM-EDS, compared to the untreated electrode from supplementary data
Table S1.2 and is shown in Table 2. These results show a similar Ni:Mn and Ni:Co ratio to the starting
material, although the Co content of the end of life material has decreased over the lifetime of the cell.

Graphite anode black mass content was analyzed to be variable as shown by XPS and EDX
(Table S2.1) was dependent upon the position in the electrode, however if we assume the total carbon
is an average of the surfaces, we observe 91.9% carbon by weight for the end of life and 91.95% by
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weight for the QC rejected cell. The major additional content was from fluorine and in the case of the
QC rejected copper. It should be noted that the lithium content was not possible to analyze.

Table 2. Metal Ratios of an untreated electrode (Data from Table S2.1) and two electrodes treated with
the ultrasonic separation technique.

Metal Ratios
Untreated
Electrode

Ultrasonicated
QC Reject

Ultrasonicated
EOL

Ni:Mn 0.30 0.31 0.30

Ni:Co 8.1 7.8 3.9

Co:Mn 0.04 0.04 0.08

To investigate the re-use case for the anode and cathode, the respective black mass was made
directly into an electrode after drying (Figure 12). Initial results were poor where both anode and
cathode exhibited high polarization and low capacities. In the case of the cathodic black mass,
the processing in oxalic acid solution has affected the reclaimed cathode. Although not observable
from X-ray diffraction measurements, it is likely that the surface of the materials have reacted to form
carbonates, hydroxides or oxalates, which will form a resistive coating. We therefore investigated
post treatment of the black mass. The cathode black mass was heat treated at 300 ◦C for 4 h. whereas,
the anode black mass was heat treated at 600 ◦C for 2 h.

Figure 12. Anode and cathode coating preparation from the reclaimed material, top diagram presents
anode, bottom cathode process steps: reclaimed active material, mixed slurry, electrode coating and
coin cell.

The obtained results from the formation cycles of the half-cells testing are presented in Figure 13.
The measured specific capacities of the graphite are 360 mAh·g−1 and 370 mAh·g−1 for the material
reclaimed from QC reject and EoL cells, respectively. The specific capacity of the reclaimed cathode
material is of 66.2 mAh·g−1 for the cathode black mass. The first cycle efficiencies for all the half-cells
were measured to be above 90%. From the results shown from the EOL cathode material, we can
see that the water and oxalic acid negatively affects the performance of the cathode. In order to
“reclaim” any capacity from the materials they must first be heat-treated. Even with this heat treatment,
the specific capacities are still significantly lower than we would expect. This indicates a likely loss
of lithium during the reclamation process and relithiation steps require investigating for short loop
recycling. If we consider however the black mass for hydrometallurgical and pyro metallurgical
processes, there is very little loss of transition metal during the reclamation processes. The cathodic
black mass waste stream has an extremely high purity of transition metal Mn:Ni:Co which can be
leached and separated for synthesizing into a new cathode material or utilized in other industries.
Cobalt is used in animal feeds and pigments, manganese has applications in steel and metallurgical
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alloys, primary alkaline batteries, chemical feed for water purification and treat waste water, Nickel is
used in metallurgical alloys for example in coins and turbine blades.

Figure 13. Formation cycle of the (a) anodes half-cells from QC reject and end of life anodes (b) and
two cathode half-cells for end of life cathode after heat treatment of the reclaimed black mass.

From the above analysis of the re-use of the components, there is a possibility to re-use each
component apart from the electrolyte. Each component has been compromised in some way from the
use, disassembly and reclamation of the components. The current collectors are dented and pitted.
We expect that if re-used the level of contact between the current collector and active components
reduced, which will increase the resistance. The separator and pouch material have both been damaged
in the cell and the strength reduced. The black mass requires post processing and heat treatment before
it can be used. We demonstrate that we can short loop recycle the graphite and we obtain good specific
capacities during low rate cycling, the cathodic black mass requires further re-lithiation, we observe
useable capacities but with a large resistance. However, the cathodic black mass is suitable for further
hydrometallurgical separation and is present in a very pure materials stream for reclamation.

6. Conclusions

As discussed above, there are significant challenges inherent in the recycling of Li-ion batteries,
not least of which is the variety of different chemistries in use for the cathode and anode materials.
Any one approach cannot be completely general and must be adapted for the particular system being
used. However, valuable insight is gained by dismantling a battery of one type and some parts of
the procedure can be generalized. This is part of the hierarchy of recycling, and we have investigated
the potential for re-use or remanufacturing with materials, as we further refine the waste streams.
The work was originally focused upon reclamation of pure cathodic black mass waste stream for further
hydrometallurgical extraction of the transition metal components, and subsequently the disassembly
route developed to reclaim most of the component parts in decontaminated waste streams. We have
developed a methodology with a sustainable disassembly route in mind, using sustainable solvents,
low cost routes and no toxic chemicals. We also discuss the safety aspects of each process, and the
methodology we have adopted to ensure chemical and electrical safety.

The principal limitation of this approach is that it is rather labor-intensive, as it requires a person
to manually make incisions in the cell and separate the internal components. However, some steps of
the procedure could be automated, such as the opening of the pouch in order to separate the pouch
components into separate stacks. Automation of the procedure would allow this process to be scaled
up. The bottle necks in the automation are in cell opening and component separation. In both of
these steps consideration around the types of chemicals potentially formed during the process or with
exposure to air is required. In addition, the components material composition for the equipment needs
consideration to ensure no corrosion of the parts. In addition, there are many types of cells; cylindrical,
pouch and prismatic which are constructed in different manners, with different materials and joining
mechanisms. Intelligent designs of equipment and identification tools will be required in order to
identify the different cell types and therefore knowledge upon how to dismantle them.
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In this article, we have demonstrated a workable method for the safe dismantling of pouch
cells and have compared differences in method for the dismantling of EoL cells and QC reject cells.
This “disassembly” approach allows us to recover most of the valuable materials present in each cell
and to separate them into material types with greater purity than is usually possible using conventional
methods that involve shredding the battery. This approach, then, has a considerable environmental
benefit, as it can allow for potential re-use of some components and recovery of others for recycling.

In terms of the materials that are usefully recovered using this process, we straightforwardly
obtain a significant quantity of aluminum and copper in the form of the current collectors, polymer
from the separator films and the ‘black mass’ from the electrodes. Further processing is required in
order to extract useful materials from the black mass. For some of the low-concentration chemical
components of the black mass, it may be uneconomic to separate them completely and a short-loop
recycling process may be more appropriate; this will be the subject of a future article. The polymer
separators are unsuitable for simple re-use but have the potential to be recycled to form lower-grade
polymer materials.

It is apparent that not all the components can be re-used, and if they are re-used they may have
life-time and contamination issues. We have demonstrated the electrochemical performance of the
anodic and cathodic black mass from the reclaimed and reprocessed materials, and show that the
graphite can be short loop recycled, but the reclaimed cathode requires further relithiation. This is
part of the circular economy for battery materials; some components can be re-used at different points
of reclamation and some require remanufacturing. The ability to produce a completely recycled cell
from the reclaimed components is unrealistic at present, but it may be possible to remanufacture the
component parts from the reclaimed materials to produce a recycled cell. This is a great example of the
circular economy picture for lithium ion battery recycling.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/10/6/773/s1,
Supplementary S1: Analysis of Cathode Black Mass; Supplementary S2: Analysis of Anode Black Mass. Figure S1.
1 EDX mapping analysis showing distribution of the elements (a), the transition metals Mn (b) and Ni (c) in the
SEM images, there appear to be two separate phases the first is Mn rich, the second is Ni rich. Table S1. 1 ICP-OES
analysis of the extracted cathode electrode, washed with distilled water, not delaminated. Table S1. 2. EDX
analysis of the elemental composition of the QC reject and EOL after washing and delamination. Figure S2. 1
SEM (a) and EDS elemental mapping (b) of QC rejected anode, showing copper contamination throughout the
electrode. Figure S2. 2 SEM (a) and EDS elemental mapping (b) of EOL cell, showing carbon particles and patches
of high fluorine content due to the PVDF binder. Figure S2. 3 XPS analysis of the surface of the QC rejected anode
black mass, and the fluorine analysis. Table S2. 1 Elemental composition analysed by EDX of the anode black
mass with different treatments and positions within the cell, C–closest to current collector, S–closest to separator.
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Abstract: Due to the increasing demand for battery raw materials such as cobalt, nickel, manganese,
and lithium, the extraction of these metals not only from primary, but also from secondary sources like
spent lithium-ion batteries (LIBs) is becoming increasingly important. One possible approach for an
optimized recovery of valuable metals from spent LIBs is a combined pyro- and hydrometallurgical
process. According to the pyrometallurgical process route, in this paper, a suitable slag design for
the generation of slag enriched by lithium and mixed cobalt, nickel, and copper alloy as intermediate
products in a laboratory electric arc furnace was investigated. Smelting experiments were carried out
using pyrolyzed pelletized black mass, copper(II) oxide, and different quartz additions as a flux to
investigate the influence on lithium-slagging. With the proposed smelting operation, lithium could be
enriched with a maximum yield of 82.4% in the slag, whereas the yield for cobalt, nickel, and copper in
the metal alloy was 81.6%, 93.3%, and 90.7% respectively. The slag obtained from the melting process
is investigated by chemical and mineralogical characterization techniques. Hydrometallurgical
treatment to recover lithium is carried out with the slag and presented in part 2.

Keywords: lithium-ion battery; recycling; cobalt; nickel; circular economy; lithium minerals; lithium
slag characterization; thermochemical modeling; critical raw materials; smelting

1. Introduction

Lithium-ion batteries (LIBs) are currently considered as one of the most important energy storage
systems, which is reflected in a wide range of applications, especially for portable devices [1–7].
Due to the extensive electrification expected in the field of electromobility, batteries will have another
key role in the future, ensuring the transition towards a climate neutral economy [8]. In addition to
the implementation of electromobility and their widespread use for portable applications, lithium-ion
batteries are also indispensable as intermediate storage for the stabilization of decentralized power
systems [2–5,9,10]. Compared to other battery types, LIBs have advantageous technical properties that
substantiate their dominance as energy storage systems, including, e.g., high energy density and low
self-discharge [10,11].

As a result of increasing applications of lithium-ion batteries, a significantly higher demand for
batteries containing critical or strategic raw materials, such as cobalt, lithium, and nickel, is to be
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expected. Those crucial metals are only available in limited quantities and currently obtained mainly
from primary sources [2]. Recycling is an essential aspect of closing the entire substance cycle of
LIBs and securing the supply of raw materials for new battery production. To meet the increasing
demand for strategic metals, the development of a raw-material recycling economy, in addition to
the expansion of mining capacities, is therefore unavoidable [5].

In the European Union, Directive 2006/66/EC applies to the recycling of LIBs, which has been
implemented into national law in Germany by the Battery Law (BattG). This directive requires
the recycling of fifty percent of the average weight of used batteries, including spent LIBs [12].
The extensive recycling of battery components that exceed the recycling quota of fifty percent is of
central importance to ensure the supply of materials for the new battery production and consequently
the transition to a climate-neutral economy. This also requires a consideration of battery components
such as lithium.

Although lithium does not represent a critical metal, its recovery, especially regarding future battery
systems, where lithium will be manifested as an indispensable cathode component, becomes essential.
In the field of battery recycling, research projects have been carried out for several years dealing
with both single and combined mechanical, pyrometallurgical and hydrometallurgical processes as
well as pyrolysis to recover battery components [5,10,11,13–23]. However, the focus is set mainly
on critical and valuable metals, which is the reason why lithium as a component has not been
sufficiently considered [24]. Overall, the recovery of lithium from active material has not been solved
satisfactorily since the recovery is made more difficult by the ignoble character of the metal. Currently,
only one percent of the total end-of-life lithium is recycled [25,26]. In pyrometallurgical processes,
lithium is converted into slag, which is either used as a construction material, undergoes further
hydrometallurgical treatment, or can be sold, e.g., for the cement industry [27]. Hydrometallurgical
processes allow lithium to be recovered from black mass, for example as lithium carbonate [28].

Within the scope of this work, a combined pyro- and hydrometallurgical process was designed,
which enables a complete recovery of the valuable metals present in the black mass of spent LIBs.
In a first process step, the production of artificial lithium concentrates will enable the recovery of
lithium, while more precious components, such as cobalt and nickel, can be recovered via the generated
metal alloy.

To obtain a maximized lithium yield through a combined pyro- and hydrometallurgical process,
in this study the preconditions of lithium-containing slag for the subsequent hydrometallurgical
recovery are designed. This slag design aims to ensure a stable process in the presence of varying metal
contents in the black mass resulting from fluctuating scrap input materials. A comparable approach
was followed by Georgi-Maschler et al. [29], whereby the deviation in the present study is a slag design
adapted to the subsequently performed hydrometallurgy. Additionally, a different slag system was
used to generate a SiO2-Al2O3-Li2O slag. A delimitation is also given by the addition of copper oxide,
which enables the use of excess graphite in the black mass as a reducing agent.

2. Materials and Methods

2.1. Used Materials

The black mass used as initial material for pyrometallurgical treatment was provided by
Accurec Recycling GmbH (Germany). To obtain the pelletized black mass for subsequent
pyrometallurgical treatment it has to pass several pretreatment process steps which are shown
in Figure 1. In the dismantling step, a manual removal of Cu cables, the steel casing, plastics,
and electrical components is implemented. The subsequent pyrolysis step enables a deactivation of
batteries and vaporization of the electrolyte. At last, the pyrolyzed batteries pass further mechanical
treatment steps, such as comminution and sieving to separate the coarse fraction from the black
mass-containing fine fraction <100 μm, which is further pelletized and applied as raw material for
the electric arc furnace (EAF) smelting process.
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Figure 1. Schematic process flow sheet for black mass pellet generation.

The pelletized black mass was analyzed with a “Spectro CIROS Vision” inductively coupled
plasma-optical emission spectrometer (ICP-OES) made by “SPECTRO Analytical Instruments GmbH,
Kleve, Germany”. All ICP-OES measurements were carried out twice. Carbon analysis was carried out
with an “ELTRA CS 2000” system made by “ELTRA GmbH, Haan, Germany” based on a combustion
method. Carbon measurements were carried out three times per sample. Table 1 shows mean value
of the analysis of the received black mass and the standard deviation of the sample set (Std. Dev.).
Regarding the composition of pelletized black mass, the high cobalt content compared to manganese
and nickel content must be emphasized. Further elements like halogens or phosphorus in the initial
resource were not analyzed.

Table 1. Composition of the black mass in wt.% analyzed by ICP-OES and combustion.

Compound Co Fe Mn Al Cu Si Zn Ni Ag Li C

Mean 22.0 6.51 0.75 3.88 4.69 0.37 0.11 2.71 0.32 2.24 20.5
Std. Dev. 0.14 0.12 0.00 0.05 0.02 0.07 0.00 0.04 0.01 0.02 0.27

Commercial grade quartz from “Quarzwerke GmbH, Frechen, Germany” was used as a flux in
this research with a SiO2-content above 98 wt.%. Copper(II) oxide from “Lomberg GmbH, Oberhausen,
Germany” was used with a CuO-content above 98.9 wt.%. For calculations and simulations, the SiO2

and CuO contents of those raw materials were assumed to be 100 wt.%.

2.2. Thermochemical Modeling

Thermochemical modeling was carried out using the “Equilib-module” of FactSageTM 7.3 [30] to
simulate the smelting process step. The influence of fluxing the black mass with SiO2, Al2O3 and CaO
and mixtures of those oxides on the lithium-slagging were investigated. Furthermore, the influence of
the process temperature was studied. The distribution of lithium in the process was investigated in
detail for varying amounts of SiO2-additions.

The databases FactPS, FToxid and SGTE 2014 were used [30]. The FToxid database was used
for oxidic solid solutions, the FToxid-SLAGA phase and pure oxides, the FactPS database was used
for pure substances, while duplicates already included in the FToxid phase were excluded from
the FactPS database, the liquid alloy phase from the SGTE 2014 database was used. Due to the fact that
the FToxid-SLAGA solution does not contain lithium components in the original model, liquid lithium
oxide, silicates, aluminate, and carbonate were merged into the solution model and treated as an ideal
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solution, therefore the activity coefficient is assumed to be one, which is not realistic and is one of
the limitations of this model. In the “compound species” selection, the “ideal” option was used for
the gas phase. In all cases, the normal equilibrium was calculated, the pressure was set to be one
atmosphere and the molar volume of solids and liquids was assumed to be zero.

To simulate the change in Gibbs energy for reactions of pure substances, the “Reaction-module”
of FactSageTM 7.3 with the database FactPS was used [30]. As a step size, 10 K was used and involved
in the reaction was always the most stable form of a compound at any given temperature.

A solidification simulation of the slag based on the analyzed composition of the slag was carried
out using FactSageTM 7.3 [30]. As only the slag was of interest for this step, only the FactPS and FToxid
database [30] were used, the other settings were the same compared to the smelting simulation.
The Scheil-Gulliver cooling model was used, therefore, after each temperature step solidified species
are excluded from the total mass balance and equilibrium. The starting temperature was set to be
the temperature, where no solids were present and only the slag phase occurred, the cooling step rate
was defined as five Kelvin in the program. Transition metal oxides and oxides of minor elements were
neglected in the solidification simulation, and therefore only the following oxides were included in
the simulation: Li2O, SiO2, Al2O3, MgO, CaO, and BaO.

2.3. Smelting Trials in an Electric Arc Furnace

Smelting experiments were carried out in a direct-current (DC) electric arc furnace with a
voltage between zero and eighty volt and a current between zero and thousand amperes. Therefore,
the maximum power is eighty kilowatts. The power is infinitely variable, while the voltage is dependent
on the electrical resistance of the charge and the furnace itself. The electrical current is therefore
controlled by the operating system according to the set power. The position of the top electrode can be
adjusted with a hydraulic system. A schematic sketch of the furnace and a picture of the furnace in
operation is shown in Figure 2.

Figure 2. Laboratory electric arc furnace: (a) Schematic concept of the furnace; (b) tapping of the furnace
after an experiment.

The smelting operation was carried out in a high-purity graphite crucible with an inner diameter
of 120 mm. The volume of the crucible was 2 L. The graphite top electrode had a diameter of 50 mm
and was immersed in the slag during smelting. Before the trial, the crucible was heated to roughly
1000 ◦C. Fluxes, copper(II) oxide and pelletized black mass were feed simultaneously by hand. Thereby,
3.5 kg of black mass was smelted per trial, whereas the flux-addition was varied. The copper(II) oxide
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addition was also varied within the trials, as the influence of the CuO-addition can vary from trial to
trials. It was planned, that CuO reacts with excess carbon from the black mass, but as CuO can also
react with carbon monoxide in ascending gases [31] as shown in Equations (1) and (2) or with graphite
from the crucible or electrode, a controlled CuO-addition is difficult and therefore the CuO-addition
was adjusted during the trial, based on the visual appearance of the slag. If excess graphite was floating
on the slag, additional CuO was added.

CuO(s) + CO(g) � Cu2O(s) + CO2(g) (1)

Cu2O(s) + CO(g) � 2Cu(s) + CO2(g) (2)

The smelting temperature was 1600 ◦C in every trial with an estimated accuracy of ±25 ◦C.
The temperature in the slag was measured discontinuously with type B thermocouple immersion
probes made by “Heraeus Electro-Nite GmbH & Co. KG, Hagen, Germany”.

The feeding time was between 90 and 110 min. After the material was completely charged into
the furnace, the melt was kept at a constant temperature for ten minutes to allow further reactions
between the slag and metal. Slag samples were taken during the holding time with a cold cast-iron
rod, the chemical composition of the solidified slag was then analyzed. Samples for mineralogical
and chemical investigation were taken from the bulk slag phase after each trial. After the holding
time, the melt was either poured into a cast-iron-mould, as can be seen in Figure 2, or the melt was
kept in the crucible and furnace. This was done to investigate the effect of the cooling rate on the slag
mineralogy. The cooling rate for tapped trials is significantly higher, compared to the trials which
solidified in the furnace since the refractory material of the furnace is also heated up during the trial
and is working as further heat insulation and heat storage. Metal alloys from two trials were analyzed
after solidification and a remelting operation.

3. Results

Results obtained from the thermochemical simulation are described in this section and the results
of the smelting trials, including chemical and mineralogical investigations of the obtained slag and an
exemplary chemical analysis of the metal phases obtained from two trials. Off-gas and dust is not
analyzed from the trials.

3.1. Results of Thermochemical Modeling

A thermochemical simulation is carried out with the program FactSageTM [30] to determine
possible process conditions, which increase the amount of lithium being transferred into the slag.
The influence of various oxide additions and the melt temperature are considered as the main variable
parameters. Furthermore, the stability of lithium components is investigated and the distribution of
lithium into different phases occurring in the process is shown in detail for one slag system.

3.1.1. Influence of Different Oxidic Fluxes on the Lithium Slagging

To investigate the effect of different oxides on the lithium slagging, a thermochemical simulation
was carried out at a constant temperature of 1600 ◦C and a constant addition of copper(II) oxide of
65 g per 100 g of black mass with the composition listed in Table 1. The CuO-addition was set to 65 g,
because at 1600 ◦C, in the absence of fluxes, there was still solid carbon present in the system, which is
always the case in the laboratory trials, due to the contact of the graphite crucible and the graphite
electrode with the molten phases. An additional amount of 12.09 g of Oxygen per 100 g of black
mass was added to the solution, based on the assumption that the lithium is present as LiCoO2 in
the material and that leftover cobalt, nickel, and manganese are present as a divalent metal oxide.

The lithium slagging in this work is defined, as the amount of lithium present in the slag and any
occurring solid lithium aluminate or aluminosilicate in relation to the lithium input. This assumption
was made, as the regular slag solution model does not contain lithium compounds and therefore,
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the slag could be completely molten, even if solid lithium compounds occur according to the simulation.
Equation (3) is used to calculate the slagging.

Li− slagging = 100% ·
mLiSlag+mLiSolids

mLiBlack mass

(3)

Figure 3 shows the results of the simulation. Only Al2O3, CaO, SiO2 were investigated in
this simulation and mixtures of those oxides. Binary mixtures contained 50 wt.% of each oxide
and ternary mixtures contained 33.333 wt.% of each oxide. The step size of the flux addition was 1.5 g
per 100 g black mass.

Figure 3. Influence of fluxing on the Li-slagging at 1600 ◦C with an addition of 65 g CuO per 100 g
black mass.

According to the simulation, a CaO-addition above 6 g will lead to a saturation of the slag
and the presence of solid CaO. An Al2O3-addition above 9 g will also lead to a saturation of the slag
and the presence of solid Al2O3. Therefore, the addition of those fluxes is not investigated further
the point of saturation.

Al2O3 and SiO2 improve the lithium slagging in every investigated combination, while pure
CaO is the only investigated flux, which decreases the lithium slagging. This could be explained
by the lower lithium solubility in CaO-slag systems [32]. An addition of more fluxes is beneficial to
achieve a higher slagging of lithium, except for lime, where the slagging increases after an addition of
1.5 g CaO and starts to decrease with higher additions again. More than 90% of slagging is obtained,
if more than 22.5 g of SiO2, 9 g of Al2O3, or more than 16.5 g of an Al2O3-SiO2 mixture is added.

3.1.2. Influence of the Process Temperature on the Lithium Slagging

The previous investigated fluxes and mixtures were simulated at different temperatures to
investigate the influence of the temperature on the lithium slagging. Pure CaO is already excluded as a
possible flux, due to a decrease in lithium slagging accompanied by an addition of CaO according to
Figure 3. A constant addition of 21 g fluxes per 100 g black mass was investigated while maintaining
the other parameters constant compared to the previous simulation. The step size was 50 ◦C.
Figure 4 shows the results of that simulation.

Two slag system showed solid species at lower temperatures in this simulation. An addition of
Al2O3 leads to solid Al2O3 at temperatures below 1650 ◦C and the mixture of Al2O3-SiO2 leads to
solid Al2O3 at temperatures below 1550 ◦C, therefore, those results are excluded. In all cases, a lower
smelting temperature leads to lower lithium losses into the gas and metal. The highest lithium slagging
is obtained by an addition of SiO2 at 1500 ◦C with a lithium slagging of 98.3%, followed by an addition
of an Al2O3-SiO2 mixture at 1550 ◦C with a lithium slagging of 97.3%. The mixtures containing CaO are
inferior compared to SiO2, Al2O3, and the mixture of those oxides, especially at higher temperatures,
where the disadvantage of CaO becomes obvious.
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Figure 4. Influence of temperature on the Li-slagging using 21 g of fluxes and 65 g of CuO per 100 g
black mass.

3.1.3. Theoretical Stability of Lithium Minerals

The positive influence of Al2O3 and SiO2 can be explained, by the change of Gibbs energy for
reactions including one mole Li2O with SiO2, Al2O3 or both. Figure 5 shows the change of Gibbs
energy of reactions for lithium minerals available in the FactSageTM databases [30] dependent on
the temperature.

Figure 5. Simulated change of Gibbs energy for the reaction of lithium oxide with alumina,
silica and alumina and silica.

As Delta G◦ of the reactions presented in Figure 5 is always negative in the investigated temperature
range, those reactions would occur spontaneously, if all reactants are available for reactions. The lithium
aluminosilicates have lower Delta G◦ values compared to the silicates and the aluminate and should
therefore be more dominant in the slag, however, this depends also on the composition of the slag
and other elements, which could react with alumina or silica, as only the elements listed in each
reaction are considered. Changes in the slope of a graph are normally accompanied by phase transition.
However, the dataset for lithium aluminosilicates only contains those in the solid-state, whereas for

91



Metals 2020, 10, 1069

silicates and aluminates also liquid phases are included in the database. Table 2 lists the investigated
lithium-containing silicates, aluminates, and aluminosilicates from Figure 5. Included in the table is
the transition temperature from the low-temperature modification to the high-temperature modification,
if available and also the melting point, if available in the dataset. Furthermore, the lithium content for
stoichiometric compounds is listed.

Table 2. Theoretical transition temperatures of selected lithium compound and lithium content
according to FactSageTM [30].

Compound Formula Name According to Database Solid Transition Melting Point Li-Content in wt.%

(Li2O)2(SiO2) Lithium Orthosilicate - 1254.85 ◦C 23.17
LiAlO2 Lithium Aluminium Oxide - 1699.85 ◦C 10.53
Li2SiO3 Lithium Silicate - 1200.85 ◦C 15.43
Li2Si2O5 Lithium Silicate 935.85 ◦C 1033.85 ◦C 9.25

(Li2O)(Al2O3)(SiO2)4 Spodumene 736.46 ◦C - 3.73
LiAlSiO4 Eucryptite 1026.85 ◦C - 5.51
LiAlSi2O6 Spodumene 720.04 ◦C - 3.73
LiAlSi4O10 Petalite - - 2.27

To avoid lithium losses due to fuming, the stability of pure lithium compounds was evaluated
against volatilization. Therefore, the activity of the gas phase above pure lithium compounds listed in
Table 2 was investigated for varying temperatures at a constant pressure of one atmosphere. The step
size was 5 ◦C. For the simulation, only the listed lithium compound was allowed to form as condensed
phases for each curve. There were no restrictions on the gaseous components which could form.
Figure 6 shows the results of this model for seven lithium compounds.

Figure 6. Activity of the gas phase in equilibrium with pure lithium compounds.

The higher the activity, the more likely it is, that a component is volatilized. As the activity is
always below one, no gas was formed in equilibrium in absence of other components, however, in an
open smelting process, there will always be an atmosphere above the charge or the molten phases,
which would allow the uptake of lithium from the slag or solid lithium components. The figure
shows that the lithium silicates are more likely to be volatilized while increasing silicon contents in
the silicates decrease the activity of the gas phase. The aluminosilicates are more stable. However,
a lower silicon content is beneficial in this case. The most stable compound is lithium aluminate
according to the simulation.

3.1.4. Detailed Investigation of the Addition of Quartz as a Flux

Due to the abilities of quartz to promote the slagging of lithium and the prospect of lower
possible smelting temperatures according to the findings in Figures 3 and 4, the behavior of lithium
while varying the quartz addition was investigated further in a simulation presented in Figure 7.
The CuO-addition was again fixed with 65 g per 100 g black mass. As a temperature, 1600 ◦C was chosen.
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The step-size was decreased to an addition of one gram of quartz per 100 g black mass. Even though
a lower temperature should increase the slagging of lithium and should be possible according to
the simulation shown in Figure 4, a higher temperature was chosen as slags show lower viscosities at
higher temperatures and therefore valuable metal losses due to entrained metal droplets in the slag
should be lower at higher temperatures. Liquid lithium components in the figure are all merged as
ideal solutions into the slag model FactSageTM [30]. The combined amount of lithium in this idealized
slag phase is expressed by the black dashed line. The solid black line is expressing the combined
lithium slagging as calculated by Equation (3). Lithium contained in the gas phase is considered as a
loss. Also, lithium contained in the two metal phases is considered as lost. According to the simulation,
two immiscible metal phases are formed. Those are named “Copper”-phase and “Cobalt”-phase,
which is in both cases the element with the highest concentration in the metal, accompanied by other
mostly metallic elements as well.

Figure 7. Distribution of lithium into different phases occurring in the process at 1600 ◦C with a
CuO-addition of 65 g per 100 g black mass.

Lithium losses decrease while adding more quartz as a flux. Most lithium is lost due to volatilization
into the gas phase, also the copper phase contains significant amounts of lithium, while losses into
the cobalt phase are less significant. This can be explained by the higher amount of copper produced
in the process compared to cobalt. Even though the lithium content in the cobalt phase is higher than
in the copper phase. For example, an addition of 20 g quartz leads to a lithium content of 0.24 wt.% in
the cobalt phase and 0.19 wt.% in the copper phase. The simulation predicts a completely molten slag
for additions between 6 g and 25 g. Additions below 6 g led to solid LiAlO2 and additions above 25 g
led to solid lithium aluminosilicate. Most lithium in the slag is present as liquid lithium silicate or
liquid lithium aluminate. The content of lithium oxide and carbonate is rather small and decreases
with increasing quartz additions even further. Even though a dataset for solid LiAlSi2O6 is available in
the database, it does not appear in the simulation as a stable phase, instead, an equilibrium involving
LiAlSiO4 and LiAlSi4O10 can be observed for additions of 46 g up to 65 g of quartz.

As indicated by Figures 3, 4 and 7, slagging of lithium can be increased by adding quartz, however,
the lithium content in the occurring lithium phases decreases with increasing quartz additions.
To ease the lithium recovery from the slag, a high lithium content in the lithium minerals is beneficial.
Figure 8 shows the lithium slagging calculated by Equation (3) and the lithium content in the slag for
various temperatures and quartz additions. Furthermore, the SiO2-content in the slag is displayed.
Solid lithium minerals are assumed to be part of the slag, they are therefore added to the amount of
slag generated and also the lithium and silicon in solid lithium minerals are included in the calculation.
The step size of the simulation is 1.5 g of quartz addition.
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Figure 8. Influence of temperature and quartz addition on the SiO2- and Li-content in slag and Li-slagging
with a CuO-addition of 65 g per 100 g black mass.

Especially at temperatures above 1700 ◦C, the SiO2-content only increases slowly while adding
quartz. Due to the reductive conditions in the process, silicon is reduced into the metal phase and is not
incorporated into the slag at higher temperatures until the leftover graphite is completely consumed.
At 1800 ◦C quartz additions over 4.5 g are necessary to obtain a liquid slag, therefore, the data points
below 4.5 g are excluded from the diagram. As already seen before, the lithium slagging is increased
while adding quartz. The lithium content in the slag also starts to increase while adding quartz but
decreases with further additions of quartz in every case. This dilution occurs already after additions of
3 g quartz at 1500 ◦C, higher temperatures shift the position of the highest lithium content in the slag
to higher quartz additions. For a temperature of 1600 ◦C, which was already investigated in detail in
Figure 7, a quartz addition of 10 g or more should be investigated further, as the lithium slagging is
relatively high with 77%. The lithium content in the slag is 11.9 wt.% in this case. Further additions
would still increase the lithium slagging but also decrease the lithium content. For example, an addition
of 20 g quartz increases the lithium slagging to 84.5% while decreasing the lithium content slightly
to 11.1 wt.%. Above an addition of 20 g, the lithium content decreases more rapidly. Also, it seems
that the lowest shown temperature would lead to the lowest lithium content in the slag for quartz
additions above 16.5 g, this can be explained by the already mentioned reduction of SiO2 at higher
temperatures according to the simulation and therefore, the slag at 1500 ◦C would be more diluted
by SiO2. If the SiO2-reduction is as strong as predicted by the model is uncertain, FactSageTM [30]
calculates the equilibrium at a constant temperature for all phases, but in direct current electric arc
furnaces, the slag temperature is higher than the metal temperature, due to the higher electrical
resistance of the slag compared to the metal [33]. The result can be a significantly lower silicon content
in the metal compared to the predicted model, which was already observed in previous trials carried
out in the laboratory scale electric arc furnace used in this study [34].

Influences of the investigated parameters on the metal recovery were not shown here, as the yield
for nickel, cobalt and copper are sufficient in every simulated parameter combination. The lowest
yields for nickel, cobalt and copper are 99.95%, 99.91%, and 98.75% respectively. Whereas the mean
value of the yields based on 1029 simulated parameter combinations is 99.99%, 99.96%, 99.60%.

3.2. Results of Smelting Trials in an Electric Arc Furnace

The analysis of the smelting trials includes a mass balance of the solid obtained products (metal
and slag), the chemical analysis of both immiscible metal phases for one sample, the detailed chemical
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composition of all slag samples and a detailed mineralogical investigation of the slag, carried out by
X-ray diffraction (XRD) and Raman analysis.

3.2.1. Mass Balance

Every trial was carried out with an input mass of 3500.0 g pelletized black mass pellets.
The additions of quartz and CuO are presented in Table 3. Those components are the only additional
inputs into the process. The weight of metal and slag after a manual separation is also listed in Table 3.
It was not possible to obtain the mass of flue dust or gas during the trials. Instead, the total weight
loss is included in the table and an adjusted weight loss, under the assumption, that oxygen bound to
cobalt, copper and nickel and carbon from the black mass is subtracted from the weight loss, as those
components leave the system as off-gas. Furthermore, the trial number is included in the table, which
is consistently used in all tables and figures in this paper and the solidification method, as the melt is
either poured into a cast iron mould or solidified in the graphite crucible after the trial.

Table 3. Input and output mass of the trials.

Trial No. Black Mass in g
Addition in g Per 100 g

Black Mass Solidification Condition Metal in g Slag in g Weight
Loss in %

Adjusted Weight
Loss in %

SiO2 CuO

1 3500.0 20.0 95.0 Mould 3462.6 1015.6 40.5 18.9
2 3500.0 20.0 90.0 Crucible 3511.9 1246.8 35.3 13.7
3 3500.0 20.0 80.0 Crucible 3080.0 992.7 47.3 25.0
4 3500.0 20.0 65.0 Mould 2958.3 851.1 41.2 19.4
5 3500.0 10.0 92.3 Mould 3393.8 742.2 41.6 19.0
6 3500.0 10.0 96.3 Crucible 3401.4 714.0 43.0 20.4

Even the adjusted weight loss is considerably high, which could be due to losses of material as
dust, volatilization of further components from the input materials or reduction of oxidic material
in the charge not included in the corrected weight loss. Furthermore, slag samples taken during
the holding time are not included in the mass balance and in the analysis of the trials. Two samples
were taken per trial during the holding time with a mass of roughly 10 g per sample. This results in an
error of the slag mass between 1.5% and 3.0%, the influence on the weight loss is considerably lower,
compared to the total input mass between 6475 g and 7525 g. Besides the weight loss due to the slag
samples, the higher share of the adjusted weight loss is due to dust consumed by the off-gas system,
before the material could react with the molten metal or slag phase. Those losses are not quantifiable
and cannot be avoided, because the furnace has to be used with off-gas suction at all times. Even in
a technical-scale electric arc furnace, for a trial with 350 kg roasted black mass, it was not possible
to obtain the whole flue dust, as part of the dust is always attached to off-gas pipes or gas cleaning
equipment [29].

3.2.2. Slag Composition

The slag is the product of main interest in this investigation and was therefore investigated
thoroughly. Table 4 lists the chemical composition of the bulk slag phase after the trials, samples
taken during the holding time and minor elements analyzed in the bulk slag are only listed in
the Supplementary Material. A “Spectro ARCOS” ICP-OES made by “SPECTRO Analytical Instruments
GmbH, Kleve, Germany” was used to analyze the cobalt, nickel, lithium and copper content of slag
samples. All ICP-OES measurements were carried out twice. The chemical composition of slag samples
was analyzed using a wavelength dispersive X-ray fluorescence spectrometer (XRF) “AxiosmAX”
made by “Malvern Panalytical B.V., Almelo, Netherlands”. The samples were ground, sieved to
a grain size below 63 μm and analyzed as fused-cast beads with the wide range oxide (WROXI)
calibration from “Malvern Panalytical”. The measured results were all in the calibrated composition
area. All measurements were carried out twice. Carbon and sulfur analysis were carried out with an
“ELTRA CS 2000” system made by “ELTRA GmbH, Haan, Germany” based on a combustion method.
Carbon and sulfur measurements were carried out three times per sample.
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Table 4. Chemical analysis of bulk slag generated in the trials.

Trial No. Mass in g
Composition in wt.%

Li Cu Co Ni C SiO2 Al2O3 Fe2O3 Mn3O4 BaO
Method ICP-OES Combustion XRF

1 1015.6 5.53 0.23 0.09 0.01 0.029 56.2 22.0 0.52 2.25 0.57
2 1246.8 5.18 1.4 1.44 0.05 0.035 53.4 20.2 2.25 2.23 0.50
3 992.7 5.84 0.39 0.41 0.05 0.120 49.7 27.1 0.67 1.69 0.69
4 851.1 6.24 0.40 0.25 0.03 0.285 46.5 30.2 0.22 0.84 0.76
5 742.2 6.77 0.35 0.07 0.01 0.238 43.1 32.2 0.31 2.12 0.87
6 714.0 7.40 0.10 0.06 0.01 0.184 41.8 33.4 0.14 0.70 0.83

The trial numbers are sorted, starting with the highest silicon content in the slag and decreasing
in silicon content. Furthermore, the standard deviation of the sample set was determined and shown
in Supplementary Table S3.

Obvious is the deviation in the copper- and cobalt content for the slag from trial number 2.
The other samples show a significantly lower content of those metals. Probably, the CuO-addition
was slightly too high in trial 2, even though the CuO-additions in other trials were higher, however,
the effect of the CuO-addition can vary within trials, as described in the Materials and Methods.
The copper, cobalt, nickel, iron, and manganese contents are not further discussed here, as they are
discussed in detail later in this chapter. The lithium content in the slag is quite high with values over
5% and surpasses the lithium content of pure petalite, spodumene and in most cases also eucryptite.
The lithium contents in selected minerals were already presented in Table 2. The low atomic mass of
lithium makes it difficult to obtain minerals with a high content of lithium, as the lithium concentration
is heavily diluted by other elements, which are heavier compared to lithium, like aluminum, oxygen
and silicon, even in a stoichiometric mineral. The main component of the slag is in all cases SiO2,
followed by Al2O3. Except for trial 2, a decreasing SiO2-content leads to an increased Al2O3-content in
the slag. The aluminum-input comes from the black mass and is transferred into the slag. This can
be considered to be a constant input, while the SiO2-addition was varied and the amount of silicon
transferred into the slag is also influenced by the reductive conditions during the trials. A higher
amount of silicon being transferred into the slag will, therefore, dilute the constant aluminum mass in
the slag and explains the correlation between the SiO2- and Al2O3-content.

The lithium slagging was already simulated in detail and is evaluated based on experimental
trials in Figure 9. Instead of presenting each trial individually, trials 1 and 2, 3 and 4, and 5 and 6 are
combined. The quartz addition was the same for each pair of trials, even though the CuO-addition
slightly varied for those trials. Therefore, the mean CuO-addition of two trials is listed in the figure
and the CuO-addition per trial is presented in Table 3. Furthermore, the slagging of Mn, Fe, Co, Ni,
and Cu are presented in the figure.

Figure 9. Slagging of metals observed in the laboratory-scale trials. Oxide addition in g per 100 g
black mass.
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The bars in the figure represent the mean value of two trials and the error bars represent
the slagging in the individual trials. The SiO2-content was the same for each pair of trials, whereas
the mean value of CuO-addition is listed in Figure 9. The individual CuO-additions are listed in Table 3.
High deviations are noticeable for the cobalt-, nickel-, and copper losses for trial 1&2 as already noticed
in Table 4. The amount of cobalt, nickel and copper in the slag in relation to the input amount is 2.3%,
0.6%, and 0.7% for trial number 2. For the other trials, those values are below 0.5%, 0.5% and 0.2% for
cobalt, nickel and copper respectively, while also values under 0.1% were possible. The amount of
lithium transferred into the slag varied between 64.1% and 82.4% and is correlated with SiO2-content
of the slag as higher SiO2-contents yielded a higher amount of lithium being transferred into the slag.
The only other metal investigated, which was transferred into the slag with a considerable amount is
manganese with 13–76%.

As the recovery of the cobalt, copper and nickel into the metal is the clear aim of pyrometallurgical
processes, low contents of those metals in the slag are beneficial. For iron and manganese, the desired
distribution depends on the further processing of the products. If iron and manganese are considered
an impurity in the metal, high contents of those elements in the slag would be beneficial. If the slag
is treated by hydrometallurgy, those elements could be also considered an impurity in the slag.
Figure 10 shows, how selectively the valuable metals could be separated from iron and manganese
by a smelting reduction process. For this evaluation, the contents of cobalt and nickel are related
to the manganese- and iron content of the slag. The analysis of bulk slag samples presented in
Table 4 are used in addition to slag samples taken during the holding time, which are only listed in
the Supplementary Material.

Figure 10. Relations of valuable metal content in slag samples compared to iron- and manganese content.

Due to high deviations, the limited dataset consisting only of 17 samples and the varied
SiO2-addition and CuO-addition, no interpolated graphs are presented here in the figures,
linear equations and exponential equations are however listed in the Supplementary Material including
the coefficient of determination, which is relatively low in all cases. Even if those simple models fail
to describe the relation of valuable metals to iron or manganese, it is obvious, that the content of
iron or manganese has to be considerably low to achieve high yields according to the general trend
observable. The nickel content is the lowest of the metals investigated and is always under 0.2 wt.%
and even significantly lower than 0.1 wt.% for samples with a low iron- and manganese content.
The highest cobalt content observed is 1.8 wt.%, but with decreasing iron and manganese contents,
the cobalt content decreases further and is even lower than 0.1 wt.% for samples with a low iron-
and manganese content. Furthermore, also the iron- and manganese content are related. Already in
this small investigated process area, a clear separation of the valuable metals nickel and cobalt from
iron and manganese is difficult. If manganese and iron should not be reduced, considerably high
losses of cobalt and nickel are expected. Instead, it seems plausible to reduce iron and manganese
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completely, to ensure high cobalt, copper and nickel yields and to generate a slag with fewer impurities,
which have to be taken care of in a hydrometallurgical purification step.

3.2.3. Metal Composition

The metal samples from trial 3 and trial 4 were melted in a resistance heated furnace, slowly solidified,
and separated by sawing to obtain homogenous samples and the weight of the individual cobalt-
and copper phase. This was necessary, because the crucible diameter in the electric arc furnace and in
the cast-iron-mould were too high, to allow a clear phase separation. This was mainly done for analytical
reasons. A detailed description of the second melting operation is supplied in the Supplementary
Material, together with macrographs and micrographs of the metal samples. A “Spectro ARCOS”
ICP-OES made by “SPECTRO Analytical Instruments GmbH, Kleve, Germany” was used to analyze
the metal samples. All ICP-OES measurements were carried out twice. Additional analytical results
by arc spark optical emission spectrometry and XRF are also supplied in the Supplementary Material.
After the second melting step, 62.9 wt.% of the metal can be described as a copper-rich phase and 37.1
wt.% a cobalt-rich metal phase. Figure 11 shows the chemical composition of both metal phases from
the combined melting of the samples from trial number 3 and 4. As a comparison, the results from
smelting the input mass of both trials according to Table 3 at 1600 ◦C is modeled with FactSageTM [30]
and the chemical composition of both immiscible liquid phases is presented. A second model is derived
by excluding the slag and gas phases from the previous model and cooling the liquid metal to 1060 ◦C,
which is the temperature at which both metal immiscible metal phases are still liquid according to
FactSageTM [30].

Figure 11. Comparison between analyzed metal composition and thermochemical model. (a): copper-rich
phase; (b): cobalt-rich phase.

The results from the trials do not show a general alignment with the simulation, which makes a
prediction solely based on a simulation difficult to evaluate the metal quality and underlines the necessity
of experimental trials. Some elements differ significantly from both models, some elements show
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better alignment with the model at 1600 ◦C and for others, the model 1060 ◦C shows better results.
In all cases, the silicon-, and lithium content is higher according to the model. The copper- and cobalt
content in the copper phase is better described by the model at 1060 ◦C, whereas the manganese-
and nickel content is better described by the model at 1600 ◦C, iron is significantly differing from both
models. The copper-, cobalt- and nickel content in the cobalt-rich alloy is better described by the model
at 1600 ◦C, whereas the iron content is better described with the model at 1060 ◦C. The measured
manganese content is significantly lower compared to both models.

The separation step was mostly carried out for analytical reasons. It could also be used as a
preconcentration step. In an industrial scale, metal and slag could be tapped separately and if the metal is
solidified slowly enough in an iron mould, separate metal phases could be obtained. However, it is also
feasible to treat water-granulated alloys containing cobalt, copper, nickel, iron and manganese [35,36].
Therefore, directly granulating the alloy obtained from a furnace could be an option as well. Based on
the analysis presented in Figure 11 and the weighed amount of each metal phase. A theoretical
composition of water granulated metal can be calculated. Table 5 shows the calculated composition
of a single-phase metal based on the analyzed metal phases, based on the individual analysis of
the samples, the calculated maximum and minimum content is listed in the table.

Table 5. Composition of quenched metal in wt.%.

Element Cu Co Ni Fe Mn Si Li

wt.% 66.1–65.0 20.2–19.9 2.83–2.68 8.05–7.69 0.58–0.55 3.18–3.10 0.074–0.070

3.2.4. Distribution of Relevant Elements in the Process

Based on the results from the previous subchapters, a comparison of the distribution of elements
to each phase with the FactSageTM [30] model at 1600 ◦C presented already in Figure 11 is shown in
Figure 12. It was not possible to obtain the flue dust in the trials. Therefore, the results from the trial do
not show the fraction going to the gas phase, theoretically, this should be the balance to 100% compared
to the amount analyzed in the slag, copper, and cobalt phase.

Figure 12. Distribution of elements in laboratory trials between, metal, slag and gas phase of Trial 3
and 4 (left bars) combined, compared with the thermochemical simulation (right bars).

As the simulated metal composition for both metal phases differs from experimental trials as
shown by Figure 11 and was already discusses, it is not further discussed here, instead, the slag phase
is considered in detail.

The results for cobalt, copper, nickel, and iron are similar, as losses to the slag phase are not
observed from the experiments and neither predicted by the model. Further, 81.6% of cobalt could be
identified in the products, as 73.0% is present in the cobalt-rich phase and 8.2% in the copper-phase,
while the remaining amount of cobalt in the slag is considerably low with 0.4%. The model predicts
that cobalt is only distributed between the metal phases and no losses occur to the gas- or slag phase.
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82.8% of the copper is present in the copper phase and 10.5% in the cobalt phase, while the loss in
the slag is 0.2%. In total, 93.5% of copper is in solid products. The model does not show any copper
losses to the slag and 0.2% of copper losses into the gas phase. 91.1% of nickel is present in the solid
products, whereas 29.9% of Nickel is in the copper phase, 60.8% is in the cobalt phase and 0.4% in
the slag. The model shows no nickel losses. The iron analysis shows an unphysical result with 109.2%
of iron in the solid products this could be due to inhomogeneous analyzed samples or inaccuracies
with the input analyses. 9.3% of iron is present in the copper phase, 98.6% in the cobalt phase and 1.3%
in the slag phase. According to the model, 0.04% is lost into the slag and 0.01% is lost into the gas
phase. Manganese is the first element, with a significant distribution between all three molten phases,
99.8% of manganese is obtained in the solid samples, 51.5% in the copper phase, 15.5% in the cobalt
phase and 32.8% in the slag. The model shows, that 28.3% of manganese is transferred to the slag
and 1.32% to the gas phase. 73.7% of lithium is transferred to the solid products. Most of the lithium is
transferred to the slag, 70.8% is enriched in that phase. 1.6% and 1.2% is present in the copper phase
and cobalt phase, respectively. The model predicts 2.96% of the lithium in the copper phase, 1.52% in
the cobalt phase and 92.01% in the slag phase, while the rest is lost to the gas. 89.9% of silicon could be
identified in the products. 61.1% is in the slag phase, 7.8% in the copper phase and 21.0% in the cobalt
phase. This differs significantly from the model, which predicts only 38.97% of the silicon in the slag
phase, 27.98% in the copper phase, 32.46% in the cobalt phase and 0.58% in the gas. This proves
the previous assumption, that the model predicts a higher degree of silicon reduction for DC electric
arc furnace processes.

Except for iron and manganese, a considerable amount of the other elements is lost in the trials
and cannot be identified in the solid products. Volatilization of cobalt, nickel and copper seems to
be rather unlikely, to explain those losses. An explanation for this could be that, during charging of
the material, fine material was directly taken by the off-gas suction of the furnace without reacting.
Either by charging the material more carefully, which is not possible in the laboratory scale as material
falls directly into the turbulent zone of the furnace or by recirculating flue dust, higher yields for
valuable metals, and higher lithium slagging could be possible at a larger scale.

3.2.5. Qualitative X-ray Diffraction Phase Analysis of Slag

Qualitative X-ray diffraction (XRD) analysis was carried out and is presented in Figure 13. X-ray
diffraction (XRD) of slag samples was carried out using a powder diffractometer “STADI P” made by
“Stoe&Cie GmbH, Darmstadt, Germany”, equipped with a copper anode (40 kV, 30 mA). A Germanium
monochromator was applied to use the Kα1-radiation (wavelength: 1.540598 Å) for analysis. The scan
range per sample was from 1.324◦ to 116.089◦ and the measuring time was two hours. “Match! 3.9.0.158”
was used for evaluation of the pattern. Reference patterns were obtained from the “Crystallography
Open Database”. The version “COD-Inorg REV218120 2019.09.10” was used [37–42].

No background subtraction or smoothing of raw data was applied. For visual reasons, minor peaks
of the identified minerals were indexed with vacant symbols, while the indices of the strongest peaks
of each mineral are filled with color. The reference card information is supplied in the Supplementary
Material. The trial numbers are the same used already in Table 3. Therefore, starting with the highest
silicon content in the slag for trial 1 and decreasing in silicon content. Trial numbers 1, 4, and 5 are
poured into a cast iron mould after the trial and trials 2, 3, and 6 are solidified in the crucible after
the trial with a significantly lower cooling rate.

Even though the cooling condition was varied, no significant influence on the pattern is visible
by comparing the trials 1 and 2, 3 and 4, and 5 and 6, which have a similar composition and variable
cooling conditions.

Four minerals were identified in the samples, γ-lithium aluminate, lithium metasilicate and two
lithium aluminum silicates. Furthermore, at least one mineral is present in the slags 4, 5 and 6,
which could not be identified, since peaks at for example 21.4◦, 31.2◦, 31.7◦, 45.3◦, and 45.9◦ are not
described by the previous minerals.
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Figure 13. XRD-patterns of slag samples originated from the trials.

Lithium metasilicate is present in all samples, except for trial 5. Trial 6 contains even less silicon,
but lithium metasilicate is present in that sample, even though the peak intensity is quite low compared
to the slag 1, 2, 3, and 4.

γ-LiAlO2 is present in sample 4, 5, and 6. A trend can be observed, as the peak intensity of
γ-LiAlO2 decreases with increasing content of silicon in the slag until it is not present in the slags 1, 2,
and 3.

In all cases, the most intense peak belongs to the phases indexed as LiAlSiO4 or LiAlSi2O6.
Three possible candidates were examined, beta-spodumene with a tetragonal crystal system and a
P43212 space group with a simplified formula of LiAlSi2O6 [43]. Moreover, two different stoichiometries
from the LiAlSiO4-SiO2 join, both with a hexagonal crystal system and a P6222 space group [44].
Distinguishing between the two hexagonal and the tetragonal mineral is difficult since all three
minerals show the strongest peak slightly above 25◦. In this case, the hexagonal minerals were selected
as the matching phases, since the second strongest β-spodumene peak slightly above 22.5◦ is only
observed in slag number 4, 5 and 6 and is already explained by the presence of γ-LiAlO2. Also, several
minor peaks better fit the hexagonal LiAlSiO4-SiO2 system as well.

The hexagonal LiAlSiO4 mineral is called β-eucryptite and is a stuffed derivate of quartz and forms
a solid-solution with SiO2 [44]. For trials 3, 4, 5, and 6 a reference card with the chemical formula
LiAlSiO4 was used, and for trial numbers 1 and 2, a reference card with the chemical formula
LiAlSi2O6 with the same space group was used. This was done because the lithium aluminum
silicate peaks are slightly shifted to higher angles if the silicon content is increased in the slag samples.
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The same observation was already made by Xu et al. and Nakagawa et al. with synthetic samples in
the LiAlSiO4-SiO2 solid solution system [44,45]. To examine this further, Figure 14 shows the position
of the four strongest lithium aluminum silicate peaks in the slag samples.

Figure 14. Detailed XRD-pattern of the four strongest β-eucryptite peaks.

The slags show a clear trend, that an increased SiO2-content in the bulk slag, shifts the investigated
peaks continuously to higher angles, especially for trial 1 and 2 a significant shift can be observed.

Based on the chemical composition of the slag samples shown in Table 4, a solidification simulation
of the slag was carried out with FactSageTM [30]. Figure 15 shows the amount of lithium containing
minerals present in the slag after solidification. Minerals not containing lithium are expressed as
“others”, as those are only a minor portion of the slag.

Figure 15. Simulated mineralogical composition of the slag in wt.%.

According to the simulation, the major mineral in the slag is LiAlSiO4, which is also observed in
the XRD-pattern. Li2SiO3 is predicted for every sample and in addition, Li2Si2O5 is present for slag 1,
2 and 3. The presence of Li2Si2O5 could not be confirmed by the XRD-results, whereas Li2SiO3 is
present in all analyzed slag samples, except for slag number 5. The simulation proposes, that LiAlO2 is
formed in slag 5 and 6, which have the highest aluminum content. The presence of LiAlO2 is confirmed
by XRD for those two samples, but it is also confirmed by XRD for slag 4. The XRD-results do not
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show LiAlSi4O10 in any sample, even though the simulation predicts the presence of LiAlSi4O10 for
slag number 1 and 2. As already predicted by the simulation of the smelting process shown in Figure 7,
no LiAlSi2O6 is formed and instead, an equilibrium between LiAlSiO4 and LiAlSi4O10 is predicted.

The disadvantage of the simulation is, that lithium minerals are all assumed as stoichiometric
phases and no solid solutions are available in the databases, even though the LiAlSiO4-SiO2 solid
solution [44] is relevant for this simulation. The absence of this solid solution could be an explanation
for the predicted occurrence of Li2Si2O5 and LiAlSi4O10. Instead of those minerals with a higher silicon
content compared to LiAlSiO4, aβ-eucryptite phase with a higher silicon content than the stoichiometric
LiAlSiO4 included in the model probably has formed as indicated by Figure 14. Since the model has
to consider the leftover silicon somehow, it predicts the formation of the non-observable Li2Si2O5

and LiAlSi4O10.

3.2.6. Raman-Analysis of Slag

To verify the presence of β-eucryptite, Raman analysis was carried out using a “MA-RBE-V02”
Raman microscope with a magnification of 50 made by “Stonemaster UG, Linkenheim-Hochstetten,
Germany” equipped with an Nd-YAG laser. The used wavelength was 532 nm. The numerical aperture
was 0.55. The accuracy of the spectral data is ±2 cm−1.

The lithium aluminosilicate system is already well studied by Raman spectroscopy due to
the importance in glass-ceramics. Raman spectroscopy can be used to distinguish the minerals in
the Li2O-Al2O3-SiO2 ternary system and to measure indirectly the SiO2-content in β-eucryptite [46–51].
A discussion about which rotational or vibrational state is responsible for a frequency band is omitted
in this research, as it is already discussed in the literature [46–51].

To distinguish the minerals β-eucryptite, β-spodumene and γ-spodumene, literature data for
peak positions and spectral characteristics are compiled in Table 6 [49,51]. Peaks below a Raman shift
of 160 cm−1 are neglected in the table.

Table 6. Reported Raman shifts in cm−1 with an accuracy of 2 cm−1 and spectral characteristics of
lithium aluminosilicates according to literature.

β-Eucryptite [51] β-Spodumene [49] γ-Spodumene [49]
Raman Shift Characteristic Raman Shift Characteristic Raman Shift Characteristic

187 m 1,2 184 m 1

233 vw
282 w, bd 288 w
352 m

412 w
466 (sh) 440 (sh) 1

483 s 492 s 480 s
636 vw
711 w ~720 vw, bd
762 w 770 w, bd 742 vw, bd

864 vw, bd
987 w 990 (sh)

1032 s
1049 (sh) 1044 (sh)
1067 vw
1086 m 1088 w, bd
1099 w 1094 w, bd

1 Abbreviations: v, very; w, weak; m, medium; s, strong; bd, broad; sh, shoulder; 2 Zhang et al. [51] did not list
the characteristics, therefore they are derived from the published figure.

The strongest peaks were reported for Raman shifts between 480 cm−1 and 492 cm−1 for all three
minerals presented in Table 6. Deviations useful to distinguish those minerals can be the peak at
187 cm−1 and 184 cm−1 reported for β-eucryptite and β-spodumene, respectively, and the peak at
352 cm−1 reported for β-eucryptite.
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Figure 16 shows Raman spectra of slag samples originating from the bulk slag phase after a trial.
The trial numbers used for labeling are the same used in Table 3 and Figure 13. Thereby, starting with
the highest silicon content in the slag for trial 1 and decreasing in silicon content.

Figure 16. Raman Analysis of slag samples originated from the trials.

By comparison of Figure 16 with Table 6, a strong similarity of peak positions for sample 3
to 6 with the referenced β-eucryptite can be found. Especially the strong peaks at 482–483 cm−1

and 1024–1030 cm−1 are reported in the reference as well, however the reference peak at 1032 cm−1

deviated a little bit from the measured results. Furthermore, the medium-strong peaks at 187 cm−1

and 352 cm−1 can be found with small deviations in the patterns of those trials. More difficult is
the evaluation of the patterns of trial 1 and 2. The peak at 483 cm−1 is also observed, however the other
peaks are either not detectable or only weak. Furthermore, background noises below 400 cm−1 for slag
number 2 and between 925 cm−1 and 1075 cm−1 for slag number 1 are present in the samples.

One explanation for the disappearance of peaks could be, that with an increasing silicon-content
in the slag, β-eucryptite (LiAlSiO4) is either replaced or partially replaced by β-spodumene (LiAlSi2O6)
or γ-spodumene (LiAlSi2O6), where less peaks were observed in the references. As the main peak
for β-spodumene is observed at 492 cm−1 and the XRD indicates, that β-spodumene is not present in
sample 1 and 2, the presence of γ-spodumene or β-eucryptite seems more likely. However, a definite
assignment of the spectra of samples 1 and 2 is not possible, whereas the assumption of the presence of
β-eucryptite is confirmed by XRD and Raman for sample 3, 4, 5 and 6.

Similar to the peak displacement due to variations in the silicon-content already observed for
lithium aluminosilicates in the XRD-analysis, Alekseeva et al. [46] proposed a linear relationship
for the position of the Raman bands as a function of the silicon content. Those bands are the peaks
observed at roughly 483 cm−1 and between 1025 cm−1 and 1030 cm−1 in our study. In our case, the peak
at 483 cm−1 is observed at the same position for every sample besides a small deviation, which is
smaller than the accuracy of the measurement device. A SiO2-content of 59 (±3–4) mol.% would
results in a Raman band at this position according to the linear approximation by Alekseeva et al. [46].
Since both bands have to change simultaneously and only the second band at higher Raman shifts
deviates, no definite conclusion about the silicon-content in the minerals investigated can be presented
in this paper.
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4. Discussion

In the discussion, the results are compared with similar published investigations.
One chapter is dedicated to limitations of the research carried out in this paper and future research

directions, which could be investigated even further.

4.1. Discussion of the Obtained Results with Previous Work

The comparison of previous work with the research presented in this paper is carried with a focus
on the distribution of valuable metals in the process and the mineralogical investigation of the slag.

4.1.1. Comparison of Valuable Metal Distribution during Smelting

Georgi-Maschler et al. [29] carried out smelting trials in an electric arc furnace with pyrolyzed
black mass as well, even though there are a few deviations. They used a considerably higher melting
temperature between 1700 ◦C and 1750 ◦C and a CaO-SiO2 slag as a flux. Also, the graphite content of
the black mass was reduced by prior thermal treatment and not utilized as a reducing agent for another
resource, as it has been done in this investigation. A cobalt yield between 60% and 100% was found in
laboratory trials and a cobalt yield of 88% in a technical-scale electric arc furnace is reported. The cobalt
yield was similar compared to the yield of 80% presented in this paper, even though Georgi-Maschler
et al. [29] reported cobalt losses of 3.1% into the slag, whereas in our findings cobalt losses into the slag
were below 0.5% except for one trial. Besides higher melting temperatures and a different slag system,
the higher amount of fluxes used by Georgi-Maschler et al. [29] could be an explanation for the higher
amount of cobalt being lost into the slag phase. The higher amount of fluxes also resulted in a relatively
low lithium content of 1.4 wt.%. in the slag phase, which is equal to 31% of the total input lithium
mass. A higher distribution of lithium into the flue dust was determined, which could be due to
the fluxing by CaO or the higher melting temperature. Both parameters decrease the amount of lithium
transferred into the slag, according to the simulation presented in chapter 3.1. Compared to the work
from Georgi-Maschler et al. [29], a higher amount of lithium transferred into the slag and a higher
lithium content in the slag could be achieved in this paper by adding quartz as the only flux. However,
in our work, it was aimed to transfer lithium into the slag, whereas Georgi-Maschler et al. [29] aimed
to enrich lithium in the flue dust. In both cases, it was not possible to only enrich lithium in either
the slag or dust and losses occurred. Therefore, either treating the dust and slag to recover lithium is
necessary or one of both by-products needs to be recirculated into the process to minimize the losses.

A more recent study by Ruismäki et al. [52] investigated an approach similar to ours to use
graphite from spent batteries as a reducing agent. They smelted a concentrate generated by froth
flotation of industrially pre-processed lithium-ion battery waste with nickel slag to reduce oxides in
the nickel slag. A cobalt yield about 93% was reported, based on the analyzed slag. This surpasses
the yield presented in this paper but can be explained by the less turbulent conditions in the laboratory
tube furnace used by Ruismäki et al. [52] compared to the electric arc furnace used in this study.
Furthermore, two different methods to calculate yields were used, which leads to different results.
The calculated yield in this paper based on the metal output can be seen as a pessimistic baseline
scenario. Yields calculated based on the losses in the slag would have been higher in this study as
well than the reported values as well. A comparison of the lithium content in the slag with the paper
of Ruismäki et al. [52] cannot be carried out, as only the lithium content in the starting mixture
with 0.88 wt.% is reported and after reducing valuable metals, higher lithium contents in their slag
seem probable.

4.1.2. Comparison of Lithium Minerals Present in Slags

Elwert et al. [53] investigated three lithium slags that originated from Umicore facilities with a
high lithium content by XRD and electron probe microanalysis (EPMA). The main components of
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the slag were Al2O3, CaO, Li2O and SiO2 in variable amounts. Table 7 shows the chemical composition
of the slags investigated by Elwert et al. [53].

Table 7. Composition of lithium-containing slags from Umicore in wt.% [53].

Slag System Low Aluminium Content High Manganese Content High Aluminium Content

Al2O3 33.57 44.52 47.37
CaO 23.46 16.08 23.42
Li2O 11.04 8.29 8.96

MnO2 0.31 9.52 0.36
MgO 5.11 1.44 2.65
SiO2 21.25 17.52 12.81

The major difference is, that the slags in our investigation contain higher amounts of SiO2 compared
to Al2O3 and the slags from the reference have higher Al2O3-contents compared to the SiO2-content.
Slags from the reference also contain calcium, which is only a minor element in our study.

All three slag systems have in common, that LiAlO2 is present and that lithium aluminosilicates
could not be observed [53]. In our case, lithium aluminosilicates were present in all slags,
whereas lithium aluminates were only present in three slags with an aluminum content above
30 wt.%. Lithium silicate with a general formula of Li2MeSiO4 was found in the low aluminum
slag [53]. In our case, Li2SiO3 was identified with XRD for five slag samples. Further components
observed by the reference but not identified with XRD in our investigation were:

• Gehlenite (Ca2Al(AlSi)O7 which was identified in all slags
• Merwinite (Ca3Mg(SiO4)2), which was present in the low aluminum slag and high aluminum slag
• Cr-Spinel, which was present in the low aluminum and high aluminum slag
• Spinels, which were present in the high manganese slag
• Silico-phosphates with a high REE content, which was present in the high manganese slag

Li et al. investigated a synthetic slag with a composition of 50 wt.% SiO2, 35 wt.% CaO, 12 wt.%
Al2O3 and 3 wt.% Li2O with XRD. They identified only three phases,β-spodumene, CaSiO3 and CaO [54].
Other phases were not identified, even though a considerable amount of peaks were not indexed.
Even though the presence of β-spodumene for slags from this investigation seems rather unlikely,
the lower amount of lithium in the slag produced by Li et al. [54] could be an explanation for
the occurrence of β-spodumene in their synthetic slag.

The deviations in determined slag phases in the literature and even in this study show,
how the mineralogy of the slag can be easily changed by different chemical compositions. This can have
a major influence on the leaching process, as not all lithium minerals are easily leachable. α-spodumene
for example is difficult to leach and is converted into β-spodumene prior to leaching [55–59].

4.2. Limitations of This Investigation and Future Research Directions

A limitation of the current work is the use of pure copper(II) oxide as a synthetic raw material.
This is not feasible for an industrial process and should be replaced by an oxidic raw material like ore
or oxidic industrial residues. Preferably, such a raw material contains cobalt, nickel or copper, as those
elements have to be recovered from the metal alloy anyway. Further restraints are the accompanying
elements of possible raw materials. Ideally, the raw material contains SiO2, as the positive effect
on the lithium slagging was proven in this work or Al2O3 since the simulation indicates a positive
effect on the lithium slagging as well. Problems could arise if lime is included in the raw material,
as the simulation shows increased lithium losses into the gas phase for lime addition.

As more than one lithium-containing mineral is present in the slag according to the XRD-analysis
and the thermochemical simulation, the leachability of the slag has to be carefully investigated. If one of
those minerals is not leachable, future slag design can not only focus on lithium slagging and the lithium
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content of the slag, as has been done in this study, it also has to focus on the formation of leachable
lithium minerals. Also, the leaching behavior of impurities needs further investigation.

Since no detailed focus was put on the metal phase in this work, future work has to consider
the recovery of metals from the produced metal alloy, either in the form of refined metal or
pure chemicals.

It is expected that the slag and the metal are both treated by hydrometallurgical methods
and the pyrometallurgical operation is used as a pre-concentration unit. Since manganese and iron could
be considered an impurity in the hydrometallurgical treatment of the slag and the metal, an evaluation
should determine, if those elements are easier to separate in the alloy processing or in the slag
processing. Ideally, manganese and iron should be recovered as well from the intermediate products.
Based on the preferred distribution of those elements for downstream processing, improvements in
the pyrometallurgical process can be investigated to enrich those elements either in the slag or in
the alloy. Options could be the adjustment of fluxes or the oxygen potential. Even though Figure 10
suggests, that a complete recovery of cobalt and nickel, while maintaining iron and manganese in
the slag is not possible, at least for the investigated slag system. A more detailed investigation
of the behavior of manganese in the process will be especially more important for newer battery
generations. The manganese and nickel content in the black mass is low compared to cobalt according
to Table 1 and as nickel-cobalt-manganese oxide (NCM) cathodes take a dominant role in the battery
industry nowadays [60], an increased nickel and manganese content in end of life black mass can be
expected in the near future.

In this project, it was only possible to analyze the metal and slag, while the flue dust could not be
collected. As considerable weight losses were observed in the process and a considerable amount of
lithium could not be identified in the obtained products, a flue dust analysis would enhance the accuracy
of the mass balance of the process. Furthermore, an analysis of the flue dust would be necessary to
evaluate whether the flue dust can be recirculated back to the electric arc furnace, or if recirculating
would lead to an enrichment of volatile elements in the process. To avoid the enrichment and circulation
of volatile elements, an additional treatment process of flue dust could be necessary.

Also not investigated was the influence and distribution of minor elements like phosphorous,
sulfur and halogens. Halogens could be of special interest as they are commonly enriched in the flue
dust in smelting processes [61,62] and halogens should not be circulated back to the smelter [63,64].

5. Conclusions

A pyrometallurgical approach was investigated to separate critical elements from pyrolyzed
lithium-ion battery black mass into intermediate products by smelting in an electric arc furnace.

A thermochemical simulation was carried out to determine a fluxing strategy. Quartz was chosen
as a flux and two different quartz additions were tested in six trials. To utilize excess graphite in
the feed material, copper(II) oxide was fed into the furnace. The graphite was therefore used as a
reducing agent in the process. Due to the experimentally proven reduction of added copper(II) oxide,
carbon from black mass was utilized as a reducing agent and could therefore be included in a recycling
efficiency calculation.

Cobalt, nickel, and copper were enriched in a mixed alloy, while lithium was concentrated
in the slag. The yield of cobalt, nickel and copper was 81.6%, 93.3%, and 90.7% respectively for
the thoroughly investigated trial with a quartz-addition of 20 g per 100 g black mass at 1600 ◦C
based on the metal output. The reported losses for those metals into the slag were small with 0.4%,
0.2% and 0.4% respectively. Similar findings were reported by other researchers [29,52]. Besides one
trial, the losses of those valuable metals in the slag were below 1% for every trial.

An enrichment of lithium into the slag was achieved in all trials with a yield between 64.1%
and 82.4%. Lithium contents between 5.18% and 7.40% in the slag were achieved. Higher quartz
additions increased the lithium yield, but lead to a decreased lithium content in the slag. The amount
of lithium transferred into the metal alloy was below 3% compared to the lithium input.
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A considerable amount of lithium, cobalt, nickel and copper from the input feed were not found
in the slag or metal after the trials. Therefore, the assumption is made that they were lost as flue
dust. A recirculation of flue dust into the furnace could, therefore, increase the yields significantly,
as the reported losses into the slag or metal phase are considerably low. Furthermore, as the material
could only be charged in the turbulent zone of the laboratory electric arc furnace, losses due to dusting
of the input material could be mitigated at an industrial scale and increase the overall yield.

The slag was characterized by Raman and X-ray diffraction. Every investigated slag contains
lithium aluminosilicates. Lithium aluminate and lithium metasilicate are present in three respectively
five slags out of six slags in total depending on the chemical composition of the slag.
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Abstract: Research for the recycling of lithium-ion batteries (LIBs) started about 15 years ago.
In recent years, several processes have been realized in small-scale industrial plants in Europe,
which can be classified into two major process routes. The first one combines pyrometallurgy with
subsequent hydrometallurgy, while the second one combines mechanical processing, often after
thermal pre-treatment, with metallurgical processing. Both process routes have a series of advantages
and disadvantages with respect to legislative and health, safety and environmental requirements,
possible recovery rates of the components, process robustness, and economic factors. This review
critically discusses the current status of development, focusing on the metallurgical processing of
LIB modules and cells. Although the main metallurgical process routes are defined, some issues
remain unsolved. Most process routes achieve high yields for the valuable metals cobalt, copper,
and nickel. In comparison, lithium is only recovered in few processes and with a lower yield, albeit a
high economic value. The recovery of the low value components graphite, manganese, and electrolyte
solvents is technically feasible but economically challenging. The handling of organic and halogenic
components causes technical difficulties and high costs in all process routes. Therefore, further
improvements need to be achieved to close the LIB loop before high amounts of LIB scrap return.

Keywords: lithium-ion battery; recycling; lithium; cobalt; nickel; manganese; graphite; mechanical
processing; pyrometallurgy; thermal treatment; pyrolysis; hydrometallurgy

1. Introduction

Renewable energy sources have the potential to end the era of fossil fuels. Electrochemical storage
systems, especially lithium-ion batteries (LIBs), are an important technology for the success of
this transition. This is due to their sum of positive properties such as their high energy density and low
self-discharge [1]. On the production site, the growing application of LIBs leads to high investments in
research and development with a focus on questions such as optimized cell production or optimized
active materials. These developments are accompanied by a critical discussion regarding the security of
the necessary raw material supply, the environmental and social impact of the raw material production,
and the responsible recycling of end-of-life batteries [2–5]. Beside base metals such as iron (Fe),
aluminum (Al), copper (Cu), manganese (Mn), and nickel (Ni), LIBs also contain minor metals such
as cobalt (Co) and lithium (Li) as well as graphite. The production of some of these raw materials
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can be connected to severe ecological and social impacts. Examples are the appearance of child labor
in artisanal Co mining and the influence of Li production on the water balance in desert areas [6,7].
Furthermore, in the case of some raw materials, a small number of producers dominate the markets.
This is especially true for Co and graphite [8]. In view of these developments, the recycling of LIBs
is a key factor to manage the transition toward renewable energies in a sustainable way. However,
LIB recycling is a challenging task due to their complex material composition and their electrical and
chemical energy content leading to various health, safety, and environmental (HSE) risks [9].

In order to ensure a closed loop for LIBs (see Figure 1), extensive research activities started about
15 years ago. Several efforts led to the development of different recycling processes, which have been
realized in a few pioneering industrial plants. All these process routes are characterized by long and
complex process chains and use a combination of mechanical and/or thermal and/or pyrometallurgical
and hydrometallurgical unit operations [10].
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Lithium-Ion 
Battery 

Production

Battery Life

Collection 
and 

Dismantling

Metal 
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Metal 
Refining

Metal Mining 
and Refining

Scrap Scrap

Discussed in
this Review

Figure 1. Closed loop for battery materials.

This paper reviews and discusses the current status of industrial metallurgical processes from
a European perspective. In contrast to existing reviews [11–17], which often focus on research at
a lower technology readiness level and specific process technologies, this review emphasizes the
complex dependencies between legal framework, economic conditions, and technical boundaries
of industrial process routes. The focus here lays on the metal extraction and metal refining from
battery cells/modules. Pre-treatment (discharging and dismantling of battery systems) is not covered
in this review. For further details on this subject, see [10,11]. Products of metal refining are metal salts,
compounds, or the respective metals, e.g., cathodes that can be used in different industries depending
on the final quality.

In the following, after a background on current and future LIBs as well as legislation is given in
Section 2, the currently pursued industrial recycling routes are presented in Section 3. In Section 4,
the recycling processes are critically discussed with respect to legislation, recovery rate, process
robustness, economics, and HSE. Section 5 summarizes the main conclusions and gives an outlook
regarding the upcoming developments.

2. Background

The LIB technology has reached a wide acceptance since its introduction and is applied in
a growing number of applications. First, it was widely applied in batteries for mobile phones
and laptops, followed by pedelecs and power tools. Nowadays, LIBs capture the markets for stationary
storage systems and electric vehicles (xEVs) [1]. Table 1 summarizes the characteristics of LIBs in
different applications.
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Table 1. Characteristics of lithium-ion batteries (LIBs) used in battery electric vehicles (BEVs), plug-in
hybrid electric vehicles (PHEVs), electric bikes (pedelecs), and mobile phones [1,11,16,18].

Characteristic BEV PHEV Pedelec Mobile Phone

Voltage U [V] 355–800 351 22.2–36 3.7
Capacity C [Ah] 60–117 26–34 8–10 0.7–1.2
Energy E [Wh] 21,000–93,000 9000–12,000 189–288 2.4–4.1
Mass m [kg] 235–680 80–135 1.3–4 0.021–0.038

LIBs are configured in cells, modules, and systems. Battery modules and especially systems
need peripheral units such as a temperature and a battery management system. Depending on the
field of application, the design of cells and modules varies considerably. Whereas applications with a
smaller battery size often use cylindrical cells due to their dimensions, prismatic cells are primarily
used for bigger battery systems, e.g., traction batteries. Pouch cells with an Al composite foil as
casing instead of a rigid Al or steel casing are used among a wide range of applications in order to
increase the energy density. In addition, battery systems without module levels are currently under
development [1,19–21].

Despite the wide range of applications and different designs for cells, modules, and systems,
the chemical composition of LIBs is similar. A typical composition of a battery system is given in
Figure 2. Here, cells form 56% of the battery system [22]. In newer LIB systems, an increase of the cell
fraction, especially when using pouch cells, is observed. The cells consist of five main components:
the positive and negative electrodes, the ion-permeable separator, the electrolyte, and a cell casing.
For a detailed explanation concerning the functionality and production of battery cells, modules,
and systems, see [1,20].

Battery System 
Periphery, 34.40%

Active Cathode 
Material (Ni:Mn:Co 

= 6:2:2), 14.80%

Cathode Foil 
(aluminium), 5.50%

Active Anode 
Material (carbon), 

8.20%

Anode Foil 
(copper), 9.20%

Electrolyte, 
Separator, 12.10%

Module Periphery, 
10.00%

Cell Housing, 
5.80%

Figure 2. Typical composition of a generic traction battery system based on data from [22].

Table 2 gives concentrations of the metals of interest and graphite for recycling in a typical xEV
battery module and their origin.
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Table 2. Fraction of specific metals and graphite in a generic battery module with an NMC
(LiNixMnyCozO2) chemistry of 6:2:2 [10].

Elemental Fraction [%] Origin

Al 25.2 Cell and module case, cathode current collector
C 12.5 Anode active material
Co,
Mn,
Ni

13.6 Cathode active material with Co (2.7%), Mn (2.7%), and Ni (8.2%)

Cu 14.0 Cables, anode current collector
Li 1.5 Cathode active material, conducting salt

2.1. Current Lithium-Ion Battery Composition

In this section, the main battery cell components, cathode, anode, electrolyte, and separator of
current LIBs are presented, since these components have the biggest influence on the recycling processes.

2.1.1. Positive Electrode (Cathode)

The positive electrode consists of the active material, which is coated on the current collector foil,
usually Al. In most cases, as binder, polyvinylidene fluoride (PVDF) with the addition of carbons as
conducting agents is used. The active material must be able to deintercalate Li ions and oxidize the
transition metals for charge balance [1]. There are three different types of cathode active materials:
layered oxides (LiMO2 with M = Co, Ni, Mn, Al), spinels (LiM2O4 with M =Mn, Ni), and phosphates
(LiMPO4 with M = Fe, Mn, Co, Ni). Commercially available active materials are presented in Table 3.

Table 3. Summary of the properties of the main commercially available cathode active materials
[1,23–25].

Cathode Active Material
Reversible Capacity

[Ah/Kg]
Specific Energy

[Wh/Kg]
Advantage Disadvantage

LCO (LiCoO2) 150 624 specific energy safety, stability and costs
NMC (LiNixMnyCozO2) 160–200 592–740 reversible capacity capacity fade
NCA (LiNi0.8Co0.15Al0.05O2) 200 740 stability safety, costs
LMO (LiMn2O4) 120 410 costs stability
LFP (LiFePO4) 160 544 costs, safety specific energy

In most markets, layered oxides are the foremost commercially used cathode active materials,
especially in traction batteries [25]. For optimized specific and reversible capacity compared to
NMC 1:1:1 and a higher thermal stability compared to NCA, the Ni-content of NMC is currently
maximized from 1:1:1 to Ni-rich compositions up to 8:1:1 [25–27]. In contrast, particularly in China,
LiFePO4 (LFP)-based batteries have been widely used in buses and xEVs, which means that in China,
significant return flows of this battery chemistry have to be expected [10].

2.1.2. Negative Electrode (Anode)

On the anodic side of the battery, the current collector foil consists of Cu and the active material
is graphite in most cases. Typically, as binder, styrene–butadiene rubber (SBR) in combination
with the polymeric thickener carboxymethyl cellulose (CMC) and carbons as conducting agents is
used [28]. Consumer applications usually use natural graphite because of the satisfactory properties
at an acceptable price. For high-energy or high-power applications, artificial graphite is used [1,25].
To combine the benefits of both, a combination is possible as well. A limited but increasing number of
cell producers include small fractions of about 5% silicon (Si) or SiO2 to increase cell energy in their
anode active material [25,29]. Furthermore, lithium titanate (LTO) is applied as anode active material
in high-power applications. In this case, Al is used as a current collector foil instead of Cu [30].
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Artificial and natural graphite have a market share of 89% while amorphous carbon has a share
of 7%, which is in total a 96% market share of solely carbon-based anodic materials. C/Six composites
and LTO share the remaining 4% market share equally [25].

2.1.3. Electrolyte and Separator

This section shortly summarizes the typically used electrolytes and separators. Electrolytes consist
of the conducting salt, solvents, and additives. They need to provide high and stable conductivity
and a manageable safety level. As electrolyte solvents carbonates, esters as well as ethers are used
commercially. State of the art are mixtures of cyclic carbonates such as ethylene carbonate (EC)
or propylene carbonate (PC) with open chained carbonates such as dimethyl carbonate (DMC),
ethyl methyl carbonate (EMC), and/or diethyl carbonate (DEC). Usually, these mixtures strongly
depend on the application of the battery [1]. Currently, new solvent components, that could for
example substitute EC, are evaluated [29].

The conducting salt in all commercially available batteries is lithium hexafluorophosphate (LiPF6).
Other possible conducting salts are lithium bis(trifluormethyl)sulfonylimid (LiTFSI) and its derivates
(e.g., lithium bis(fluorosulfonyl) imide (LiFSI)) or lithium [tris(pentafluorethyl)-trifluorphosphate]
(LiFAP), lithium 4,5-dicyano-2-trifluoromethyl-imidazolide (LiTDI), and lithium bis(oxalate)borate
(LiBOB) [1,29,31]. LiFSI and LiTDI are already commercially available [32].

Separators divide the space between the electrodes and are only permeable for ions. Four different
separator types are existent: microporous membranes, ceramic-coated separators, non-woven mats,
and solid inorganic and polymeric electrolytes. Polyolefin-based membranes currently dominate the
market for separators [1,25]. Currently, coated separators (e.g., with PVDF or ceramics) experience
increased application [26,32].

2.2. Future Lithium-Ion Battery Composition

For effective planning of recycling plants, knowledge about possible developments in the
LIB technology is crucial. Consequently, this section presents the main possible future chemical
compositions of LIB cells.

2.2.1. Positive Electrode (Cathode)

A short-term goal is to further improve NMC materials. Especially, the formation of spherical
NMC particles that have a Ni-rich core for high capacity and a Mn-rich shell for stability seems
interesting [27]. In addition, currently, a growing interest in LFP chemistries can be observed due to
their low raw material costs and intrinsic safety [21]. Li- and Mn-rich oxides are discussed in research
because of their high theoretical specific capacity and low costs. However, they are considered a
medium- to long-term development because of the need for a different electrolyte system [27,33,34]
also mentioned possible positive effects of doping or coating active material particles, which can also be
considered a long-term optimization approach. Doping can promote high specific capacity and good
long-term stability, which are two properties that usually do not appear together. Possible dopants
are cations such as Ag+, Al3+, Cr3+, Fe3+, Mg2+, Mo6+, Ru2+, Ti4+ and Zr4+, as well as anions such
as F–. Coatings such as Al2O3, AlPO4, AlF3, PrPO4, TiO2, and V2O5 are also discussed, especially for
protection measures of the particles against components of the electrolyte [27,33].

2.2.2. Negative Electrode (Anode)

Anode active materials with larger Si fractions of up to 40% or the use of tin (Sn) over Si are
in discussion [35]. Li metal is a promising anode active material in the medium term, especially for
all-solid-state batteries [1,25,29].
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2.2.3. Electrolyte and Separator

The application of standard electrolyte systems with LiPF6 will continue in the upcoming years.
According to [25], even high voltage cathode materials are suitable for that system. Solid electrolytes
that combine the functions of the separator and the electrolyte may gain importance in the long term. It is
still unclear if the advantages of solid electrolytes are strong enough compared to already commercially
functioning separators, since major technological breakthroughs are pending [25].

2.3. Legislative Framework

The recycling of batteries in Europe is regulated in the Batteries Directive (2006/66/EG) [36]. It came
into force in 2006 and is implemented in national laws by each member of the EU. In terms of LIB
recycling, the producer carries an extended responsibility and must bear the cost of collecting, treating,
and recycling. Furthermore, the directive requires a minimum recycling efficiency. All collected and
identifiable spent batteries must be treated and recycled according to the state of the art. For LIBs,
a recycling efficiency of at least 50% by weight must be achieved. Since 2006, the directive has been
amended several times, most recently in 2013 [37].

The Batteries Directive is currently under major revision, and the presentation of a draft version
of the new directive is expected in the fourth quarter of 2020 [38]. Although details have not been
published yet, increasing collection targets for consumer batteries, the introduction of element-specific
recycling quotas for Li, Co, and Ni, more specific regulations for traction batteries, as well as uniform
regulations for the calculation of recycling quotas are expected by most stakeholders. In China,
similar regulations, especially regarding element-specific recycling targets, are in force [39,40].

3. Process Chains for the Recycling of Lithium-Ion Batteries

Section 2 described the current composition of LIBs and possible future developments. From a
recycling point of view, the main challenges derive, on the one hand, from the complex material
composition including halogenic and organic compounds as well as the high energy content and, on the
other hand, from the requirements regarding high recycling rates, HSE, and economics. This results in
comparatively long and complex process chains in comparison to earlier battery generations. In the
last years, several different recycling processes have been developed, which can be classified into two
general process routes, as shown in Figure 3. The first group of processes combines pyrometallurgy
with hydrometallurgy and the second group consists of mechanical treatment prior to metallurgy.

In case of a pyrometallurgical treatment, a Co-, Cu-, and Ni-containing alloy (metallic phase) or
matte (sulfidic phase), an Al-, Mn- and Li-containing slag (oxidic phase), and a fly ash are produced.
Alloy/matte and slag can be treated by hydrometallurgy to recover the individual metals. The fly ash
is usually used as an outlet for undesirable elements such as fluorine and hence, it is landfilled.

In the second group of processes, LIBs are treated mechanically, often after a thermal treatment step.
Typical products of the mechanical process are ferrous and non-ferrous metal concentrates including
Al and Cu concentrates as well as a fraction containing the active electrode materials, which is
called black mass. The black mass can be either fed in pyrometallurgy or treated directly in
hydrometallurgy. Depending on the overall process design, the black mass requires a thermal treatment
prior to hydrometallurgy to remove the organic components and to concentrate the metal content.
In hydrometallurgy, Co, Li, Mn, Ni, and, if applicable, graphite can be recovered.

In the following, both process routes are described in further detail, see Sections 3.2 and 3.3.
For those not familiar with the applied unit operations, Section 3.1 gives a short introduction for a
better understanding.
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Figure 3. Possible process routes in the recycling of lithium-ion batteries.

3.1. Background on Processes Applied in Lithium-Ion Battery Recycling

Mechanical processes typically start with comminution aiming at liberation of the
materials/components. Afterwards, the materials/components are sorted by their physical properties
such as particle size, form, density, and electric and magnetic properties. Usually, in mechanical
processing, concentrates for further metallurgical treatment are produced [41–43].

Pyrometallurgy includes high-temperature processes such as roasting or smelting for winning
and refining metals. Roasting is the term for processes consisting of a gas–solid reaction, e.g., oxidizing
roasting, with the goal of purifying the ore or secondary raw material. Smelting means reactions that
are aiming at extracting a metal from an ore or secondary raw material. Smelting uses heat and a
chemical reducing agent to decompose the ore/secondary raw material, driving off other elements
as gases or slag and leaving the metal base behind. The reducing agent is commonly a source of
carbon [41,44]. Pyrometallurgical processes have been used for a long time in history. Pyrometallurgy
has different advantages such as high reaction rates, small plant size for a given throughput, and a
high overall efficiency. On the downside, these processes often only produce intermediates that
require further hydrometallurgical refining, require extensive off-gas treatment, and are uneconomic
for low-grade concentrates [41].

In contrast, hydrometallurgy is based on aqueous chemistry, typically at low temperatures.
Hydrometallurgical processes include three major process steps. The first one is leaching,
which describes the dissolution of the metals, in most cases with the help of an acid, base, or salt.
The second step is purification, which separates the metals via selective chemical reactions. This includes
solid–liquid reactions, e.g., ion exchange, precipitation, and liquid–liquid reactions, e.g., solvent
extraction. In the last step, the metals of interest need to be recovered from solution as a solid product,
i.e., a metal, a metal salt, or a compound, by crystallization, ionic precipitation, reduction with gas,
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electrochemical reduction, or electrolytic reduction. Hydrometallurgical unit operations often occur as
refining steps at the end of a process chain because of their ability to produce high-quality products.
Their ability to produce high-quality products is opposed by comparatively large plant sizes for a
given throughput, the need for waste water treatment, and a costlier residue management in case of
sludges in comparison to slags [41,45,46].

3.2. Pyrometallurgy with Subsequent Hydrometallurgical Treatment

The first industrially implemented process routes for LIB recycling combine pyrometallurgical
unit operations with hydrometallurgical unit operations. The processes can be divided into the
co-processing of LIBs in existing primary or secondary Co, Cu, and Ni smelters and into dedicated
plants specifically designed for LIB recycling. In the following, examples for the different process
routes are given.

3.2.1. Co-Processing in Primary and Secondary Co-, Cu-, Ni-Smelters

Due to the high fluorine, Al, Li, and organic content, LIBs are a difficult feed for conventional Co,
Cu, and Ni smelters with respect to corrosion, slag properties, energy, and mass balance. Fluorine and
Li can severely attack the refractories, and the first one is also an issue in the off-gas treatment.
Al increases the viscosity of the slag and is therefore only acceptable to a certain extent, which depends
on the applied slag system and operating temperature of the furnace. Furthermore, in addition to
the organic and graphite content, its participation in redox reactions adds a high amount of energy
to the system, which also needs to be considered. Nevertheless, some smelters accept a certain
amount of LIBs as feed material. Examples are Nickelhütte Aue GmbH (Aue, Germany) and Glencore
Sudbury INO (Greater Sudbury, ON, Canada) [47,48]. The first smelter is a comparatively small
smelter with an annual smelting capacity of 20,000 t for secondary raw materials such as Co-, Cu-,
and Ni-bearing spent catalysts, electroplating sludges, filter dusts, and ashes [49]. The second one
is capable of producing 95,000 t of Ni, Cu, and Co in matte annually, primarily from sulfidic ore
concentrates. In this case, the batteries are calcined before smelting presumably in order to reduce
the organic, graphite, and fluorine content and to avoid explosions of battery cells within the smelter.
Afterwards, the calcined batteries are fed into an electric furnace together with calcine from the primary
concentrates. Before granulation, the Fe content is reduced to about 2% by converting [48].

Both plants concentrate Co, Cu, and Ni in a matte, which is a typical intermediate in these processes.
The Al, Li, and Mn content of LIBs is mainly transferred to the slag phase. As a result of the low LIB
fraction in the feed, Li is highly diluted in the slag and therefore difficult to recover. The organic content
and graphite are utilized as fuel and reductants. Halogens are captured in the off-gas treatment [48,49].
The matte is further refined by hydrometallurgy.

For the matte treatment, three main routes exist, which are based on oxygen–sulfuric acid, chlorine,
and ammonia–air leaching [50]. The first two options are presented exemplary in the following,
since they are currently applied by Nickelhütte Aue GmbH (oxygen–sulfuric acid leaching [49]) and
Glencore Nikkelverk AS (Kristiansand, Norway) (chlorine leaching [50]).

Matte Processing at Nickelhütte Aue GmbH (Aue, Germany)

Nickelhütte Aue GmbH operates a comparatively small hydrometallurgical plant and produces
approximately 3900 t Ni per year and smaller amounts of Co and Cu [49]. A simplified flowsheet is
given in Figure 4.
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Figure 4. Simplified flowsheet of Nickelhütte Aue GmbH based on [49].

Matte processing starts with comminution followed by pressure oxidation leaching at 6 to 8 bar.
Afterwards, impurities are removed prior to solvent extraction. For example, Fe is precipitated as
goethite (FeOOH) by using H2O2 as an oxidizing agent and basic nickel carbonate for pH adjustment.
Leaching and precipitation residues are recirculated into the smelter. Co, Cu, and Ni are separated and
purified by several solvent extraction circuits. Depending on the process configuration, cobalt sulfate,
nickel sulfate, nickel carbonate, nickel chloride, and copper sulfate are produced in electroplating
grade or similar [47,49].

Matte processing at Glencore Nikkelverk AS (Kristiansand, Norway)

The Nikkelverk refinery [50,51] produces Cu, Co, and Ni electrodes, H2SO4 as well as by-products
such as platinum group metals (PGMs). It treats matte from the Sudbury smelter (Canada) and other
sources and has an annual capacity of 4700 t Co, 39,000 t Cu, 92,000 t Ni, and 115,000 t H2SO4. Table 4
gives the general composition of the matte. A simplified flow sheet of the complex process is shown in
Figure 5.

Table 4. Composition of mattes entering Glencore Nikkelverk AS [50].

Component Composition of Converter Matte [wt %]

Ni 38–54
Cu 18–36
Fe 2.5
S 22–23

Co 0.9–2.2
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Figure 5. Simplified flowsheet of Glencore Nikkelverk AS refinery adapted from [50,51].

In the Nikkelverk process, the ground matte is pulped with solution from Ni electrowinning
and fed to a multistage leaching operation. In the first stages, chlorine gas is injected. At this stage,
the principal reactions are the dissolution of Ni3S2 and Cu2S to yield Ni and Cu in solution and
elemental sulfur in the residue. The reactions are exothermic and maintained at the boiling point.
Afterwards, the slurry is transferred to autoclave leaching, which is operated at 150 ◦C. These conditions
favor the following metathesis reaction

NiS(s) + 2 CuCl(aq) 150 ◦C→ NiCl2(aq) + Cu2S(s) (1)

to separate Cu from Ni and Co. A further reduction of the Cu concentration to less than 0.5 g/L is
achieved by precipitation using fresh matte as precipitant. The occurring chemical reactions are similar
to Equation (1).

Subsequently, the slurry is washed and filtered. The residue, which contains about 50% Cu, 5% Ni,
40% S, 1% Co, and 1% Fe is transferred to the Cu roaster. The solution, which contains about 220 g/L Ni,
11 g/L Co, 7 g/L Fe, and 0.5 g/L Cu, is pumped to Fe removal.

Fe is precipitated from the solution as Fe(OH)3 by using chlorine to oxidize Fe2+ to Fe3+ and
NiCO3 to raise the pH. After filtration, cooling, and gypsum removal, Co is extracted from the solution
by solvent extraction. Before Co is recovered by electrowinning from the strip solution, the solution
is purified by ion exchange and activated carbon to remove Zn and trace amounts of Cu as well as
entrained organics.

The extraction raffinate, which contains 220 g/L Ni, 0.25 g/L lead (Pb), and 0.2 g/L Mn, is pumped
through carbon columns to remove entrained organics from solvent extraction and is further purified
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by the precipitation of undesired metals such as Pb and Mn with NiCO3 and chlorine gas. The purified
solution is diluted to 65 g/L and fed to Ni electrowinning. The solution from electrowinning contains
about 54 g/L Ni and is recycled.

The residue from Cu precipitation is roasted in a fluidized bed reactor to produce a calcine of CuO
and SO2 gas, which is sent to a double-adsorption H2SO4 plant after cleaning. The calcine is mixed
with solution from Cu electrowinning and fresh acid to yield Cu into solution. After purification of
the leach solution, Cu is recovered by electrowinning. A bleed is withdrawn from this stream and
returned to chlorine leaching to remove Ni from the Cu circuit. PGMs are recovered from the residue
of Cu leaching. Further details are given in [50,51].

3.2.2. Dedicated Processes

In contrast to co-processing, dedicated pyrometallurgical processes for LIB recycling are specifically
developed for the treatment of LIBs. The processes enable the enrichment of Li in the slag, and the
furnaces are designed to handle the highly corrosive feed material. Furthermore, the off-gas treatment
is dimensioned to capture the high amounts of halogenic and organic compounds. Nevertheless, also in
dedicated processes, LIBs are often co-processed with other feed materials in order to meet a suitable
energy and mass balance as well as to enable sufficient plant utilization in this emerging market.

One of the most prominent examples is Umicore SA (Belgium), which operates a semi-industrial
furnace at Hoboken (Belgium) with a capacity of 7000 t/year [52]. Umicore announced an increase of
its recycling capacity by a factor of approximately 10 by the mid-2020s [53]. During the last 15 years,
Umicore has published several patents regarding LIB recycling. Although little is known about the
exact current direction, the history of patents indicates various changes regarding process design as
well as furnace technology. In principal, all process options produce one or two alloys containing Co,
Cu, and Ni, a Li-bearing slag, and a fly ash phase. Regarding process design, two principal flow sheets
were published in the patents, which are shown in Figure 6.

Figure 6. Simplified flowsheets of the two different processes published by Umicore SA based
on [54–57].

According to the patent history, the first approach was to produce a Co/Cu/Ni alloy and a
Li-bearing slag using a single-furnace process (Figure 6, left). The first patents, e.g., [54,55], describe the
use of a shaft furnace, in which Co/Ni-bearing batteries (LIB and NiMH batteries) and other materials
are fed together with slag formers, mainly CaO and SiO2, and coke as a reductant. A shaft furnace was
chosen in order to take advantage of the temperature gradient over the packed bed. The temperature
of the batteries is slowly increased by the rising counter current gas generated in the smelting
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and reducing zone. Therefore, the electrolyte is slowly evaporated in the upper part of the bed
(pre-heating zone), which lowers the risk of battery explosions. The furnace is operated at a
comparatively high bath temperature of about 1450 ◦C, which is necessary to keep the viscosity of the
Al-rich slag system sufficiently low.

According to [56], the drawbacks of the process are a very high coke consumption, which is
necessary to carry out the reduction and to keep the packed bed sufficiently porous. Furthermore,
the occurrence of size segregation in the shaft leads to an increased pressure drop over the packed bed,
and large quantities of fines are carried over with gases, resulting in problems at the bag house. In order
to solve these problems, [56] suggests the use of a bath smelting process instead of a shaft furnace.
Due to the rapid heating of the battery cells in the molten bath, the batteries are susceptible to violent
explosions, which can damage the lining. Therefore, and as protection against chemical attack, the bath
smelter is equipped with freeze lining at the bath level. The operating temperature is again about
1450 ◦C, and SiO2 and CaO are added to the feed in order to flux the Al.

The latest patent family indicates a change in direction (Figure 6, right). Instead of a fully dedicated
process for Co/Ni-containing batteries, [57] suggests the processing of Co-bearing batteries and their
scraps in a converter furnace together with Cu or Cu/Ni matte in order to produce a crude Cu/Ni alloy
and a Co- and Li-bearing slag. Co can be recovered from the slag either by hydrometallurgy or by
deep reduction, producing a crude Co metal phase and a Li-bearing slag.

The advantages of this approach are the ability to treat variable amounts of battery scrap in
large-scale installations, an increased flexibility to meet a suitable energy and mass balance, as well
as the pyrometallurgical separation of Co from Ni, which probably allows the hydrometallurgical
refining of Co in existing plants designed for the refining of cobalt hydroxide produced from the
African Cu/Co belt.

Processing of the Alloy

The further hydrometallurgical processing of the Co-, Cu-, and Ni-containing alloy is conducted
in plants similar to those described in Section 3.2.1. Umicore produces a variety of Co and Ni products,
including battery grade chemicals and cathode materials for LIBs [52,58].

Processing of the Slag

The Li content of the slags is comparable to the Li content of spodumene concentrates, which are
beside Li-containing brines the major commercial source for Li [59]. In addition, the chemical
composition shows similarities; see Table 5. Besides the listed oxides, minor amounts of Fe and Mn
oxides occur. Therefore, an economic extraction might be feasible in comparison to slags with lower Li
concentrations from co-processing plants.

Table 5. Composition of Li-rich slag and spodumene concentrate [59–63].

Component Li-Rich Slag [wt%] Spodumene Concentrate [wt %]

Li2O 8–10 ca. 7
Al2O3 38–65 24.5–29
CaO <55 0.1–0.5
SiO2 <45 60–65

The extraction of Li from different slag compositions was investigated in the research project
Lithium-Ion Battery Initiative (LiBRi) [64] as well as by [58]. A general flow sheet of the developed
process is given in Figure 7.

In a first step, the slag is milled to obtain a micrometer-sized powder. Then, this powder is leached
in H2SO4 or HCl at 80 ◦C. Good Li yields are obtained with both media at a free acid concentration
of approximately 10 g/L. In order to ensure good filtration, the leach solution is neutralized to
obtain a solution at pH 5. Al, the main impurity in solution, is removed under these conditions.
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Several neutralization agents can be used. In a sulfate medium, CaO has the advantage that CaSO4

is formed, which reduces the salt load of the solution. In a chloride medium, NaOH is preferred over
CaO because Ca is more difficult to separate from Li. Na2CO3 can be used as a neutralization agent
in both media but could decrease the Li yield of the process if it is already used in this stage of the
flowsheet. After the removal of Al by filtration, it is advantageous to increase the Li concentration in
solution by using the filtrate again in the next leach operation a few times until the Li concentration is
high enough for the next steps. When the desired Li concentration is reached, the leach solution can be
essentially purified of other metals by precipitation between pH 9 and pH 10 with Na2CO3. This is an
efficient way to remove Ca and Mg by forming their carbonate salts. Ca and Mg carbonate salts are less
soluble than Li2CO3. Finally, pure Li2CO3 is precipitated at high temperature (between 80 and 100 ◦C)
and pH > 10. The solubility of Li2CO3 decreases at higher temperature and higher Na2CO3 content.
Moreover, the Li yield in this step increases at higher initial Li concentration. Therefore, the yield can
be improved if water is removed from the solution prior to precipitation, e.g., by evaporation [58,64].

Figure 7. Simplified flowsheet for the production of Li2CO3 adapted from [58].

Investigations by [64] showed that silica management is of paramount importance. Under certain
conditions, the dissolution of silica leads to gel formation, resulting in severe filtration problems and
low yields. Overall Li yields under favorable conditions were reported to be between 60% and 70%.

Another critical issue is residue management. Due to the low Li content of the slags, the amount
of residue from the leaching and precipitation of impurities is high. The disposal of such residues is
restricted in Europe and is associated with high costs.

A possible solution to this problem is the application of the slags as a neutralization agent instead
of conventional Ca-based agents in spodumene processing as described in [65]. Furthermore, this
bypasses the need to establish a specific process for comparatively low amounts of slag. Spodumene is
a pyroxene mineral consisting of lithium aluminium inosilicate (LiAl(SiO3)2). A simplified spodumene
processing flow sheet is given in Figure 8.

After spodumene ores have been mined, concentrated, and comminuted, the finely divided
material is submitted to a first high-temperature treatment step during which α-spodumene is
converted into β-spodumene. Following the phase transformation, the material is mixed with H2SO4

and submitted to a roasting step that aims to liberate the Li from the mineral. This step is performed at
250–300 ◦C with an excess of acid with respect to Li.

The roasted material is subsequently mixed with water, upon which the Li2SO4 dissolves, together
with the free H2SO4. Next, a conventional neutralizing agent such as CaCO3, CaO, or Ca(OH)2 is
added to neutralize the free acid and to precipitate a number of impurities.

Typically, the neutralization step is performed at a pH of 5 to 6 to remove impurities such as Al,
Si, and Fe from the solution. A solid–liquid separation step is applied to separate the crude Li2SO4

solution from the residue that mostly contains aluminum silicates, gypsum, and precipitated impurities.
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Then, further purification steps are applied for the removal of Ca, Mg, and other impurities before Li
precipitation as carbonate or hydroxide.

Figure 8. Simplified flowsheet of spodumene processing with partial replacement of Ca-based
neutralizing agent based on [59,65].

In the described process, the Li-bearing metallurgical slag is used to substitute part of the
conventional neutralizing agent. In this neutralization step, most of the Li in the slag is released
and supplements the Li liberated from the spodumene. To ensure the optimum release of the Li
from the slag, it is preferred to neutralize with Li-bearing slag up to a pH of less than 4. Above,
it is recommended to proceed with a conventional neutralization agent to reach a pH between 5
and 7. So far, no information has been published about the industrial implementation. According
to information published in the patent, overall Li yields around 90% from the slag are achievable,
which is comparable to Li yields from spodumene concentrates [59].

3.3. Mechanical Processing with Subsequent Metallurgical Treatment of Black Mass

Apart from the process chains presented in Section 3.2, LIBs can be processed using a combination
of mechanical treatment with pyrometallurgical and/or hydrometallurgical treatment of a certain
fraction, which is called black mass. Specialized hydrometallurgical treatment of the black mass can
either lead to intermediate products that can be fed into the hydrometallurgical processes described
in Section 3.2 or directly to high-grade products. In the following, examples for the different process
routes are given.

3.3.1. Mechanical Treatment

In most cases, LIBs undergo a thermal treatment, e.g., pyrolysis, before mechanical treatment
in order to reduce the energy content in a controlled way, to eliminate the organic components and
to reduce the halogenic content [19,66–68]. This process usually takes place at around 500 ◦C and is
limited by the melting point of Al (660 ◦C) [69,70]. Afterwards, the pyrolyzed batteries can be treated
mechanically without fire hazards.

Mechanical treatment starts with comminution. Afterwards, the crushed material is sorted by its
physical properties using unit operations such as sieving, sifting, magnetic, and eddy current separation.
Common fractions are an Al/Cu foil fraction (conducting foils), coarse non-ferrous metals (Al
from casings, Cu), coarse ferrous metals (casings, screws), and a fine fraction called black mass
(active electrode materials) [10,22,71].

Alternatively, a few companies follow different approaches without thermal treatment in order
to avoid the complex thermal pre-treatment, which requires comparatively high throughputs to be
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economic. In this case, specific safety measures are mandatory to prevent explosion and ignition during
the mechanical treatment [72]. One possibility is crushing under inert atmosphere, e.g., N2, CO2, or Ar,
and a subsequent removal/recovery of the volatile components, e.g., by vacuum distillation [73,74] or
drying at moderate temperatures. However, possible drawbacks are high costs for volatile organic
component (VOC) abatement, low black mass yields, and high levels of cross-contamination with
black mass and organic components. The latter is mainly because of an insufficient detachment of the
active materials from the foils resulting from the strong bonding, which cannot be destroyed by purely
mechanical processes [70,75].

Another possibility is comminution in a solution, e.g., in a slightly alkaline medium [76,77].
These processes have to deal with organic wastewater pollution, corrosion, wet product fractions,
and also low black mass yields.

With the exception of black mass, all product fractions can be fed into established industrial
recycling processes. Black mass is a relatively new intermediate product on the market and the most
valuable fraction of the mechanical processing due to the Co and Ni content. It contains mainly the
active electrode materials, i.e., graphite and Li transition metal compounds containing Co, Ni, and Mn.
Further components are the fluorine containing conducting salt or its degradation products and several
impurities such as Cu, Al, and Fe. Concentrations ranges of major black mass components produced
from layered oxide chemistries are given in Table 6.

Table 6. Concentration ranges of major black mass components produced from layered oxides
chemistries (see Section 2), adapted from [69,78,79]. LiPF6: lithium hexafluorophosphate, PVDF:
polyvinylidene fluoride.

Elements Content [wt %] Origin Appearance

Al 1–5 conducting foil, NCA metallic, oxidic
Co 3–33 LCO, NMC, NCA oxidic
Cu 1–3 conducting foil metallic
Fe 0.1–0.3 casing, screws, etc. metallic
Li 3.5–4 LCO, NMC, NCA, LiPF6 oxidic

Mn 3–11 NMC oxidic
Ni 11–26 NMC, NCA oxidic

Graphite ca. 35 anode -
F 2–4 LiPF6, PVDF -
P 0.5–1 LiPF6 -

In case of LFP, Fe und P can be significantly higher than shown in Table 6. Without thermal
treatment, the concentrations will be lower due to dilution by the organic content (solvent residues,
binder and separator residue).

3.3.2. Metallurgical Processing of Black Mass

The black mass can either be fed into pyrometallurgical routes, described in the previous Section 3.2,
or directly treated by hydrometallurgical methods. Both approaches are pursued industrially. Due to
its unique composition and highly variable chemistry, the black mass does not fit into most available
metallurgical processes. Furthermore, besides Co and Ni, the recycling of most other elements is under
research and development, and an industrial implementation still pending.

Compared to batteries, the black mass fits better in most pyrometallurgical processes due to the
significantly reduced Al and organic content and higher Co and Ni concentrations. Nevertheless, the
fluorine and Li content lead to corrosion problems, and the efficient recovery of Li is still an issue.

In hydrometallurgy, a distinction can be made between two alternatives. The first one is the
production of intermediates by leaching and precipitation with the aim of producing a Co/Ni and
a separate Li product for further processing in existing refineries. The second one is the direct
production of high-grade products by more complex processes. Compared to pyrometallurgy,
the hydrometallurgical treatment of black mass can enable the recovery of more materials, i.e., Mn,
graphite (and Li). However, it faces challenges regarding fluorine, Mn control, an efficient recovery of
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Li, and the production of a marketable graphite product. Additionally, the processes are sensitive to
organics because of the resulting contamination of process water and possible interference with the
organic phase of solvent extraction processes. Therefore, typically only black mass from processes,
which include a thermal treatment, is used as feed material.

Production of Intermediates

Due to the limited amount of black mass in Europe, currently, no specialized processes to produce
high-grade products from black mass are in operation. Instead, the production of intermediates in
pilot plants or treatment in existing variable plants can be observed.

These processes are typically based on leaching and precipitation and focus on the separation
of Co and Ni from Mn, as most Co and Ni refineries can tolerate only limited amounts of Mn [80].
If the black mass still contains graphite after roasting, graphite can be recovered after leaching [12].
In addition, the production of Mn and Li intermediates is possible but only carried out in a few cases
due to economic reasons. Possible flowsheets based on common precipitation processes are presented
in Figure 9.

Precipitation 
Alternative I

Precipitation 
Alternative II

Figure 9. Simplified flowsheet for the hydrometallurgical route for the production of intermediates
based on [12,80].

The leaching of active electrode material can be done with various acids [12]. In most cases,
H2SO4 at elevated temperature assisted by H2O2 is used. Due to the fluorine content of most black
masses, the formation of hydrofluoric acid takes place. This issue is discussed in the next section.
Impurities such as Al and Fe can be precipitated as hydroxides. The separation of Co and Ni from Mn
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is a common challenge in the primary production of non-ferrous metals. In case of high Mn content,
sulfide precipitation of Co and Ni is often performed utilizing the high selectivity of the reaction.
Afterwards, Mn can be precipitated for example as carbonate (Figure 9, left) [66,80].

Alternatively, a selective precipitation of Mn as MnO2 might be applied after leaching
(Figure 9, right). Typically, the reaction requires a strong oxidizing agent such as ozone, Caro’s acid,
or hypochlorite. However, Co losses in the Mn precipitate can be very high: up to 25% according to
the literature [80]. According to [80], better results can be achieved using SO2/air mixtures. Co losses
below 0.5% were reported. Co and Ni can then be precipitated, e.g., as carbonates. For the precipitation
of Li, Li2CO3 is the preferred compound in case of intermediates [59].

Direct Production of High-Grade Products

Currently, the production of high-grade products from black mass and similar production
waste only takes place in Asia due to the sufficient amount of available feed material, especially
production wastes, as most battery producers are located in Asia [71,81]. Nevertheless, several
European companies work on comparable processes, as European battery cell production is expected
to increase significantly within the next years [82]. Most companies follow a similar process structure
given by the chemistry of the elements and commercially available extractants for solvent extraction.
A typical example with possible variants is shown in Figure 10.

 

Li recovery 
Alternative I

Li recovery 
Alternative II

Transition metals recovery 
Alternative II

Transition metals recovery 
Alternative I

Leaching 
Alternative II

Leaching 
Alternative I

Figure 10. Simplified flowsheet of the process at JX Nippon Mining & Metals Corporation (left) based
on [66] and process alternatives for leaching, transition metal recovery, and Li recovery (right) based
on [83,84].
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In comparison to the production of intermediates, these processes typically include solvent
extraction to separate and purify the metals of interest. Therefore, the necessary investment and
process complexity are high, but the processes enable a much higher product quality and added value.

For the production of high-grade products, Figure 10 shows simplified flowsheets. The left
side shows the proposed process of JX Nippon Mining & Metals Corp. (Tokyo, Japan). It consists
of leaching, precipitation, solvent extraction, and electrowinning. The metals are leached in H2SO4.
In the following, impurities such as Al and Fe are removed via precipitation. Then, the purified leach
liquor is fed into solvent extraction circuits to recover each transition metal individually. First, Mn is
extracted with di-(2-ethylhexyl)phosphoric acid (DEHPA) and precipitated as manganese carbonate.
After that, Co extraction is performed with a dialkyl phosphinic acid and Ni extraction is performed
with a carboxylic acid. Co and Ni are recovered by electrowinning as pure metals. At last, Li is
precipitated as Li2CO3 [66].

One concern when processing black mass is the formation of hydrofluoric acid during leaching
due to the significant amount of fluorine in the black mass; see Table 6. The hydrofluoric acid requires
measures concerning HSE. Moreover, it can cause corrosion and act as a complexing agent for certain
metals such as Al, which leads to different chemical behaviors of these elements. However, so far, little
has been published about the exact behavior of fluorine in such processes and possible measures. [66]
suggests addressing this problem by precipitation, presumably as calcium fluoride (CaF). However,
according to [85], the precipitation of fluoride as CaF is pH dependent and only takes place to a
certain extent below pH 7. Furthermore, the co-precipitation of gypsum can be expected, and another
cation is added to the system, leading to a higher impurity profile. The German battery recycling
company Duesenfeld GmbH developed and patented an alternative approach, in which the black mass
is digested with concentrated H2SO4 at elevated temperatures. In this process step, the fluorine is
removed as hydrogen fluoride via the gas phase, and the metals are converted to water-soluble sulfates.
The gas phase is scrubbed to remove hydrogen fluoride, and the dry digestion product is subsequently
leached with water [83]. The advantages of an early-stage fluorine removal are opposed by higher
requirements regarding reactor design and materials of construction. Another option to handle
the fluorine content might be selective washing of the black mass under mildly alkaline conditions.
The removal of halogens by selective washing is industrial practice, e.g., for Waelz oxide and fly
ashes [86,87].

Another concern in the hydrometallurgical processing of black mass is the handling of Mn.
From a circular economy point of view, the recovery of Mn is desirable, but it is challenging from an
economic point of view. In the left flowsheet, the solvent extraction of Mn is a necessary purification
step prior to the extraction of Co and Ni for chemical reasons. However, the revenues of the Mn
product do not cover the costs of the solvent extraction process, which is therefore subsidized
by the Co and Ni revenues. An alternative is the use of a dialkyl dithiophosphinic acid such as
bis(2,4,4-trimethylpentyl)dithiophosphinic acid as extractant [80,88]. This configuration enables a
selective Co and Ni extraction in the presence of Mn. After the extraction, Mn can be recovered by
precipitation. However, the extractant is difficult to handle, as it is highly sensitive to oxidation and
metal poisoning [89]. Therefore, its industrial use is limited.

In Figure 10, Co and Ni are won from the strip solution by electrowinning. Alternatively, the direct
crystallisation of metal salts is possible. However, the starting materials for high-purity metal salts are
often metal cathodes, as the electrowinning process provides an additional refining step [90].

In the left flowsheet, Li is directly recovered by precipitation as a carbonate. Due to the low
Li concentration and an unfavorable Na:Li ratio, which results from the use of caustic soda as a
neutralizing agent in solvent extraction, low yields and product quality can be expected. A possible
solution to this problem might be the extraction of Li, using the newly developed phosphorus-based
extractant Cyanex 936P (Solvay SA, Brussels, Belgium), which shows a high selectivity for Li over
other alkaline metals [91]. From the strip solution, the Li can be precipitated as carbonate or directly
converted into a LiOH product using electrolysis and crystallization [84,92]. This technology has been
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developed to extract Li from brines, and its application in recycling has not been proven so far. Due to
the discussed difficulties, an earlier extraction of Li from the black mass is of high interest and is
addressed in various research and development projects. Examples are the selective carbonation of
Li [93,94] and the application of ion-selective membranes [95,96].

So far, graphite is not recovered in industrial processes, although it is often present in the black
mass and can principally be recovered after leaching. Currently, several companies and research
groups are working on the material recycling of graphite. Prerequisites for a graphite recovery are
appropriate temperatures/atmosphere during the thermal treatment to prevent the loss of graphite and
a sufficient removal of impurities to meet the specifications of established graphite products [12].

4. Discussion

In the following, the processes presented in Section 3 are going to be critically discussed from a
European perspective based on the categories legislation, recovery rate, robustness, economics, and
HSE. Compared to Asia, the battery production capacity in Europe is still small, but it is characterized
by high growth rates. Hence, currently, only low amounts of production scrap are available. Due to
projected production capacities of up to 2000 GWh in 2029 worldwide, thereof 500 GWh in Europe,
sharply increasing quantities of production scraps can be expected within the next years. As a result
of the complex production process, 5% to 10% of the production capacity end up as production
scrap [97,98]. Within the next years, production scrap will be the main feed for LIB recycling plants.
The available amount of end-of-life batteries is also currently low and dominated by consumer batteries
(8200 t in 2020 according to [99]). The return flow of traction batteries is slowly increasing due to their
long lifespan and is estimated to reach about 50,000 t/a in 2025 in Europe [100].

Consequently, the recycling in Europe currently takes place in small plants or co-processing plants.
Therefore, the costs for recycling are still high, but they are expected to decrease significantly when
higher recycling capacities are installed.

4.1. Legislation

In Europe, the legislative framework for the LIB recycling is defined by the Batteries Directive
(2006/66/EG) from 2006. Due to the limited application of LIBs in the early 2000s, the recycling of LIBs
from xEVs is not specifically addressed. Therefore, the Batteries Directive is currently under revision.
From a processing point of view, an increased mass specific recovery rate as well as the introduction of
specific recovery rates for individual metals would have the biggest influence. The current required
recovery rate of 50 wt % is easily achieved in case of battery systems due to a relatively high fraction of
peripheral materials such as the Al casing; see Figure 2.

In general, pyrometallurgy with subsequent hydrometallurgy will be more affected by increasing
requirements regarding mass specific recovery rates due to their focus on Co, Cu, and Ni and the loss
of metallic Al, Mn, non-metallic components, and Li in some cases (see Section 4.2.1). In contrast, a
mechanical treatment enables a higher material recycling rate. Therefore, new process combinations,
e.g., the separation of Al and Fe casing prior to pyrometallurgy, might be necessary in the future to
balance the individual advantages and disadvantages.

One further legislative framework, which might influence the recycling of LIBs, is the European
Union Emission Trading Scheme. Currently, the influence is low but it is expected to grow with
increasing CO2 prices. However, it is unclear which price level will be necessary for a significant
steering effect, which processes will have a competitive advantage, and how the CO2 price will
influence the competitiveness of the European LIB recycling industry.

4.2. Recovery Rate

As presented in Section 2, batteries contain various metallic and non-metallic components.
Currently, due to economic and thermodynamic reasons, many processes focus on the high recovery
rates of Co, Cu, and Ni. Li recovery is still a challenge due to thermodynamic reasons despite its
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economic value and political interest. There is less focus on Al and Mn, but the first one is partly
recovered in mechanical processes. So far, non-metallic components such as graphite and the solvents
of the electrolyte are not recovered with a few exceptions. Depending on future legislations, the
recovery of non-metallic components might be of interest to comply with required mass specific
recovery rates, especially in case of battery chemistries with low Co and Ni contents such as LFP.

4.2.1. Pyrometallurgical with Hydrometallurgical Processing

Pyrometallurgical processes achieve high yields for Co, Cu, and Ni (>95%) [55,101]. Li can
only be recovered in dedicated processes, in which a concentration of Li in the slag is realized.
Consequently, co-processing plants have major disadvantages if a specific Li recovery rate is required
by law. Al and non-metallic components are utilized as reductant and fuel and therefore substitute
primary energy sources. Mn mainly reports to the slag, which can be used as a construction material
or dumped.

In hydrometallurgy, metal losses for Co, Cu, and Ni are very low (<5%), which results in high
overall recovery rates for these process routes. For Li recovery from the slag, no industrial process data
are available. The literature indicates possible recovery rates for Li from the slag of around 90% [65].
However, the overall Li recovery is presumably lower as Li is partially fumed in pyrometallurgy
according to [56].

4.2.2. Mechanical with Metallurgical Processing

Mechanical processes with subsequent hydrometallurgy enable the recovery of more elements and
materials. Typically, mechanical processes produce different ferrous and non-ferrous metal concentrates.
A high black mass yield is of paramount importance for economic reasons and in order to
minimize the cross-contamination of other product fractions with carcinogenic Co/Ni-containing dusts.
According to [75], processes with thermal pre-treatment of LIBs prior to mechanical processing reach
black mass yields of up to 95%, whereas the yield in processes without thermal pre-treatment is
significantly lower.

Whereas Al and Cu concentrates can be fed into established recycling processes, the black mass
is a new type of concentrate, which requires at least the adaptation of existing processes due to the
unique combination of metals and the fluorine content.

If the black mass is fed into pyrometallurgy, treatment follows the above (see Section 4.2.1)
described processes with its respective advantages and disadvantages. In contrast, black mass
processing in hydrometallurgy offers the possibility to recover more materials, especially graphite,
Mn, and Li. However, the recovery of graphite and Mn are not established industrially due to
economic reasons. Li recovery takes place in some plants, especially in Asia [102]. Industrial recovery
rates of Li are not known but presumably lower than those of Ni or Co.

4.3. Robustness

High process robustness is a prerequisite for the long-term economic success of large-scale
installations. As a result of the constant development of LIBs, the processes must be able to deal with
changes in LIB design, chemistry, and size. Furthermore, especially in the case of consumer batteries,
recycling processes need to be robust toward missorting. Another aspect concerning the process
robustness is the required pre-treatment, especially discharging, as some batteries cannot be discharged
for safety reasons, e.g., damaged batteries, or economic reasons, e.g., consumer batteries.

4.3.1. Pyrometallurgical with Hydrometallurgical Processing

Pyrometallurgical processes are generally robust. They are usually able to treat all kinds of LIB
scraps within certain limitations, coming from LIB production as well as end-of-life. Discharging is
not mandatory and only pursued by some battery recyclers in case of battery systems to enable a
safe dismantling. Exceptions are LIB chemistries with low Co and Ni content, as these processes are
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primarily designed for the recovery of Co, Ni, and Cu and battery modules, which exceed a certain size
and weight limit, depending on the applied furnace technology. In this case, a mechanical pre-treatment
is necessary in order to achieve a size reduction, which allows feeding without damaging the furnace.
Most critical elements are safely removed via the gas phase—for example, halogens or volatile toxic
heavy metals such as mercury (Hg) or cadmium (Cd) from missorted batteries. Other metals of
low economic value and high affinity to oxygen such as Mn or Ti are transferred to the slag phase.
Nevertheless, the halogenic and Li content are challenging with respect to corrosion. Due to the high
energy content, the share of LIBs in the feed is limited. However, mixing different feed materials
allows the production of a homogeneous alloy or matte phase for the subsequent hydrometallurgical
processing. Due to the above-mentioned pyrometallurgical separation, changes in LIB chemistry are
less likely to affect the hydrometallurgical treatment.

4.3.2. Mechanical with Metallurgical Processing

Mechanical processes combined with metallurgical processes are generally less robust. In these
kinds of process routes, the higher recovery rates, especially of non-metallic materials, often lead to a
high process sensitivity. Therefore, processes with a thermal treatment prior to mechanical treatment
are predominant.

If current LIBs undergo thermal treatment prior to mechanical processing, sufficient yields and
product qualities are achieved. Future LIB generations might require process adaptations. Without
thermal treatment, the organic content leads to a more complex mechanical treatment with respect to
the risks of fire and explosion. In the case of dry processing, discharging of the LIBs is mandatory.
Furthermore, product yield and quality might suffer from organic contamination and insufficient
detachment of the electrode coatings. In both cases, the missorting of batteries leads to the contamination
of products, which is especially critical in case of Cd, Hg, and Pb.

The direct treatment of the black mass in hydrometallurgy is more challenging than the treatment
of an alloy or a matte. The reasons are higher levels of contaminants and a less homogenous feed
material. Organic contaminants are typically removed via thermal treatment as organic components
can interfere with solvent extraction and require additional wastewater treatment.

In contrast to pyrometallurgical processing, mechanical processing achieves a lower separation of
elements, leading to higher separation effort in hydrometallurgy. Especially, fluorine, Mn, and trace
elements lead to additional process steps to achieve high product qualities. Heterogenic feed material
makes process control more challenging, especially in solvent extraction and with respect to impurity
control. Due to the changing chemistry of batteries and various doping elements (see Section 2), there is
an elevated risk for the enrichment of contaminants in the solvent extraction circuits.

4.4. Ecomonics

Currently, in Europe, most LIBs have a negative market value due to new and complex processes,
high research and development expenses, and small plants. In the upcoming years, the market value
of LIBs is expected to increase in case of Co- and Ni-containing chemistries because of the growing
number of competitors operating larger plants. LFP batteries will presumably continue to have a
negative market value.

Possible revenues mainly result from Co, Ni, Cu, and Li while other materials are of minor
importance; see Table 7.

Figure 11 shows exemplarily possible revenues from one ton of black mass assuming a NMC
6:2:2 chemistry and 100% yield of each element based on the prices given in Table 7. For graphite,
a low-quality product was assumed. It can be clearly seen that Co, Ni, and Li dominate the revenues
under current market conditions. Other elements and components are only of minor importance or
even generate costs, which is the case with fluorine and organics.
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Table 7. Prices of materials based on an average 03/2019–02/2020 [103,104].

Material Price Average [US$/t] Quality

Al 1773 high grade primary
graphite (industrial use) 300–500 amorphous (<106 μm), 94–97%
graphite (battery applications) 2500–3000 large flakes (150–300 μm), >99%
Co 38,034 electrolytic, 99.8%
Cu 5965 grade A
Li2CO3 11,900 min. 99–99.5%
Mn 1776 electrolytic, 99.7%
Ni 14,085 primary 99.8%

Aluminum, 0.6%

Cobalt, 30.1%

Copper, 1.4%

Lithium 
Carbonate, 

32.1%

Manganese, 
1.4%

Nickel, 33.4%

Graphite, 1.7%

Total revenue:
8,400 US$/t black mass

Figure 11. Theoretical revenue distribution of black mass with NMC 622.

4.4.1. Pyrometallurgical with Hydrometallurgical Processing

Generally, large-scale pyrometallurgical processes are highly cost efficient to treat complex
secondary raw materials. In case of LIBs, the available quantities are presently low. Therefore,
co-processing has a larger market share than the treatment in dedicated plants. In the future, this is
expected to change because dedicated plants are able to enrich Li in the slag in addition to Co, Ni,
and Cu in the alloy/matte and are better adapted to the specific challenges. Nevertheless, the economic
Ni and Co dependency of such processes is high. Under current market conditions, the use of carbon
and organics as reductants and fuel as well as the separation of Mn from the other transition metals
seems to have economic advantages.

In the subsequent hydrometallurgical treatment of the intermediates, Co, Ni, and Cu can be
recovered in established plants. At present, Li recovery from the slag is not established industrially
but it is expected to be introduced with increasing available amounts. The costs for Li recovery are
unknown, but based on the described processes, it can be assumed that the costs will be in the range
of spodumene processing or even lower. According to [105], the processing costs from spodumene
concentrates are around 4500 US$/t lithium carbonate equivalent (LCE).

4.4.2. Mechanical with Metallurgical Processing

Compared to the process described above, a higher number of materials can be recovered
in mechanical processes in principle. However, it is unclear whether this translates to economic
advantages under future market conditions.

In most cases, a cost-intensive thermal removal of organics takes place before comminution.
Compared to smelting, the metals are concentrated but not separated.
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The main advantages of this approach are the (partial) recovery of Al and Fe, which leads to
additional revenues. In addition, the separation of Cu from the transition metals in the black mass
might have economic advantages. However, Mn reports to the black mass and is currently considered
as an impurity in hydrometallurgy due to its low value (see Table 7) and expensive separation from Co
and Ni. Solvent and graphite recovery have been demonstrated at the pilot scale, but so far, there are
no established markets for these products, and the large-scale economic viability is unknown.

The black mass is still a comparatively new intermediate product, which requires dedicated
hydrometallurgical treatment due to its complex composition and to recover all components.
The installation of these plants requires high investments and sufficient feed material. Currently,
such plants are only available in Asia due to the high amounts of production scraps in this region [102].

4.5. Health, Safety, and Environment

In most countries, scrap LIBs are classified as hazardous waste. The main reasons are the electrical
and chemical energy content, the carcinogenic Co- and Ni-containing cathode active material, as well
as the toxic, corrosive, and hazardous conducting salt [9]. All of these hazards need to be handled in
LIB recycling.

Regarding life-cycle assessment, available studies indicate positive results of LIB recycling
in comparison to the primary production in most impact categories [106]. However, most of the
results are based on laboratory or pilot-scale process data and need verification at an industrial scale.
Moreover, comparative studies would be of interest but are difficult to generate due to the data
sensitivity of industrial processes, complex process routes, and co-processing with other primary or
secondary materials.

4.5.1. Pyrometallurgical with Hydrometallurgical Processing

As pyrometallurgical processes are high-temperature processes, the high energy content of LIBs
does not pose specific risks from an HSE point of view. Halogens and Co- and Ni-containing dusts are
handled by an extensive off-gas treatment.

In the further treatment of the alloy/matte, dust formation needs to be addressed during
comminution. In the design of hydrometallurgical plants, the high water hazard class of Co and Ni
salts has to be considered.

4.5.2. Mechanical with Metallurgical Processing

In most cases, thermal deactivation is used prior to mechanical processing in order to remove the
high energy and organic content of LIBs in a controlled way to avoid fire and explosion during further
processing. If thermal deactivation is not applied, special measures during the mechanical processing
of the LIBs are necessary, see Section 3.3, including the capture of VOCs.

During mechanical processing, dust control is of paramount importance to handle the
carcinogenic dusts. In addition, cross-contamination of Ni- and Co-containing black mass in other
fractions can be an issue.

Fluorine is concentrated in the black mass and therefore transferred to the metallurgical treatment,
where it needs to be addressed. Otherwise, for the hydrometallurgical treatment, the same measures
apply as described above (see Section 4.5.1).

5. Conclusions and Outlook

In the industrial recycling of LIBs, there are two main process routes pursued. The first plants
are in operation with typical annual capacities of a few thousand tons. Within the next decade,
recycling capacities are expected to increase significantly to meet the growing demand, which will
probably lead to decreasing processing costs as already observed in Asia [102].

Although the principal process routes are already defined, there are still open questions regarding
the next generation of plants.
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Currently, battery modules are often directly fed into the pyrometallurgical routes. However,
a mechanical conditioning might be beneficial to reduce the Al and Fe content of the feed material and
to simplify the feeding process by a size reduction of the modules. Al and Fe can be recycled, and their
reduction is beneficial to the energy and mass balance of most pyrometallurgical processes.

The optimal processing of the black mass is still subject to ongoing discussions. Both process
routes have their challenges and opportunities with respect to fluorine control and the handling
of graphite, Li, and Mn. The further development will be strongly influenced by economic and
regulatory incentives.

Efficient Li recovery is still a challenge in all process routes, and further research and development
is required. Besides Co and Ni, Li is one of the main value carriers, and a solution for efficient Li
recovery could be a competitive advantage, especially in case of battery chemistries with low Co and/or
Ni contents.

The recovery of non-metallic components is in an early stage, and the technical and economic
feasibility is still uncertain. Challenges derive from inhomogeneous feed, product quality requirements,
and currently low revenues.

A widely ignored problem is the recycling of LFP batteries. Although their market share is
comparatively low in Europe, they are present on the market and consequently appear in recycling.
The current industrial practice is to co-process them with layered oxide chemistries to a limited
extend (<20%). However, if their share increases and/or with more stringent legislative requirements,
the introduction of specific processes might become necessary despite their low value.

Due to the complex process chains, most companies do not cover all process steps. Instead,
the formation of consortia is observed. Typically, pre-treatment, metallurgy, refining, and cathode
material production are operated by different companies. At present, mainly activities of European
companies are observed in Europe. However, Asian companies might enter the market as currently
seen in LIB production. Due to the experience advantage of some companies, they have to be considered
as serious competitors.

Especially in the metallurgical processing, co-processing is pursued at various stages to take
advantage of large-scale installations and to homogenize the feed material. A further advantage
of using established process routes is an easier entry of recycling material into the loop, as no
additional certification of the products is necessary. However, co-processing in pyrometallurgy without
Li-enrichment in the slag phase might lose in importance with increasing significance of Li recovery.
Furthermore, more dedicated installations can be expected with the growing availability of LIB scrap.

In conclusion, within the last years, significant progress has been achieved in industrial LIB
recycling in Europe. Nevertheless, the developments are very dynamic, and further progress in many
areas can be expected in the upcoming years.
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Abstract: The separation of cobalt and nickel from sulfatic leach liquors of spent lithium-ion batteries
is described in this paper. In addition to the base metals (e.g., cobalt and nickel), components such
as manganese and lithium are also present in such leach liquors. The co-precipitation of these
contaminants can be prevented during leach liquor processing by selective precipitation. For the
recovery of a cobalt-nickel mixed material, oxalic acid serves as a suitable reagent. For the optimization
of the precipitation retention time and yield, the dependence of the oxalic acid addition must be
taken into account. In addition to efficiency, attention must also be given to the purity of the product.
After this procedure, further processing of the products by calcination into oxides leads to better
marketability. A series of experiments confirms the suitability of oxalic acid for precipitation of cobalt
and nickel as a mixed oxalate from sulfatic liquors and also suggests a possible route for further
processing of the products with increased marketability. The impurities in the resulting oxides are
below 3%, whereby a sufficiently high purity of the mixed oxide can be achieved.

Keywords: precipitation; lithium-ion battery; oxalic acid; mixed oxalate

1. Introduction

Lithium-ion batteries (LIBs) have been available on the market since the early 1990s [1].
Technological innovations driven by various branches of industry have led to a large number and
variety of different electronic devices worldwide [2]. These developments have greatly stimulated the
production and consumption of LIBs [3]. Due to their desirable characteristics such as reduced size
and weight, high cell voltage, low self-discharge rates and high energy density, LIBs are increasingly
replacing other types of batteries (e.g., Ni-MH or Ni-Cd batteries) [1,4]. Nevertheless, it must be
considered that electronic waste is the fastest growing solid waste problem worldwide, including LIBs
for electronic devices and vehicles [5]. For this reason, the recycling of lithium-ion batteries must be
addressed, not only from an environmental point of view, but also for its economic benefits due to
the increasing price of cobalt [6]. The main valuable metals in LIBs (cobalt, nickel and lithium) were
evaluated by the European Union in terms of criticality. Critical raw materials are highlighted and
located within their criticality zone of the graph exhibited in Figure 1 [7,8]. For example, nickel has
a very high economic importance as an alloying element in advanced stainless steels [9,10], but a
significant low supply risk. In contrast, the supply risk for cobalt is considerably higher. Critical raw
materials are highlighted and located within the criticality zone of the graph. [7,8]
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Figure 1. Economic importance and supply risk of raw materials in the European Union 2020 [7].

The analysis of the worldwide supply indicates that cobalt is mined in 19 countries but,
as demonstrated in Figure 2, the Democratic Republic of Congo (DRC) represents the most important
global supplier with a share of 64% (based on a five-year average between 2010 and 2014). In Europe,
cobalt mining takes place exclusively in New Caledonia (France) and Finland, corresponding to 2% and
1% of the global market, respectively. Although this provides a partial independence and a sufficient
supply of cobalt as a raw material to the European Union, recycling mechanisms for cobalt are yet to
be addressed [7].

Figure 2. Countries accounting for largest share of the global supply of critical raw materials [7].
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Spent LIBs usually contain significant amounts of inorganic compounds such as heavy metals
as well as organic substances and therefore are classified as hazardous wastes, resulting in stricter
worldwide regulations regarding their disposal [2,4,5]. The anode of LIBs contains a copper foil
coated with graphite (see Figure 3). The cathode consists of an aluminum foil covered with an active
material (e.g., lithium cobalt oxide). Due to the presence of valuable metals in LIBs mainly in the
active material, the development of efficient recycling technologies is of paramount importance for
industry. In addition, the invention of new cathode materials aimed at increasing the efficiency of LIBs
will possibly lead to more complicated waste streams and new challenges in the field of recycling.
With advanced compositions of active materials, the separation of the contained valuable metals may
be even harder, reinforcing the need for the development of innovative recycling technologies [3,5].

Figure 3. Schematic drawing showing the components of a lithium-ion battery [11].

In principle, pyro- and hydrometallurgical processes are already used for the recycling of LIBs.
The pyrometallurgical operations have been used by several companies (such as Inmetco, Umicore
and Xstrata), but are currently discouraged due to some disadvantages such as the thermal treatment
of binder and organic electrolytes, which is expensive due to high energy requirement, emission of
hazardous gases and dust as well as loss of critical metals (e.g., lithium) in the slag [1,5,6].

Hydrometallurgical processes often comprise several stages to allow a clean separation of
individual valuable metals. In general, they include dismantling, physical separation, crushing,
acid leaching with or without additives as well as numerous separation and purification steps.
The segregation of cobalt and nickel is not simple due to their physico-chemical similarities.
One attractive possibility to separate these metal ions from acidic leachates comprises solvent extraction,
since Co(II) has a higher tendency to form stable complexes than nickel. However, as this process is
complicated and laborious, the research area has been extended to precipitation combinations. Several
papers mentioned the use of different precipitants in multi-step processes [2,5,12–14].

The recovery of cobalt and nickel can be accomplished in several ways. Nickel can be selectively
precipitated by adding dimethylglyoxime reagent (DMG, C2H8N2O2) to the leach liquor. After the
dissolution of the filtered precipitate with hydrochloric acid, the DMG can be regenerated and reused
as a precipitant, while nickel is recovered as NiCl2 in the filtrate. This process step depends not only
on the temperature but also on the set pH-value. The pH of the acidic leaching solutions has to be
adjusted by adding a base (e.g., NaOH) in order to achieve the highest efficiency of the precipitation.
The return of dimethylglyoxime to the process cycle is associated with losses (up to approx. 40%), since
the chemical cannot be completely regenerated. Although high-grade mixed nickel-cobalt precipitates
are generated in various processes and are expected to dominate the feed materials used in the next
decade for the production of battery-grade nickel and cobalt sulphates [15], due to the high cost of the
dimethylglyoxime as a precipitation agent, this method in particular only finds application on a small
scale [1,3,5,16].

For the recovery of cobalt, selective precipitation as well as solvent extraction are used. Solvent
extraction is used to remove cobalt from liquors that also contain nickel due to reagent costs. This leaves
behind a liquor containing nickel [17]. In the course of the precipitation, oxalic acid or ammonium
oxalate are applied as reagents. The efficiency of this process highly depends on temperature, with the
best results observed around a temperature of 50–55 ◦C. The pH also plays a role, although contradictory
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data are found in the literature. The resulting oxalate can be processed into an oxide via a calcination
process. Alternatively, ion exchange can be used for the separation of cobalt from the leach solution,
in order to subsequently precipitate nickel as an oxalate [1–5,14].

Furthermore, lithium and manganese are often dissolved in these leach solutions, allowing
these metals to be removed through several different process steps. In order to extract manganese
from solution, either precipitation with potassium permanganate (KMnO4) can be implemented or
co-extraction via oxalate precipitation can be performed. Lithium can be removed either as a carbonate
or phosphate with the addition of precipitants, usually in the last stage of the process [3,5,18].

This work is aimed at testing a hydrometallurgical process to recover nickel and cobalt from
sulfuric acid leachates of spent lithium-ion batteries followed by selective precipitation via oxalic acid
(C2H2O4). The recycling process proposed in this work is then optimized by identifying and adapting
relevant processing parameters.

2. Materials and Methods

2.1. Composition of the Input Material

The used active material from lithium-ion batteries was obtained from NMC cells with low levels
of other metal impurities. The main components were cobalt, nickel, manganese and lithium, along
with small residual amounts of the copper and aluminum foils. The composition was determined by
inductively coupled plasma mass spectrometry (ICP-MS, Agilent 8800, Santa Clara, CA, United States)
with an upstream peroxide digestion, as shown in Table 1. The carbon contained was pre-determined
by an analysis of the total carbon content, and the ICP-MS data were adjusted accordingly on the basis
of these results.

Table 1. Chemical composition of the material used in this work.

Element C Al Co Fe Li Mg Mn Ni Si Cu

(wt%) 38.7 3.4 15.0 0.4 4.0 0.1 0.8 17.0 <1.0 3.7

2.2. Experimental Procedure

The first stage of work aimed for the optimization of the leaching process. In this study, the main
parameters of this method were investigated (using the experiment setup shown in Figure 4). At a given
concentration of the acid (1–2 mol/L), the optimal parameter combination comprises 80 ◦C, 100 g/L
solids, magnetic stirrer speed (500 min−1) and 4 h of leaching time [19,20]. The acid concentration was
found within this low range to result in higher selectivity of the leaching. These specific parameters
prevented copper from being dissolved and, as a result, this contaminant can be separated in the
first step [21].

 

Figure 4. Setup of the leaching process under optimized conditions in the laboratory (double walled reaction
vessel with a reaction volume of one liter and a thermostat to control the chosen process temperature).
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After leaching, selective precipitation of the valuable metals cobalt and nickel was conducted to
generate a high quality product. Since almost no appropriate thermodynamic data are available in the
literature for these concentrated metal-containing solutions and their precipitates such as mixed oxalates,
the equilibrium concentration of the metals could not be calculated. In addition, the interactions
between the metals in solution have not been determined. For this purpose, an optimization of the
relevant parameters of precipitation with oxalic acid takes place in the context of this work. The yield of
a pure cobalt-nickel mixed oxalate from the leaching solution was targeted. The parameters optimized
were the stoichiometric factor of oxalic acid addition, the adjusted pH value and the retention time
during the precipitation (see Table 2). The pH was adjusted before the start of the precipitation process
and thus before the addition of the precipitant at room temperature by adding sodium hydroxide
solution. The measurement was carried out using a pH meter (InLab Science, Mettler-Toledo, Vienna).
The stoichiometric amount of precipitant was calculated based on the concentration of the valuable
metals in the leaching solution, which was determined via ICP-MS. The temperature was set at 55 ◦C for
these experiments based on previous work [4,21]. This approach should result in identification of the
main influencing factors and a detection of the dependencies on each parameter. After conducting the
experiments, the filtrates were analyzed by ICP-MS, while the solids were characterized by SEM/EDS
(Scanning Electron Microscopy with Energy Dispersive Spectroscopy). The results were evaluated with
the help of a statistical experimental design software (MODDE 12.1, Goettingen, Germany). At this
stage of research, the test parameters were screened using a full factorial experimental design to enable
evaluation of a linear model that considers the interaction of the factors.

Table 2. Parameters of the executed experiments.

Experiment Stoichiometric Addition of Oxalic Acid pH Retention Time (h)

F1 1.5× 0 4
F2 2× 0 4
F3 1.5× 1 4
F4 2× 1 4
F5 1.5× 2 4
F6 2× 2 4
F7 1.5× 0 8
F8 2× 0 8
F9 1.5× 1 8
F10 2× 1 8
F11 1.5 2 8
F12 2 2 8

3. Results

In the course of the precipitation test work, several parameters (duration of precipitation, pH value
and the added amount of precipitant) were varied and their overall influence on the process was
evaluated. Table 3 shows the concentrations of metals contained in the leaching solution. These
concentrations were determined by ICP-MS and thus enable the calculation of the corresponding yields
of recovered fractions after the precipitation process.

Table 3. Concentrations of the metals in the leaching liquor, which was used for the subsequent
precipitation tests.

Li (g/L) Al (g/L) Mn (g/L) Fe (g/L) Mg (g/L) Co (g/L) Ni (g/L)

4.1 2.1 0.7 0.3 0.1 12.7 13.3
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3.1. Influence of the Retention Time

For this series of experiments, the holding periods after addition of the precipitant were set
to between four and eight hours based on a preliminary test. During the tests, the precipitation
solution was stirred uniformly by using a magnetic stir plate at a speed of 500 min−1 to ensure efficient
mixing. The experiments F1–F6 represent those with a retention time of four hours. In comparison,
the experiments F7–F12 describe tests with an 8 h retention time. Figure 5 shows the composition of
the filtrates obtained through precipitation with oxalic acid after the stated holding periods. In order
to make it possible to use the obtained product as a recycled battery material, the concentration of
impurities in the precipitate must be low, due to the high quality demands of battery manufacturers.
Therefore, all impurity elements, such as magnesium, should be located in the filtrate after this
precipitation stage.

Figure 5. Compositions of the filtrate after precipitation with oxalic acid.

For the evaluation of the experiments, special emphasis was given to the residual cobalt and
nickel contents in the filtrates. The content of valuable metals in the solutions should be as low as
possible, while the precipitate should contain low levels of impurities. Higher contents in the filtrate
indicate poor precipitation and thus lead to a lower yield in the corresponding filter cake. The results
for the valuable metals cobalt and nickel are indicated separately in Figure 6. Experiment F1 shows
very high residual cobalt and nickel contents compared to the other tests. Since there were no other
changes to the parameters for F2, only the amount of precipitant added can be decisive. However,
since the further experiments (e.g., F7) show that the used 1.5× stoichiometric amount of oxalic acid
sufficed for an efficient precipitation, experiment F1 was excluded from the following considerations
due to the result of a statistical evaluation (the corresponding measured value is outside four times the
standard deviation).
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Figure 6. Concentration of cobalt and nickel in the filtrate after precipitation with oxalic acid.

The comparison of the four-hour tests with the corresponding eight-hour tests (with otherwise the
same parameters) shows that an extension of the precipitation time is of minor advantage. The residual
contents are in a very low range and in all cases considered, the results of the four-hour experiments
are the same or better than that with longer test periods except for the comparison of experiments
F1 and F7. In general, the residual cobalt contents after eight hours exhibit higher values than after
four hours in contrast to the behavior of nickel. This can be traced back to the redissolution of Co
(see Figure 7). In this diagram, the solid lines indicate the upper and lower confidence intervals,
while the dashed line reflects the predicted values according to the model used for this evaluation.
To create these diagrams, a full factorial model was used and its factors were fitted statistically to the
experimental results. This resulted in the following model equation for cobalt and nickel, where x
indicates the stoichiometric factor (-) of precipitant, pH (-) is the pH value, and t (h) is the precipitation
time of the process.

cCo = 0.303− 0.754 ∗ xOxalic acid − 0.348 ∗ pH + 0.028 ∗ t + 0.162 ∗ xOxalic acid ∗ pH

cNi = 0.330− 0.443 ∗ xOxalic acid − 0.073 ∗ pH − 0.025 ∗ t

Figure 7. Behavior of soluble cobalt and nickel as a function of retention time (solid lines indicate the
upper and lower confidence intervals, while the dashed line reflects the predicted values according to
the model).
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These tendencies could not have been foreseen because, as mentioned earlier, the compounds of
these two valuable metals often show similar behavior. This behavior can be explained by the mutual
influence of the components in the concentrated solution in dependence of the concentrations of cobalt
and nickel regarding their solubility (salt effect). Much of the data available in the literature relate
exclusively to dilute solutions of single metals, and interactions between different metals are often
neglected. Therefore, further investigations must be carried out for concentrated solutions, not only of
pure substances but also mixtures containing two or more metals and their behavior.

This effect, shown in Figure 7, is less pronounced at higher pH values than at lower ones. The same
applies to the dependence on the amount of precipitant added. In order to expand this model further,
additional tests were carried out, up to a pH value of 4, which was set before the precipitation process.
The analysis of the residual dissolved concentrations in the filtrate yielded the results shown in Figure 8.
From an economic perspective, use of a precipitation period of four hours instead of eight is sufficient
for the efficient precipitation of cobalt and nickel with oxalic acid from the enriched solutions with
recovery yields above 95%. However, tests to further reduce the holding period should be carried out
in order to define the critical precipitation time more precisely. In the following diagrams, the residual
concentrations of cobalt and nickel in the filtrate are plotted in g/L.

Figure 8. Statistical evaluation of the residual dissolved concentrations (g/L) of cobalt for 4 and 8 h
retention time, respectively.

The strong influence of the pH value can be seen in Figure 8, since at high acid concentrations,
twice as much cobalt remains in the residual solution as at pH values above 3.5. Furthermore, the excess
of precipitation agent only plays an increasingly significant role as the pH value decreases, irrespective
of the retention time.

Dependencies are different for nickel because of linear relations without interaction parameters.
As shown in Figure 9, twice the residual nickel concentrations are obtained with a reduction from eight
to four hours with a small stoichiometric addition of precipitant. This effect is significantly reduced
at higher oxalic acid levels or higher pH values. In the case of nickel, minimal residual levels occur
for a precipitation time of eight hours, and at a pH value of 4, no nickel could be detected in the
residual solution.
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Figure 9. Statistical evaluation of the residual dissolved concentrations (g/L) of nickel for 4 and 8 h
retention time, respectively.

3.2. Influence of the pH Value

An examination regarding the higher-priced valuable cobalt shows that at elevated pH values,
lower residual contents are expected in the solution. From a pH value of 3–3.5, there is no further
improvement in the precipitation efficiency. Furthermore, a direct dependency on the amount of
precipitant added can no longer be recognized above this pH value, since even a smaller amount of
oxalic acid leads to the maximum possible precipitation yield. It was also shown that no selective
precipitation of cobalt or nickel is possible over the entire pH range tested, but that a mixed oxalate was
always obtained. The comparison of the minimum and maximum pH value indicates a doubling of
the cobalt content in the residual solution at low pH values and low amounts of precipitant. This effect
can no longer be observed with an efficient oxalic acid supply. In order to visualize the combined
dependency on the pH value and stoichiometrical factor of oxalic acid, the trends are shown in
Figure 10.

Figure 10. Influence of the pH on the difference of cobalt concentration between the stoichiometric
addition of 1.5 and 2.0.
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In general, for both cobalt and nickel, it turns out that a higher stoichiometric factor for oxalic
acid leads to a lower influence of the pH value. This fact is presented in Figure 11. The areas marked
indicate the parameter combination with the highest precipitation efficiency. However, the parametric
region for an efficient recovery of cobalt (shown in blue) significantly exceeds that for nickel.

Figure 11. Influence of pH on the residual dissolved concentrations of cobalt and nickel.

3.3. Influence of the Added Amount of Precipitant

To ensure the effectiveness of the precipitation, it is important that sufficient precipitation
reagent is dosed to generate a high yield of precipitated valuable metals. In contrast, economic
and resource-saving approaches have to be considered. For this reason, the stoichiometric factor
of precipitant that enables an improvement of the process performance was evaluated. The tested
range was set between 1.5 and 2 times the theoretically required stoichiometric amount of oxalic acid.
All experiments showed that an addition of the lower value of precipitant sufficed to precipitate the
majority of valuable metals. The addition of higher amounts led to only a slight improvement of
the yields and therefore makes little sense economically and environmentally. Nevertheless, it has
previously been discussed that the dependencies of precipitation on pH value and duration were
more pronounced with smaller amounts of oxalic acid added than with higher ones. Figure 12 shows
the influence of oxalic acid on the levels of cobalt and nickel in the residual solution. In this figure,
the solid lines indicate the upper and lower confidence intervals, while the dashed line reflects the
predicted values according to the model. In future investigations, a reduction in the amount added
should be tested in order to determine the minimum needed amount of precipitant.
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Figure 12. Dependence of residual cobalt and nickel concentrations on the stoichiometric amount of
precipitation agent added for a fixed pH of 2 and a precipitation time of four hours (solid lines indicate
the upper and lower confidence intervals, while the dashed line reflects the predicted values according
to the model).

3.4. Composition of the Obtained Product

The precipitate obtained (mixed cobalt-nickel oxalate) was separated from the filtrate by means of
vacuum filtration and rinsed with 200 mL of boiling, deionized water in order to remove impurities
such as sulfates. After drying for 24 h at 105 ◦C in a drying oven, a semi-quantitative analysis was
carried out by scanning electron microscopy and energy dispersive X-ray spectroscopy (Jeol Ltd.,
Tokyo, Japan) (SEM/EDS). Table 4 indicates the corresponding metal contents normalized to 100%
for selected elements, given that lithium cannot be detected using EDS by the available device at our
institute. It can be observed that the levels of impurities are low. In addition, no copper could be
detected in the precipitate, which is a relevant feature for further processing of the product and later
use in various industries (e.g., stainless steel industry). On the basis of the data obtained from the
software of the EDS measurement, no significant amount of copper could be detected, which could be
clearly separated from the background noise of the measurement. Since this analysis method only
outputs reproducible values to a limited extent, because of the detection limits of EDS and also the
possibly existing inhomogeneity in the sample, especially in the case of low contents, ICP-AES analysis
is planned for future studies to specifically analyze minor elements such as Cu, Al, Mn and Fe.

Table 4. Metal contents of the obtained mixed cobalt-nickel oxalates.

No.
Oxalic
Acid

pH
Retention
Time (h)

Co
(wt%)

Ni
(wt%)

Cu
(wt%)

Al
(wt%)

Mn
(wt%)

Fe
(wt%)

1 1.5× 0 4 45.7 50.5 0.0 1.3 1.0 1.5
2 2× 0 4 45.2 51.2 0.0 1.1 1.5 1.1
3 1.5× 1 4 46.2 50.5 0.0 1.0 1.4 0.9
4 2× 1 4 46.0 50.3 0.0 0.9 1.8 1.0
5 1.5× 2 4 46.8 49.4 0.0 1.1 1.4 1.3
6 2× 2 4 46.7 50.5 0.0 0.8 2.1 0.0
7 1.5× 0 8 45.1 51.7 0.0 1.2 1.2 0.8
8 2× 0 8 44.8 51.4 0.0 1.2 1.6 1.0
9 1.5× 1 8 46.9 49.6 0.0 1.0 1.4 1.1
10 2× 1 8 46.3 50.7 0.0 1.0 2.1 0.0
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An examination of the data in Table 4 indicates that the sum of the impurities reaches a maximum
of 3.8%. These amounts of contaminants correspond to a sufficient high quality of the recycled product,
especially as an intermediate that can be used in several industries (e.g., stainless steel industry),
as well as a precursor for generation of battery quality materials. In addition, it can be seen that with
higher quantities of precipitants, slightly increased contents of impurities in the precipitate also occur
due to the more aggressive conditions during the precipitation process. In order to make it possible to
use it as a recycled battery material, the quality still needs improvements. In order to separate the
existing impurities and obtain a high-quality product, further research is necessary. The precipitate
obtained is shown in Figure 13. In addition to the overview picture, the distribution images of the
valuable metals and their impurities are also shown.

Overview picture Distribution of cobalt 

  

Distribution of nickel Distribution of manganese 

Figure 13. SEM/EDS images of the obtained precipitate.

Figure 13 illustrates that a homogeneous distribution of the metals such as cobalt and nickel
and thus a homogeneous mixed product was achieved. Essentially, no segregation of the individual
oxalates and thus no major inhomogeneity can be recognized at this magnification. This statement
can also be made for manganese and iron, with aluminum accumulations being found in certain
areas. However, reference should be made to the generally very low concentration of aluminum in
the product. The precipitate can be used as a high-quality raw material for various cobalt and nickel
processing industries, with further processing into oxide or alloy being possible [21].
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4. Discussion

The investigations performed in this work demonstrated that various parameters can influence
the precipitation of metals when oxalic acid is used in the recycling processes. Small amounts of
oxalic acid were observed to induce significant dependencies of precipitation efficiency on pH and
holding period. These tendencies were much less pronounced for higher amounts of precipitant
addition. These descriptions apply in principle to both valuable metals (cobalt and nickel), although
competing behavior of the two metals could be determined during the evaluation of the test data, since,
for example, precipitation times of more than four hours lead to a decrease in the nickel concentration
in the solution, while the concentration of cobalt increased again slowly over time and a redissolution
process occurred. Since the interdependencies between nickel and cobalt precipitation are difficult to
describe, they are represented diagrammatically in Figure 14.

Figure 14. Surface plots for cobalt and nickel precipitation as oxalates and their dependency on the pH
value and the stoichiometric factor of oxalic acid addition.

5. Conclusions and Outlook

Oxalic acid is an effective precipitant for the simultaneous recovery of cobalt and nickel from
leaching solutions generated from the recycling of lithium-ion batteries. However, it was found that
the effectiveness of this organic precipitant has various dependencies on different parameters, which
must be taken into account during the precipitation process

In general, smaller amounts of precipitation reagent results in significantly stronger dependencies
on pH and duration of precipitation. As redissolution of cobalt oxalate occurs, the holding time must
be limited to a maximum of four hours in order to minimize losses.

Based on the promising results so far, this holding time could be further reduced. The pH value
plays an essential role, since the adaptation is often difficult due to buffer effects.

It was shown that an increase in the pH of the leach solutions was necessary, with acceptable
results achieved at a pH of 1.5–2. Using this optimized combination of parameters, low levels of cobalt
and nickel in the residual solutions and homogenous, sufficient pure products can be obtained.

By determining the competing behaviors of cobalt and nickel depending on the duration of the
precipitation process with oxalic acid, further studies of this behavior should be carried out in order to
study a potentially new separation mechanism for cobalt and nickel.
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Abstract: High-energy battery systems are gaining attention in the frame of global demands for
electronic devices and vehicle electrification. This context leads to higher demands in terms of
battery system properties, such as cycle stability and energy density. Here, Lithium–Sulfur (Li–S)
batteries comprise an alternative to conventional Li-Ion battery (LIB) systems and can be asserted to
next-generation electric storage systems. They offer a promising solution for contemporary needs,
especially for applications requiring a higher energy density. In a global environment with increasing
sustainable economics and ambitions towards commodity recirculation, the establishing of new
technologies should also be evaluated in terms of their recycling potential. In this sense, innovative
recycling considers highly valuable metals but also mobilizes all technologically relevant materials
for reaching a high Recycling Efficiency (RE). This study uses an approach in which the recycling
of Li–S batteries is addressed. For this purpose, a holistic recycling process using both thermal and
hydrometallurgical steps is suggested for a safe treatment in combination with a maximum possible
recycling efficiency. According to the batteries’ chemical composition, the containing elements
are recovered separately, while a multi-step treatment is chosen. Hence, a thermal treatment in
combination with a subsequent mechanical comminution separates a black mass powder containing
all recoverable resources from the metal casing. The black mass is then treated further in an aqueous
solution using different solid/liquid ratios: 1:20, 1:50, 1:55, and 1:100. Different basic and acidic leaching
solutions are compared with one another: sulfuric acid (H2SO4), nitric acid (HNO3), hydrochloric
acid (HCl), and NaOH. For further precipitation steps, different additives for a pH adjustment are also
contrasted: sodium hydroxide (NaOH) and potassium hydroxide (KOH). The results are evaluated
by both purity and yield; chemical analysis is performed by ICP-OES (inductively coupled plasma
optical emission spectrometry). The aim of this recycling process comprises a maximum yield for the
main Li–S battery fractions: Li, S, C, and Al. The focal point for the evaluation comprises lithium
yields, and up to 93% of lithium could be transferred to a solid lithium carbonate product.

Keywords: battery recycling; lithium–sulfur batteries; metallurgical recycling; metal recovery;
recycling efficiency; lithium-ion batteries; circular economy

1. Introduction

Looking at today’s society, it can be observed that the demand and desire of greenhouse gas
saving and sustainable technologies is higher than ever before. As a result of this social rethinking,
numerous branches of industry are being affected, including the automotive industry. This has led
to a rapid change in drive technology from the combustion to electric engine [1–3]. One of the core
technologies for the implementation of the electric engine, which has already established itself in the
small electronics sector (smartphones, laptops, etc.), are lithium batteries [2,4]. In this context, sales of
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one million electric vehicles per year were already recorded worldwide in 2017, which represents an
increase of 56% compared to the previous year, 2016 [5,6].

Since the 1990s, the lithium-ion battery (LIB) has been the most common form of lithium battery
technology. However, despite the constant development and different forms (NMC, NCA, LMO,
LFP, etc.), the most modern LIBs reach a physical limit at a specific gravimetric energy density of
350–400 Wh/kg [6–8]. Furthermore, critical raw materials such as graphite (C) or cobalt (Co), but also
strategic raw materials such as lithium (Li) or nickel (Ni) are required for the production of these
batteries [4,6,9,10]. Not only the incidence of the mentioned raw materials, but also the location of
the mining areas and the associated import dependency are major challenges for European countries.
Furthermore, the socially critical aspects of some raw materials should be considered (e.g., cobalt) [4,6].

Promising alternative future technologies to LIBs are lithium–air (L–A) batteries and lithium–sulfur
batteries (LSBs). Both systems are currently in the development phase and will probably eliminate many
of the disadvantages of LIBs [7,11]. Although the basic structure (electrodes, liquid electrolyte, etc.) of
LSBs is similar to that of LIB, the two systems are fundamentally different in cell chemistry. The LSB
has a pure lithium metal anode and a sulfur–carbon composite cathode. Carbon is indispensable,
since sulfur is electrically non-conductive. The sulfur content within the cathode can vary between 50
and 70 wt.%. The remaining proportion is accounted for carbon and small quantities of the binder. In
general, lithium bis(trifluoromethanesulfonyl)imide (LiN(SO2CF3)2, LiTFSI) is used as the conducting
salt [7]. The actual cell reaction takes place through the complex formation of several polysulfides
(from S8 over Li2S4 up to Li2S). Therefore, an LSB is exactly a lithium polysulfide battery [8].

Due to the materials used, an LSB can theoretically achieve a specific energy density of 600 Wh/kg.
On a cell level, 460 Wh/kg have already been reached [12]. A further advantage besides the high energy
density is the use of toxicologically harmless, inexpensive, and readily available sulfur as an active
material [7,8,13]. However, despite the numerous advantages of LSBs compared to LIBs, the cycle
stability of LSBs currently represents a major challenge. The shuttle mechanism (a shuttle mechanism
or effect is the cycle in which the cathodically dissolved polysulfides [S2]2− diffuse unwantedly to
the lithium anode, where they are reduced to lower polysulfides [Sn-x]2− and migrate back again.
As a result, a part of the cathode reaction takes place at the anode, and the cell is continuously
discharging [8]) leads to a continuous self-discharge of the cell. Due to these problems, LSBs currently
achieve only a few hundred charging cycles [13–15].

In [7,16], a detailed elaboration on the chemical structure and redox reactions in Lithium-Sulfur
Batteries is given. During charging the Li-ions diffuse from the carbon-sulfur cathode to the lithium
anode and vice versa during discharging from the lithium anode to the carbon-sulfur cathode [7,16].
Here, the different polysulfides are related to the state of charge (SOH), namely for charging the
sequence of polysulfide formation will be S8, Li2S8, Li2S6, Li2S4, Li2S3, Li2S2 and finally Li2S [16]. So,
depending on the SOH the shares of Li2S8 and Li2S can be different, showing also different properties
in terms of solubility, e.g. in the electrolyte [16].

Regardless of which lithium battery technology will finally prevail, a spent lithium battery
represents a versatile and important secondary raw material source. Based on the import dependency
of almost all materials required for battery production, the importance of recycling is underlined once
again. In this context, the recycling process must be highly efficient, environmentally compatible, and
economical [6].

In the case of LIBs, there are already some proven recycling process routes that use a combination
of mechanical, pyro- and/or hydrometallurgical processes [1]. Since LSBs are a new, innovative battery
system, there are no significant approaches for a recycling process so far. However, EU-funded
projects, such as HELIS (High Energy Lithium Sulphur cells and batteries) [17] or LISA (Lithium
sulphur for SAfe road electrification) [18] aim to combine battery development and circular economy
approaches, but no outcome regarding a recycling path has been published until now. In addition,
there are already approaches to improve the design for recycling by using recyclable components,
such as a Co3Mo3C-separator [19]. This paper presents for the first time a recycling concept for the
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lithium–sulfur battery with the aim of recovering all elements, considering the legal requirement of
50 wt.%. This legal frame is demanded in the EU battery directives 2006/66/EG [20] and 493/2012 [21],
where the threshold of 50 wt.% is described as recycling efficiency (RE) of at least 50 wt.% based on a
battery’s cell level, as can be seen in Formula (1) [21]:

RE [%]=

∑
moutput

minput
× 100 [mass . %] (1)

To reach this target, a suitable recycling path has to be developed for any battery system. Since
LSBs do have a metallic lithium anode, which is critical in terms of a high reactivity leading to
exothermal oxidation and, hence, safety issues [22,23], a suitable pre-treatment before entering the
metallurgical processing can be helpful. It is also crucial to work in an inert atmosphere to prevent
atmosphere-related oxidation [24]. In addition, metallic lithium can ignite when heated beyond 180 ◦C
in air [25], which can even occur due to mechanical strain, such as shredding [26], or when being in
contact with moisture [27]. One form of thermal pre-treatments is a pyrolysis, where the cells are
deactivated in the absence of oxygen at temperatures of maximum 600 ◦C [28]. In order to remove
the containing organics, such as binders, an optimal temperature of 550 ◦C in air has been defined
by Chen et al., using LCO cells [29]. Both pyrolysis and incineration, with some oxygen shares, are
thermal pre-treatments for a safe cell deactivating and facilitating of further downstream recycling
without an uncontrolled thermal runaway [30,31]. Another benefit comprises an eased detachment
of substrate foils and active mass [32], and especially for hydrometallurgical processing, a thermal
pre-treatment is suggested [33]. For a metallurgical recycling, both hydro- and pyrometallurgical
processes are available [34]. Pyrometallurgy is established regarding the production of Co, Ni, and Cu
alloys, hence, rather ignoble and valuable component recycling [35], whereas hydrometallurgy is also
able to selectively separate rather ignoble components, such as graphite, aluminum, or lithium [35–37].
This is why this study considers hydrometallurgical treatments as suitable for the purpose of a circular
economy approach. Although hydrometallurgy comprises generally slower kinetics [37], it leads to
higher yields and lower energy consumption [36].

Based on LIBs, different strategies for optimal wet-chemical processing are investigated
around the world. Within this variety of approaches, an overview on relevant literature is given
as follows. Generally, besides physical separation methods in aqueous environments, such as
flotation [38], chemical processing is mainly based on leaching, precipitation, solvent extraction,
and ion exchanging [39]. Within acidic leaching, both organic or inorganic solvents can be used.
For LIBs recycling approaches, studies have examined hydrochloric acid (HCl), sulfuric acid (H2SO4),
phosphoric acid (H3PO4), and nitric acid (HNO3) in terms of inorganic acids, and citric acid, malic acid,
acetic acid, lactic acid, or trichloroacetic acid have been studied in terms of organic acids. For every
solvent, different concentrations, leaching temperatures, or solid/liquid ratios have been reported [40].
Within these solvents, Zou et al. report a lithium leaching efficiency of 100% using 4-molar H2SO4 and
adding of 30 wt.% H2O2, and a lithium yield of 80% recovered as lithium carbonate by using sodium
carbonate (Na2CO3) [41]. A similar approach is presented by Wang et al. [42,43]. In this context,
2 molar H2SO4 and 4 molar HCl with or without addition of 50 g/L H2O2 were examined, leading to a
lithium yield of maximum 64% when using H2SO4. Castillo et al. investigated 0.5 to 5-molar HNO3,
adjusted the pH value by NaOH, and obtained 100% leaching efficiency for lithium, when applying
acidic concentrations between 1 and 2 moles [44]. Besides acidic leaching, alkaline leaching can also be
applied, which is rarely investigated for LIBs [45]. Ferreira et al. have followed an approach starting
with alkaline leaching in NaOH, since aluminum shows a better recyclability in basic environment, and
then, the pH value was adjusted step-wise by using H2SO4 and H2O2. This set-up leads to a leaching
efficiency of 100% for lithium [46]. The approach for the novel and innovative recycling process for
lithium–sulfur batteries is based on the knowledge and experience gained from the hydrometallurgical
recycling processes of lithium-ion batteries. Elements such as Co, Ni, or Cu are no longer inserted into
an LSB, so the process scheme is adjusted. However, during charging and discharging, many different,
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intermediate polysulfides with Li and S are formed, making the recycling process challenging [47].
This study’s target is a zero-waste recovery of the components C, S, Li, and Al.

Research Needs and Work Hypothesis

Since Li–S batteries are a promising alternative to conventional Li-ion batteries, investigating their
recycling process options is crucial regarding the concepts of circular economy and waste minimization.
The intrinsic materials’ value of Li–S batteries is comparatively lower due to the dispensing of cobalt
and nickel, while this work focuses on the recovery of lithium. Other material fractions, such as
carbon and aluminum, will be separated, too, but no discussion on recovery yields is taking place at
this early-stage of recycling considerations for Li–S batteries. The lithium contents in Li–S batteries
are higher than in conventional Li-ion batteries, while lithium has a higher impact on the recycling
efficiency than in Li-ion batteries.

2. Materials and Methods

In order to enable a high selectivity and treat the rather ignoble LSB components with a combination
from thermal treatment, mechanical treatment and hydrometallurgical processing is presented in this
study, as shown in the process flow chart in Figure 1.

Figure 1. General process for a lithium–sulfur battery (LSB) recycling process based on extractive
hydrometallurgy for elemental recovery.

LSB pouch cells are provided by Fraunhofer IWS (see Figure 2b), of whose every cell has a
specific composition. The cells are pyrolyzed in a Thermostar resistance furnace (Thermostar, Aachen,
Germany), which is flood with Argon to displace oxygen and, thus, avoids exothermal reactions with
the environment. This incineration is to be prevented due to formations of {CO2}, {SO2}, and thus,
active mass losses. A specifically constructed steel chamber with small holes ensures controlled off-gas
release and hence prevents a sudden excess pressure. This chamber is placed in a closed and sealed
steel reactor, which is then inserted in the furnace (see Figure 2a). The off-gas can leave the system
at two exit points: Firstly, two scrubbers in a row containing deionized H2O clean the main off-gas
stream, neutralizing acidic gases. The residual permanent gas leaves the reactor to an off-gas cleaning
system. Secondly, an FTIR (Fourier transform infrared spectroscopy) analyzer (Gasmet Technologies
Oy, Helsinki, Finnland) drains a defined volume flow from the off-gas for identifying gaseous phases.
The pyrolysis temperature comprises 500 ◦C with a holding time of 1 h, which is continuously measured
within the furnace and between the excess pressure chamber and steel reactor (see Figure 2a).
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Figure 2. (a) Schematic pyrolysis set-up with relevant entries into and exits for gaseous and liquid
components. (b) LSB cell from Fraunhofer IWS before and after pyrolysis.

As Figure 3 shows, the pyrolysis treatment leads to a cell opening temperature mean value of 90 ◦C,
made visible by an abrupt rise in different gaseous phases, such as propene, methane, or formaldehyde.

Figure 3. (a) Exemplarily pyrolysis temperature profile, where the furnace-measured temperature is
higher than the temperature reached between the excess pressure chamber and the furnace temperature.
(b) Exemplarily composition of an LSB 1 cell, whose chemical composition changes due to pyrolysis in
terms of removing up to 5.4 wt.% from the separator, 29.3 wt.% from the electrolyte, and maximum
7.2 wt.% from binder.

Moreover, pyrolysis results in an averaged weight loss of 27.6%, due to the evaporation of
volatile components stemming from electrolyte, separator, and binder. The next step comprises the
manual separating of casing from the active mass and substrate foils in a glovebox. The downstream
comminution by grinding in mortar is conducted, also in a glove box. The material still releases
gaseous compounds, which can be toxic, such as H2S. Furthermore, this treatment manner prevents
metallic lithium from the anode from oxidizing. Subsequently, after separation and grinding, sieving
is performed to extract the active mass of <1 mm, whose exemplarily composition can be seen in
Table 1. It has to be pointed out that heterogeneities persist both within the batteries due to the
current research regarding their cell design, and also within the samples taken for analyzing active
mass. The averaged, extracted active mass of a cell comprises 14.6 g. Therefore, calculating yields by
extractive hydrometallurgy does not take the chemical analysis as reference but instead sums up the
first filter cake and the first solution to get information about the real composition.
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Table 1. Chemical composition of exemplarily cell “LSB 2”, in particular its active mass (<1 mm).

Al Fe Li F S C

3.15 wt.% 0.04 wt.% 15.8 wt.% 4 wt.% 10.6 wt.% 15 wt.%

The chemical compositions within this study is measured by ICP-OES (Spectro, Kleve, Germany)
for the present metals and by combustion method in the case of S and C, and combustion ion
chromatography (CIC) in the case of F.

The hydrometallurgical process applied in this study in can be described as follows: The first
step comprises a leaching with a subsequent filtration of the C-product, a precipitation including
a subsequent filtration of copper sulfide, a pH adjustment for Al-precipitation, and a carbonation
with a precipitation and a subsequent Li2CO3 filtration. The leaching step is conducted by different
solvents, HCl, HNO3, H2SO4, and NaOH. Here, carbon stemming from both cathode material and
from pyrolysis soot is insoluble and, thus, can be filtrated. During leaching, 20 mL of H2O2 are added.
Precipitation 1 makes use of the ongoing reaction between copper and sulfur. Cu has a high affinity to
S, forming Cu2S. During the leaching process S-containing gases are liberated and are transferred into
a CuSO4 solution. Here, copper matte is created, which is a precursor for copper production in the
established Cu-production path, and then filtrated. The filtrate after the first filtration (C-filter cake) is
colorless liquid free from solid particles (filtrate). The next step, precipitation 2, works by adjusting the
pH using NaOH, KOH, or HNO3, hence, basic solvents, to precipitate aluminum selectively. Some
F-contaminations in the active mass due to abrasion of the steel pyrolysis reactor can be removed along
with Al, since the Eh-pH diagram of Fe and Al show a possible precipitation in the same pH range [48].

Al3+ + 3OH− ↔ Al(OH)3 (2)

The process described can be visualized as follows (see Figure 4):

Figure 4. Proposed process flow chart for a hydrometallurgical treatment of lithium–sulfur batteries.
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Therefore, the pH value was increased to a value of 3, followed up by an addition of H2O2 to
assure a dissolution of Al. Afterwards, the pH value was increased another time in an area to 5, where
the best precipitation of Al and Fe is reported. Subsequently, the addition of Al(OH)3 nuclei lead to a
turbidity, representing the on-going precipitation. Before precipitation 2, 20 mL of H2O2 are added
to the solution. The step “filtration 3” separates the generated precipitate. Precipitation 3 makes use
of the Li carbonates’ property to have a lower solubility product at higher temperatures. Therefore,
the amount of water can be reduced and therefore the formed Li2CO3 can precipitate. This behavior is
promoted by the reduced liquid, in other words, approaching the solubility product. Thus, the last
process step comprises a temperature increase to 100 ◦C, depending on the present pH value, followed
by a slight pH adjustment in order to reach a neutral/basic area. As a side effect of the temperature
increase, the solubility product of the formed Li2CO3 is reduced from 13.2 to 7.2 g/L [49]. In this case,
the pH value must be until ~7. Then, the addition of Na2CO3 leads to a pH increase in the area of
~9–10. This is also beneficial, because other studies have calculated a formation and thus precipitation
of lithium carbonate in alkaline areas [50]. Boiling and subsequent filtrating, namely filtration 4, of the
solution enables lithium recovery as Li2CO3.

It is important to highlight the fact that different reactions occur, depending on the lithium
sulfide compound as educt: During charging and discharging, different polysulfide phases arise, for
example S8, Li2S8, or Li2S. Hence, the input phases have a direct impact on the ability to dissolve in
aquatic media.

Figure 5 displays the reactor used for the first process sequence, namely the leaching step.
An entirely sealed glass reactor fully transfers the arising gaseous phases into the CuSO4 solution. This
is crucial from a circular economy perspective, hence, for obtaining a maximum S recovery as Cu2S, but
also in terms of canalizing toxic off-gas products. The transfer from leaching reactor to the scrubbers is
promoted by an N2 carrier gas, which is led into the reactor area. During the leaching, both H2S and
SO2 can be detected at the outlet of the second scrubber bottle. This shows an incomplete reaction
between gas and product, but during leaching, the color of the CuSO4 solution changed from blue
into dark green, resulting in a solid precipitate. In virtue of the small input mass amount, the formed
precipitate mass shows a few milligrams.

Figure 5. Schematic illustration of the applied leaching step set-up: Li–S black mass is inserted into a
sealed three-neck flask and the add-on reactors for S recovery are represented by gas washing bottles
(both borosilicate glass).
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Table 2 displays an overview of the parameters examined within the conducted trials, resulting
in 37 parameter combinations, where each set-up was performed one time within the pre-trial series
(indicated as “VV1-29”) to perform a screening. The best-case scenarios were repeated within the main
trials (indicated as EV1-3 and VD1-5).

Table 2. Overview of the parameters used in this study. The leaching agent columns match the
leachate concentration columns. The pH additive columns match the pH additive concentrations.
Other columns are not to read as matching parameter specifications, e.g., HNO3 as leaching agent can
also comprise trials with a 120 min leaching time.

Parameter Parameter Specifications

Leaching agent HNO3 H2SO4 HCl NaOH
Leaching agent
concentration

2-, 4-, and
8-molar 2- and 4-molar 4-molar 4-, and

8-molar
Leaching time [min] 60 120

Solid/liquid (S/L)
ratio (g/mL)

1:20
(13 g/250 mL)

1:30
(13.3 g/400 mL)

1:50 (10 g/500 mL or
5 g/250 mL)

1:55
(4.5 g/250 mL)

1:100
(2.5 g/250 mL)

Leaching
temperature [◦C] 60 ◦C 23.15 ◦C (room temperature) 100 ◦C

pH-additive NaOH KOH
pH-additive

concentration 4-, 8-, 14-molar 2-, 4-, 8-molar

3. Results and Discussion

For the following discussion, the focus is based on lithium yields, since lithium is the key driver
for the recycling of LSBs, especially by value. Lithium values in filter cakes and solutions were detected
by ICP-OES in a certified laboratory.

As already reported above, input analyses from the active mass show less accuracy due to the
heterogenous chemical composition of the black mass/active mass. Bringing these aspects together,
the lithium yields were calculated by summing up the lithium mass in every filter cake (fc) (C-fc,
Al(OH)3 fc and Li2CO3 fc), and the mass of lithium in the residual filtrate after filtration IV(Lifiltrate, IV).
An alternative calculation would be summing up the lithium mass in the carbon filter cake (C -fc) and
the lithium mass in the first filtrate (filtrate I), but since this calculation leads to the same results, the
first presented option was chosen. Finally, the calculation of lithium yields was performed as follows:

ηLi =
LiLi2CO3− f c [g]

Litotal [g]
(3)

with Litotal [g] =
∑

(LiC− f c + LiAl− f c + LiLi2CO3− f c + Li f iltrate IV) (4)

In order to visualize the distribution of lithium, exemplary Sankey diagrams reveal lithium
distribution within the different filter cakes in Figures 6 and 7. This behavior is explainable by the high
reactivity of lithium, entering the leaching step also in metallic form stemming from the anode.

“VV5” shows the highest lithium losses in the C filter cake. This can be attributed to the room
temperature leaching. “VD4” represents the lowest lithium losses within the Al filter cake. This can
be explained by the amount of H2O2 added in the process step “pH adjustment and precipitation II”.
In “VV5”, 15 mL H2O2 was added at once; whereas in “VV19”, 10 mL H2O2 was added in two 5 mL
steps; in “VV28”, 10 mL H2O2 was added at once; and in “VD4”, 30 mL of H2O2 was added in three
10 mL steps.

When comparing the leaching agents HCl, NaOH, and H2SO4 in terms of lithium distribution,
only “VV10” shows low lithium losses within the residual solution. With regard to the impurity
evaluation of lithium carbonate, it can be seen that “VV7” shows high shares of Cl, and “VV29” shows
high shares of S and K. Thus, the formation of more stable phases suppresses the precipitation of
lithium carbonate. The highest lithium losses in the C filter cake occur when using NaOH. This can be
due to an incomplete dilution of lithium phases within the active mass in alkaline areas.
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Figure 6. Sankey diagrams of the best HNO3 trials for the target metal lithium. (a) 2-molar HNO3,
solid/liquid ratio 1:100, leaching for 60 min at 23.15 ◦C, pH-additive 8-molar NaOH, using of Al(OH)3

nuclei and adding of Na2CO3 (b) 4-molar HNO3, solid/liquid ratio 1:55, leaching for 60 min at 60 ◦C,
pH-additive 14-molar NaOH, using of Al(OH)3 nuclei and adding of Na2CO3 (c) 2-molar HNO3,
solid/liquid ratio 1:50, leaching for 60 min at 60 ◦C, pH-additive 8-molar KOH, using of Al(OH)3

nuclei and adding of Na2CO3 (d) 2-molar HNO3, solid/liquid ratio 1:50, leaching for 60 min at 60 ◦C,
pH-additive 2-molar KOH, using of Al(OH)3 nuclei and adding of Na2CO3.

Figure 7. Sankey diagrams of the best-case (a) HCl-leaching agent (VV7), (b) NaOH-leaching agent
(VV10), and (c) H2SO4-leaching agent (VV29).

A qualitative X-ray powder diffractometry (XRD) evaluation shows the following main lithium
phases within the pyrolyzed active mass (see Table 3). However, it should be noted that within the
samples, deviations can occur due to the state-of-charge and the post mortem cells history. This will
consequently lead to different cell-internal reactions and different phases within the active mass.

Table 3. Main Li phases detected by XRD in an exemplarily active mass stemming from post-mortem
Li–S cells.

Detected Li Phases: LiOH Li2CO3 LiF Li2SO4

Table 4 gives an overview on parameter combinations using H2SO4. It can be seen that 2- and
4-molar sulfuric acid was paired with NaOH and KOH.
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Table 4. H2SO4 parameter combinations applied in the pre-trials. S/L represents the solid/liquid ratio
applied, hence, black mass per leaching liquid.

Trial
Leaching

Agent Conc.
S/L Ratio

[g/mL]
Leaching Time

and Temperature
pH Additive and

Concentration
Adding
Al(OH)3

Adding
Na2CO3

VV1 2-molar
H2SO4

1:100 60 min at 100 ◦C 8-molar NaOH yes yes

VV4 2-molar
H2SO4

1:100 60 min at 23.15 ◦C 4/8-molar NaOH yes yes

VV11 2-molar
H2SO4

1:55 120 min at 60 ◦C 4-molar NaOH yes yes

VV12 2-molar
H2SO4

1:55 120 min at 60 ◦C 4/8-molar NaOH yes yes

VV15 2-molar
H2SO4

1:55 60 min at 60 ◦C 14-molar NaOH no yes

VV16 2-molar
H2SO4

1:55 60 min at 60 ◦C 14-molar NaOH no yes

VV20 4-molar
H2SO4

1:55 60 min at 60 ◦C 4/8-molar NaOH yes yes

VV21 4-molar
H2SO4

1:55 60 min at 60 ◦C 8/14-molar NaOH yes yes

VV22 2-molar
H2SO4

1:50 60 min at 60 ◦C 8-molar NaOH yes no

VV25 2-molar
H2SO4

1:50 60 min at 60 ◦C 8-molar KOH yes no

VV29 2-molar
H2SO4

1:50 60 min at 60 ◦C 8-molar KOH yes yes

Figure 8 displays the yields of H2SO4 in terms of the pre-trials. It can be seen that the lithium
yield has not crossed the 50% threshold in all trials, except “VV29”.

Figure 8. Overview on the lithium yields reached in the pre-trials by using H2SO4 as solvent.

“VV29” differs from the other H2SO4-trials in terms of the pH additive used: in this case, KOH
was used. In the other H2SO4-trials, lithium losses can be asserted to high contents either in the C filter
cake but especially in the Al filter cake. However, most of the lithium remains in the residual solution
and is therefore irrecoverable if the solution after the Li filter cake filtration will not be circulated or the
filtration is not optimized. This is theoretically feasible to avoid losses but was not conducted here to
keep the trial procedure constant among all trials.

In contrast to that, the lithium yield by using HNO3 shows in most cases a higher yield than 50%,
as can be seen in Figure 9. Table 5 displays the matching parameters used for the HNO3 pre-trials.
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Figure 9. Overview on the lithium yields reached in the pre-trials by using HNO3 as solvent.

Table 5. HNO3 parameter combinations applied in the pre-trials.

Trial
Leaching

Agent Conc.
S/L Ratio

[g/mL]
Leaching Time

and Temperature
pH Additive and

Concentration
Adding
Al(OH)3

Adding
Na2CO3

VV3 2-molar
HNO3

1:100 60 min at 100 ◦C 4/8-molar NaOH yes yes

VV5 2-molar
HNO3

1:100 60 min at 23.15 ◦C 8-molar NaOH yes yes

VV6 2-molar
HNO3

1:100 120 min at 60 ◦C 4/8-molar NaOH yes yes

VV9 2-molar
HNO3

1:50 120 min at 60 ◦C 4-molar NaOH yes yes

VV13 2-molar
HNO3

1:55 60 min at 60 ◦C 4/14-molar NaOH yes yes

VV14 2-molar
HNO3

1:55 60 min at 60 ◦C 4/14-molar NaOH no yes

VV17 2-molar
HNO3

1:55 60 min at 60 ◦C 8/14-molar NaOH no yes

VV18 4-molar
HNO3

1:55 60 min at 60 ◦C 8/14-molar NaOH yes yes

VV19 4-molar
HNO3

1:55 60 min at 60 ◦C 14-molar NaOH yes yes

VV28 2-molar
HNO3

1:50 60 min at 60 ◦C 8-molar KOH yes yes

In the case of using NaOH as leaching agent, trials “VV10”, “VD1”, and “VD2” were performed.
Table 6 shows the parameter combinations tested.

Table 6. NaOH parameter combinations applied in the pre-trials.

Trial
Leaching

Agent Conc.
S/L Ratio

[g/mL]
Leaching Time

and Temperature
pH Additive and

Concentration
Adding
Al(OH)3

Adding
Na2CO3

VV10 4-molar
NaOH 1:50 60 min at 60 ◦C 4-molar HNO3 yes yes

VD1 8-molar
NaOH 1:29 60 min at 60 ◦C 8-molar HNO3 yes yes

VD2 8-molar
NaOH 1:50 60 min at 60 ◦C 4/8-molar HNO3 yes yes
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The NaOH trials show poor lithium yields, except “VV10”, as can be seen by Figure 10a. The HNO3

trials show the best consistency in yields, independent from the parameters chosen, as can be seen in
Figure 10b. “VD3” shows low lithium results, which can be explained by only use of an 8-molar acid.
This concentration can, hence, be classified as an inadequate parameter.

Figure 10. (a) Overview of the lithium yields reached in the pre-trial (VV10) and in the main trials
(VD1 and VD2) by using NaOH as solvent. (b) Overview of the lithium yields reached in the best-case
pre-trial (VV28) and the main trials (EV1-3, VD3-5) by using HNO3 as solvent.

In terms of lithium yields, it can be concluded that “VV5”, “VV19”, and “VV28” represent the
best outcome with the leaching agent HNO3 for the pre-trials, and “VD4” the best outcome for the
main trials. In case of H2SO4, it is “VV29”, and in case of NaOH, it is “VV10”. “VV10” is different
from “VD1” and “VD2”, since a leaching concentration of 4 mol/L was chosen, instead of 8 mol/L in
“VD1” and “VD2”. In addition, the solid/liquid ratio shows an impact when comparing “VD1” and
“VD2”: a solid/liquid ratio of 1:50 reflects higher lithium yields. The HCl trial shows a comparatively
low lithium yield of 69%, in combination with high Cl contaminations within the lithium carbonate
filter cake. Hence, this solvent was not used repeatedly and is therefore not represented in the bar
charts. However, the parameter specifications for the best yields in Table 7 give an overview on
successful combinations.

Table 7. Summary of parameter combinations with the highest lithium yields of each leaching agent.
Since the yields of pre-trials VV5, VV19, and VV28 show similar lithium yields, all three are highlighted.
Every parameter combination is represented once.

Trial
Leaching

Agent and
Concentration

Solid/Liquid
Ratio [g/mL]

Leaching Time
and

Temperature

pH Additive
andConcentration

Addition
ofAl(OH)3

Nuclei

VV5 2-molar HNO3 1:100 60 min at RT 8-molar NaOH yes

VV7 4-molar HCl 1:100 60 min at RT 8-molar NaOH yes

VV10 4-molar NaOH 1:50 60 min at 60 ◦C 4-molar HNO3 yes

VV19 4-molar HNO3 1:55 60 min at 60 ◦C 14-molar NaOH yes

VV28 2-molar HNO3 1:50 60 min at 60 ◦C 8-molar KOH yes

VV29 2-molar H2SO4 1:50 60 min at 60 ◦C 8-molar KOH yes

VD4 2-molar HNO3 1:50 60 min at 60 ◦C 2-molar KOH yes

Hence, it can be derived that the following parameters lead to enhanced Li yields:

• HNO3 and NaOH reach the highest lithium yields. H2SO4 and HCl yields have not been satisfying
when comparing all leaching agents in terms of lithium yields.

• All best-case scenarios in show best results when leaching for 60 instead of 120 min.
• Addition of H2O2 is beneficial.
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• Addition of Al(OH)3 as nuclei is suggested.

Since not only reached yields are decisive, arising lithium filter cake impurities are also to be
focused upon. Hence, Table 8 focuses on the chemical composition of several lithium carbonate
filter cakes.

Table 8. Impurities occurring within the best-case scenarios of each solvent yields based on
ICP-OES analysis.

Trial
K

Impurities
[wt.%]

S
Impurities

[wt.%]

Na
Impurities

[wt.%]

Cl
Impurities

[wt.%]

F
Impurities

[wt.%]

Al
Impurities

[wt.%]

Sum of
Impurities

[wt.%]

VV5 n/a n/a 25.6 n/a 0.2 n/a 25.8

VV7 n/a n/a 10.8 17.9 n/a 0.2 28.9

VV10 n/a 0.2 14.4 n/a n/a n/a 14.6

VV19 n/a n/a 9.4 n/a n/a n/a 9.4

VV28 4.9 n/a 0.7 n/a n/a n/a 5.8

VV29 33.9 15 1.7 n/a n/a 1.6 52.2

VD4 5.4 13.5 0.9 n/a 0.6 0.2 20.6

By evaluating the impurities, HNO3 and NaOH also show better results, especially trial “VD4”.
Hence, another preferred parameter can be derived from the impurities’ evaluation:

• KOH is slightly more suitable. “VV29” is excluded from this evaluation, since the leaching
agent H2SO4 has not been suitable in yields, as well. Although “VV29” (H2SO4 leaching agent)
represents an unsatisfactory result compared to other experiments, the highest Li recovery could
also be determined in this experiment by using KOH.

• According to Figures 10 and 11, lithium shows the highest shares within the C filter cake among
the HNO3-trials when leaching at room temperature (“VV5”). Additionally, the sum of impurities
is also higher in “VV5”, according to Table 8. Thus, a leaching temperature at 60 ◦C is preferred.
In addition, the yields of aluminum within the Al filter cakes were higher when applying leaching
at 60 ◦C.

Figure 11. XRD analysis of VD4’s lithium filter cake (a). Main phases detected comprise Li2CO3, and
in smaller shares LiF, KNO3, and NaNO3. On the right side (b), a visualization of extracted lithium
carbonate can be found.

Due to the pre-trial results, the main trials “ED1-3” and “VD4-5” were performed with different
process parameters based on the combination of KOH and NaOH. Moreover, “VV10” showed a high
lithium yield. Hence, more trials with NaOH were performed within the main trials. Table 9 gives an
overview on the used parameters.
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Table 9. Parameter combinations of the main trials.

Trial
Leaching

Agent and
Concentration

Solid/Liquid
Ratio [g/mL]

Leaching Time
and

Temperature

pH Additive
and

Concentration

Addition of
Al(OH)3

Nuclei

ED1-ED3 4-molar HNO3 1:50 60 min at 60 ◦C 8-molar KOH yes

VD1 8-molar NaOH 1:30 60 min at 60 ◦C 8-molar HNO3 yes

VD2 8-molar NaOH 1:50 60 min at 60 ◦C 4-molar HNO3 yes

VD3 8-molar HNO3 1:20 60 min at 60 ◦C 4-molar KOH yes

VD4 and VD5 2-molar HNO3 1:50 60 min at 60 ◦C 2-molar KOH yes

“VD1” shows low lithium yields (15%), which can be attributed to a higher solid/liquid ratio than
both “VV10” and “VD2”. In addition, the direct comparison between a 4-molar NaOH (VV29) and
an 8-molar NaOH (“VD2”) shows significantly lower yields for the 8-molar NaOH, so the parameter
combination of a lower solid/liquid ratio and a lower molality (“VV10”) is the preferential combination.
“VD3” has not reached high lithium yields due to its solid/liquid ratio of 1:20, the influence of the
parameter combination of an 8-molar HNO3 and the use of a 4-molar HNO3 cannot be detected at this
point. The comparatively low lithium yields of “VD5” can be asserted to a high aluminum-containing
input fraction. Only one third of the lithium in “VD4’s” input material is present in the input material
of “VD5”, thus lithium losses in other filter cakes according to Figures 8 and 9 have a bigger impact.
As already reported above, the material used in this study shows a high degree of heterogeneity and
especially within the trial set-ups of using a few grams per trial, a deviation within the composition
can potentially change the system behavior.

From Figure 10a and Table 9, it can be derived that the trials VD1 and VD2, whose concentration
was an 8-molar NaOH, could not lead to high yields. The pH additive was selected as follows: VD1
with an 8-molar HNO3 solution and VD2 with a 4-molar HNO3 solution. Thus, it can be concluded
that the optimal parameter combination for NaOH consists of a 4-molar NaOH solution with a 4-molar
HNO3 pH additive.

Since it is crucial for a further refining of the lithium filter cakes to gain knowledge on the prevalent
phases, XRD analyses provide insight into the presence of lithium carbonate and impurities on a phase
level. This is exemplarily shown by the XRD analysis of VD4’s lithium filter cake (see Figure 11a). Here,
mainly Li2CO3 but also LiF, KNO3, and NaNO3 are present. The impurities containing KNO3 can be
asserted to the use of KOH as pH additive, and the impurities containing NaNO3 can be asserted to
the addition of Na2CO3 for forming Li2CO3.

VD4 shows the highest lithium yields, while the chemical composition of the other filter cakes,
namely C filter cake, CuS filter cake, Al filter cake, and lithium carbonate filter cake are to be found in
Table 10. VD4 is chosen exemplarily for efficiency reasons. Here, “fc” indicates the filter cakes, and no
oxygen and hydrogen can be detected by ICP-OES, while the sum of detected elements is not 100%.

Table 10. Chemical composition of VD4 filter cakes in [wt.%]. The label “fc” indicates filter cakes.

Filter Cake Li Al Fe K Na C S F Cu

[wt.%]

C–fc 0.7 n/a n/a n/a n/a 60.7 14.7 0.6 n/a

CuS–fc n/a n/a n/a n/a n/a n/a 26.7 0.01 72.9

Al–fc 0.4 38.3 n/a 0.6 0.2 n/a n/a 2.4 n/a

Li–fc 17.6 0.2 n/a 5.4 0.9 13.5 0.12 0.6 n/a

The majority of C enriches within the C filter cake that the principle of S recovery as copper sulfide
was successful, and Al mostly precipitates in the Al filter cake. Interestingly, also F is mainly leaving the
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aqueous system along with the Al filter cake. This is explainable by the formation of Al–F-containing
phases, such as AlF3, but needs to be proven by XRD analysis. Besides the high S-shares, which have
already been discussed before, the set-up of VD4 shows a proof-of-concept of this study’s scope.

According to the elemental distribution of the obtained filter cakes in Table 10, the filter cakes
obtained from HNO3 leaching with KOH as pH additive are visualized in Table 11. In the C fc, metallic
Al flakes are still visible, since metallic Al indicates a low leaching efficiency for metallic Al. The color
of the CuS fc together with the chemical composition in Table 10 suggests the formation of CuS or
Cu2S. Some CuSO4 shares are also possible but further XRD analysis would be needed to investigate
this. The Al fc color suggests the formation of Al(OH)3 and AlF3.

Table 11. Pictures of the obtained filter cakes apart from Li–fc (see Figure 11b) by leaching with HNO3.

C fc CuS fc Al fc

Finally, a process for lithium recycling from lithium–sulfur batteries was proven: A combination
of pyrolysis, manual extraction of black mass, and subsequently, leaching of black mass in HNO3

have shown lithium yields of 93%, with a Li2CO3 purity of 92.78%. H2SO4, HCl, and NaOH,
which were validated as suitable leaching agent for Li-ion battery active mass, show poor results for
lithium–sulfur batteries.

4. Outlook

For future research, several aspects are to be investigated further: A repetition of the set-up
in trials “VV10”, “VV28”, and “VD4” for statistical validation will be one focus. These set-ups are
indicated in Table 11 as “3×”, representing three repetitions. Besides these repetition trials, different
set-ups in terms of detailed HNO3 investigation will be added. These parameter combinations are
indicated in Table 11 as “1×”, representing one trial. The combination of 4-molar HNO3 with 8-molar
KOH is neglected due to the comparatively low yields in “ED1-3”. Although the combination of
8-molar HNO3 and 2-molar KOH as pH additive was investigated in “VD3”, it will be tested again
with a more promising solid/liquid (S/L) ratio. An overview on the trials to be performed as next steps
is given in Table 12.

The most successful set-up in terms of Table 11 will be performed with the battery fraction > 1 mm,
as well, since in Li–S batteries, lithium distributes between the fine fraction (black mass) and the coarse
fraction (>1 mm) by almost 50:50.

Moreover, another carrier gas could be used instead of N2 in order to avoid a possible formation
of Li3N. Ar is a suitable replacement in this case. In addition, the CuSO4 solution in the gas washing
bottles could be replenished with a basic additive, improving the scrubbing effect. This then leads to a
further reduction in gaseous emissions, such as HF and H2S. On the other hand, another chemical
additive is then required. With the set-up described in this study, hence without basic additive, (see
Figure 5), 5 ppm of H2S and 3 ppm of HF were measured after the second washing bottle. In addition,
the C fc could be treated to remove the remaining sulfur. On the other hand, a refurbishing of the
cathode for second use in LSBs is thinkable. For the detection of C-within solutions, a Total Organic
Carbon (TOC) analyzer will be used.
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Table 12. Parameter set-ups to be investigated for extracting the best-case scenario for treating Li–S
black mass by the hydrometallurgical process suggested in this study.

Trial
Leaching

Agent and
Concentration

Solid/Liquid
Ratio [g/mL]

Leaching Time
and

Temperature

pH Additive
and

Concentration

Addition of
Al(OH)3

Nuclei

3× VV10 4-molar NaOH 1:50 60 min at 60 ◦C 4-molar HNO3 yes

3× VD4 2-molar HNO3 1:50 60 min at 60 ◦C 2-molar KOH yes

1× VD6 2-molar HNO3 1:50 60 min at 60 ◦C 4-molar KOH yes

3× VV25 2-molar HNO3 1:50 60 min at 60 ◦C 8-molar KOH yes

1× VD7 4-molar HNO3 1:50 60 min at 60 ◦C 2-molar KOH yes

1× VD8 4-molar HNO3 1:50 60 min at 60 ◦C 4-molar KOH yes

1× VD9 8-molar HNO3 1:50 60 min at 60 ◦C 2-molar KOH yes

1× VD10 8-molar HNO3 1:50 60 min at 60 ◦C 4-molar KOH yes

1× VD11 8-molar HNO3 1:50 60 min at 60 ◦C 8-molar KOH yes

Moreover, waste water should be avoided by recirculating the residual filtrate after
Li2CO3-filtration. Besides waste reduction, it also implies the benefit to minimize lithium losses.

Another strategy for an early-stage lithium recovery (ESLR) has shown good results for
conventional Li-ion batteries and will also be investigated for Li–S batteries. This can be realized by
using CO2 for lithium carbonation before using acidic media or also as a substitute for Na2CO3.

For a better understanding of on-going reactions within the hydrometallurgical processing,
equipment for online measurement of both ionic concentrations and potential is going to be applied.
Thus, the area of Eh-pH diagrams can be asserted more effective, and especially the lithium precipitation
can be designed more accurately: Na- and K-ion concentration can be detected to filtrate solution
before the solubility product of both ions is reached, avoiding impurities within the Li filter cake. For
better post-processing, XRD analyses of the C filter cake, the CuS filter cake, and the Al filter cake are
to be evaluated, as well.

5. Conclusions

In this study, a recycling approach for Li–sulfur batteries is examined for the first time.
A proof-of-concept of the set-up presented in Figure 4 is shown. Especially when applying NaOH
and HNO3 leaching, high lithium yields are reached. In the case of “VV5” 78%, in the case of “VV28”
80%, and in the case of “VD4” 93% of lithium in the input material could be transferred to a lithium
carbonate filter cake. However, this proof-of-concept study shows every experimental set-up only
once. “ED1-3” and “VD4-5” were repeated three times or twice, respectively. This is why a statistical
validation will be performed in the future. Moreover, the filter cakes’ purities are to be improved
for a second use of the generated products. Hence, a hydrometallurgical purification step should be
added. Finally, since the intrinsic value of lithium–sulfur batteries on a commodity level is lower in
comparison to lithium-ion batteries, the use of organic acids will be used to recycle more cost efficiently.
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Abstract: In the coming years, the demand for safe electrical energy storage devices with high energy
density will increase drastically due to the electrification of the transportation sector and the need for
stationary storage for renewable energies. Advanced battery concepts like all-solid-state batteries
(ASBs) are considered one of the most promising candidates for future energy storage technologies.
They offer several advantages over conventional Lithium-Ion Batteries (LIBs), especially with regard
to stability, safety, and energy density. Hardly any recycling studies have been conducted, yet, but such
examinations will play an important role when considering raw materials supply, sustainability of
battery systems, CO2 footprint, and general strive towards a circular economy. Although different
methods for recycling LIBs are already available, the transferability to ASBs is not straightforward due
to differences in used materials and fabrication technologies, even if the chemistry does not change
(e.g., Li-intercalation cathodes). Challenges in terms of the ceramic nature of the cell components
and thus the necessity for specific recycling strategies are investigated here for the first time. As a
major result, a recycling route based on inert shredding, a subsequent thermal treatment, and a
sorting step is suggested, and transferring the extracted black mass to a dedicated hydrometallurgical
recycling process is proposed. The hydrometallurgical approach is split into two scenarios differing
in terms of solubility of the ASB-battery components. Hence, developing a full recycling concept is
reached by this study, which will be experimentally examined in future research.

Keywords: battery recycling; all-solid-state batteries; metallurgical recycling; metal recovery;
recycling efficiency

1. Introduction

Generally, continued operation of batteries after their typical end of life (80% of nominal capacity),
often referred to as “second life”, has both environmental and economic benefits. However, due
to required testing protocols and safety as well as reliability issues, this second life exploitation is
challenging [1]. At the end of the first or the second life, normal recycling needs to be exploited to
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lower environmental impact of battery fabrication and move further towards a circular economy.
The recycling of LIBs is already established on the industrial scale using specific process routes [2].
The following section provides an overview on possible recycling paths. However, many more
processes are investigated in both industry and research, so this elaboration is an overview and
not full literature review. Moreover, in the following section, industry and research activities are
not differentiated, as the focus will be presenting options for Li-Ion battery recycling and hence,
their possible application to ASBs. The most direct way to reuse battery materials is by reconditioning
the active materials for direct fabrication of new cells [2]. If this is not possible (e.g., due to cell
performance), elemental recycling strategies based on the combination of two different process modules
are in place: Pre-treatments and metal extraction processes [3].

Within pre-treatments, discharging is crucial to safely process the batteries further. This can
be realized by immersing the used battery into a salt solution [4] or by a thermal treatment,
e.g., a pyrolysis, as a deactivation step [5]. During this thermal pre-treatment, organics and binders
are decomposed and evaporated, leaving the reactor via the off-gas stream [6]. The applied thermal
treatment can either occur by generating an inert gas or vacuum atmosphere, thus in an oxygen-free
environment (pyrolysis), or in oxygen-containing environment (incineration/thermolysis) [4,7].
After completing the thermal treatment, a mechanical treatment consisting of comminution and
separation is possible. The separation can be realized by making use of physical properties or a
sieving operation [8]. An alternative sequence is the deactivation of the batteries in a salt solution,
a mechanical treatment, and a subsequent thermal treatment [9–12]. Here, before the thermal treatment,
the batteries are either shredded and then sorted by means of physical properties [10], or directly
manually dismantled to extract specifically the electrode foils with the attached active mass [9,12].
A third method combines inert/cryogenic shredding and a subsequent thermal treatment [13]. This brief
overview gives the three main approaches regarding pre-treatment steps. There are differences in
applied atmospheres and temperatures, but in most cases, a better removability of black mass, especially
on the cathode side, from substrate foils is reported when applying a thermal treatment. This can be
explained considering the following: Within battery design, a good adhesion between substrate foils
and active materials is crucial, which is realized by applying a strong binder. The binder compounds
can be cracked and removed in the thermal treatment. Moreover, the removal of the binder and
other organics is a suitable tool for easing the downstream hydrometallurgical treatments, since the
organic compounds are hardly soluble in leaching steps [7,12]. On the other hand, a challenge in direct
shredding and in thermal pre-treatment is the need for extensive off-gas cleaning [4,14].

Within the metal extraction, there are different chemical approaches, such as hydrometallurgy
and pyrometallurgy [15]. Hydrometallurgical processes offer many different solvents for leaching and
also target phases of the battery components. They can be classified by the type of leaching media:
Mineral acids, alkalis, and organic acids. For instance, processes based on mineral acids, such as
sulfuric acid (H2SO4) or hydrochloric acid (HCl), or organic acids, such as ascorbic acid together with
hydrogen peroxide (H2O2), have reached satisfying yields [16]. Altogether, hydrometallurgy requires
less energy, and due to its selectivity high purities can be obtained. Nonetheless, mechanical and/or
thermal pre-treatments are essential [14].

Pyrometallurgy generally is a high efficient concentration operation and comprises of the smelting
of batteries transferring noble metals to an alloy, which then will be purified by hydrometallurgical
refining steps [14,17]. Rather ignoble, and depending on the operation temperatures, partly volatile
metals will be transferred to a slag phase or a flue dust [18]. This path is industrially widely applied [18]
due to its high robustness and productivity [19]. In addition, pyrometallurgy is robust regarding
the input stream’s heterogeneity, which is why battery scrap can be treated along with persisting
primary production lines of metals like cobalt (Co) [20]. Since lithium (Li) cannot be recovered by
pyrometallurgical methods as metal, a downstream slag purification by means of hydrometallurgy is
also a subject of research [21].
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In conclusion, different process modules can be combined to design the most effective recycling
process for each cell design and, vice versa, cell can be designed to promote effective recycling.

The main scrap volumes of LIBs recycling are presently based on consumer batteries, and partly
also on Hybrid Electric Vehicles/ Electric Vehicles (HEV/EV) traction batteries [22]. The EV scrap
volumes that are available for recycling are comparatively low, but if this status-quo changes in the
future towards an increased use of electrification in the mobility sector, some recycling paths will turn
out to be more viable if they benefit from scale effects [2]. Today’s industrial recycling paths focus mainly
on the valuable elements; however, LIBs are complex and materials from different applications or
generations are often accompanied by changing compositions [22,23]. Since the second life application
rates are currently very low in industrial processes [24], a lot of research activity is pursued targeting
elemental materials’ recycling. Public-funded German projects such as MERCATOR or InnoRec tend
to follow innovative recycling steps in order to mobilize Li, and even in the case of MERCATOR,
the critical raw material graphite will be reused for non-battery applications [25,26]. Methods for
mobilizing Li before it is deposited in a slag or flue dust are already under fundamental investigation.
These investigations are relevant since extracting Li from a slag is energy and resource intensive,
and the current Li price does not assure economic viability for this add-on process [20]. Early-stage
recovery methods for transforming of Li phases in the battery active mass are proposed, making use
of supercritical CO2 or by thermally activation [27–30]. Innovative methods for a holistic recycling
based on graphite pursue the flotation technology [31,32]. Another important research topic is the
recovery of the electrolyte, which is challenging due to its high reactivity [33] and the ecotoxicity of
prevailing F-compounds [34]. Phosphorous (P), present in almost all LIBs, is another critical topic
in recycling. P needs to be removed in pyrometallurgical nickel (Ni) production since it affects the
properties of specific Ni alloys [35]. In conclusion, there is still a strong need for research in recycling
of conventional batteries [36], especially based on recycling efficiency and added value. Moreover,
research on non-chemical recycling optimization is needed, for example in the field of collection and
scrap logistics [2].

ASBs are regarded as promising future batteries, as they have advantages like enhanced stability,
safety, and energy density over conventional LIBs [37]. This is mainly due to the solid electrolyte’s
beneficial properties such as a better thermal stability, non-flammability, resistance against overcharging,
and long cycle stability [38].

Different classes of solid-state electrolyte materials like polymers, sulfides, and oxides are under
investigation. Due to easier processing, polymer based ASBs are the closest system in terms of market
introduction. Sulfides are also easy to process and show the highest Li-ion conductivity, increasing the
power density greatly, but their difficult synthesis and chemical instability towards water/air impede
the large-scale fabrication. Considering safety aspects, oxide-ceramic materials stand above all other Li
electrolytes due to their chemical, thermal, and oxidation stability. They are non-flammable, non-toxic,
and can be handled in air. The chemical stability of garnet-based Li7La3Zr2O12 electrolytes towards Li
allows the direct use of metallic Li, making this material one of the most promising electrolytes for
ceramic all solid-state batteries [39]. However, expensive dopant elements like lanthanum (La) and
tantalum (Ta) as well as the required high temperature processing steps are the biggest hurdles for
large scale market introduction. Additionally, a first analysis of the resource availability have shown
that with a market share of 10% in traction and stationary applications, Li, La and zirconium (Zr) can
be classified as critical [40]. However, there is no general consensus on the assessment of resource
availability and criticality of raw materials. Different studies evaluate the criticality of materials
(especially Li) in different ways and with different results [41–49]. For example, Helbig et al. published
a study to assess the supply risks associated with 10 elements used in different LIBs [45]. Li and Co
have the highest supply risk scores. The high score for Li mainly emerges from a lack of end-of-life
recycling and the high future technology demand. The high supply risk score of Co, in contrast,
results from the by-product dependence and the high risk from political instability. Aluminium
(Al) shows the lowest supply risk score followed by titanium (Ti), copper (Cu), iron, Ni, graphite,
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manganese (Mn), and P. Schultz and Kuckshinrichs [50] analyzed the need for Li for electrochemical
energy storages. By analyzing data from known Li sources, the authors conclude that there is no
major risk in terms of exhausting world reserves, especially if a market for Li recycling is introduced.
However, with possible strongly rising demand in mind, the authors see serious potential for risks
on the supply side, which may result in temporary shortage situations and rising price levels at the
Li world market. The European Commission [48] identified 26 raw materials and material groups
as critical. This includes Co, La, phosphate rock, and Ta, which are used for ASBs. Li, Mn, Ni, Ti, Al,
and Cu are considered non-critical according to the EU critical material list with Li and Mn being close
to the threshold.

Moreover, a consideration of possible recycling processes was not part of the study by
Troy et al. [40]. Generally, no recycling concepts for ceramic ASBs are in place yet. In an indirect way,
Piana et al. investigated the reusability of industrial waste products for the synthesis of a sodium
(Na)-on ASB electrolyte [51], and Wang et al. extracted end-of-life LiMn2O4 cathodes for resynthesizing
a Li-Ion ASB electrolyte [52]. This shows that only rudimentary knowledge regarding a circular
economy of ASBs exist. Therefore, this study aims to generate the first ceramic ASB recycling concept.
In particular, a theoretical approach is chosen, taking the presented LIB treatment methods as a starting
point, then evaluating to what extent specific tools can be translated to ASB recycling.

2. Materials and Methods

2.1. Cell Concept

In terms of industrial and technological value, the cell concept with the lowest cost and highest
energy density for oxide-ceramic based ASBs is a flat cell, which is housed in a pouch bag. The
design of the cell itself (see Figure 1) is rather simple and consists of five different layers: (1) Anode,
(2) Separator, (3) Cathode, (4), and (5) Current Collectors.

 
Figure 1. Pouch cell design of a ceramic ASB: A thick mixed cathode is separated by a thin LLZ-layer
from the Li-metal anode. The currents are collected by a thin Cu or Al foil.

(1) Anode: The electrochemical stability of some oxide-ceramic electrolytes towards metallic Li
allows for the direct use of Li metal as an anode material. Li metal shows a very high theoretical capacity
and the lowest electrochemical potential, making it the most promising anode material in Li based
batteries in terms of energy density. Theoretically, all active Li ions are located in the cathode material.
Nevertheless, a thin layer of metallic Li on the anode side is necessary to compensate for irreversible Li
losses and a homogeneous Li plating during cycling. Thus, we used a thin layer of 5 μm thickness in
our cell design, knowing that Li free anode concepts are also heavily researched at the moment.

(2) The separator prevents electrical short circuiting due to the direct contact between anode and
cathode material, while it allows Li-ions to pass between the two electrodes. In ASBs, the separator
can be made from the solid electrolyte itself, therefore having the same high ionic conductivity while
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the electronic conductivity is low. However, it needs to be chemically stable towards the anode
material (Li metal) on the one hand and towards the cathode material (e.g., LCO, NMC) on the
other hand. So far, the only materials that combines all these properties are garnet-based compounds
like Li7La3Zr2O12 (LLZ). Ta substitution (Li6.4La3Zr1.6Ta0.4O12) stabilizes a cubic garnet structure and
enhances the conductivity of the material up to 1 ms/cm [53]. Since the separator is an inactive part of
the battery, it should be as thin as possible while still showing sufficient electronic and mechanical
properties. A dense layer of 10 μm LLZ is used as a compromise between total resistance, sufficient
mechanical properties, and realistic processing. In the future, thinner separators and interlayer to
improve the contact resistance are of course realistic.

(3) Cathode: In a conventional LIB, the cathode consists of a rather porous structure of active material,
conductive additives, and polymer binders in which the liquid electrolyte can be infiltrated and achieves
a good interface contact. As cathode active materials (CAM) for ASBs, the same materials which are
already used in LIB can be incorporated. To achieve a good surface contact between the two solid phases,
the cathode material needs to be co-sintered together with the electrolyte. One promising material
combination for oxide-based ASBs is the combination of LiCoO2 (LCO) and LLZ. The mixture of these
materials is chemically stable up to 1085 ◦C [54], which allows a co-sintering of the cathode. Batteries
of this material mixture are already realized on lab scale [1,12,39,55]. However, to obtain high-energy
density cells, the amount of CAM in the mixed electrode should be as high as possible. In our concept,
we consider a CAM: solid electrolyte ratio of 2:1 as reasonable, allowing for percolation of both phases.
The thickness of the cathode is set to 150 μm to achieve areal capacities of approx. 4 mAh/cm2, which
is a common value for conventional LIBs. By substituting Co in LCO by Ni and Mn the capacity of
the cathode material can be increased. Therefore, we also consider the use of LiNi0.8Mn0.1Co0.1O2

(NMC811) in an ASB although this material shows a lower chemical stability at elevated temperatures
towards LLZ then LCO [56]. However, stabilizing coatings or lowering the sintering temperatures by
advanced processing technologies could allow for usage of NMC811 as cathode material for LLZ bases
ASBs in the future. To further increase energy density, another highly conductive ceramic electrolyte
should be considered: NASICON structure based Li1.5Al0.5Ti1.5(PO4)4 (LATP). It shows a comparable
or even higher total Li-ion conductivity (~1 ms/cm) than LLZ, while the density is lower and the raw
materials needed for synthesis are less critical and cheaper [57]. However, the major drawback is its
lower chemical stability, especially towards metallic Li. Without any stabilizing coating, it can therefore
not be used as a separator material. To combine both advantages of the individual materials, we also
investigate a cell concept with LLZ as separator and LATP instead of LLZ in the mixed cathode [58].

(4) Current collector anode side: the current collector on the anode side needs to fulfill only two
requirements: high electronic conductivity and chemical stability towards metallic Li. One material
that fulfills these requirements is Cu. Since the ceramic cathode and separator material construct a
mechanically stable backbone, a rather thin layer of Cu (10 μm) is sufficient.

(5) Current collector cathode side: Since the cathode side is chemical less active then the anode side,
the requirements for the current collector on the cathode side are reduced to only high electronic
conductivity. To keep the cell as light as possible, we use a thin Al foil (10 μm) on this side.

Due to the mechanical stability of the cell stemming from the ceramic cell itself, the thicknesses
of the Cu and Al current collectors could be decreased further (even only the metallic Li could be
used as current collector on the anode side). However, since this will depend mainly on the specific
production process and design of the cell stacks (e.g., bi-polar vs. parallel), all possible variations
cannot be investigated within this paper.

In total, we consider four different cell designs of promising as future ceramic ASBs, all containing
a LLZ separator, Cu and Al current collectors, but different cathode composite materials. The energy
density of these four cell designs were calculated and are listed in Table 1.

The LATP-based cells (2.1 and 2.2) generally show higher energy densities, stemming from its
lower density compared to LLZ. NMC811 with its higher capacity than LCO results in the highest total
energy densities.
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Table 1. Capacities of the four different cell designs.

Cell Number Cathode Materials Energy Density (Wh/kg)

1.1 LLZ + LCO 309
1.2 LLZ + NMC 406
2.1 LATP + LCO 352
2.2 LATP + NMC 463

2.2. Assembling Process

One crucial step during the assembling of a working cell is to ensure a good interface conductivity
between the separator and the cathode material. This can be achieved by a co-sintering process,
where the cathode and the separator will be baked together at elevated temperatures. The current
collectors, on the other hand, will be attached rather loose on the electrodes and mainly kept in place
by the packaging of the cell. The cell housing itself will most likely be adapted from LIBs in pouch
cell format, since it has the lowest impact on the energy density and enables the use of the same foil,
tabs, and ultrasonic welding to obtain cell stacks and batteries. After the sintering process, cathode and
separator will be chemically bonded, making a mechanical separation impossible. However, due to the
brittle nature of ceramics, crack formation is still a major concern. The Li anode will be either pressed
on the separator as a foil or, more likely, will be evaporated on the separator material. Cycling and the
ductility of Li metal will make it hard to mechanically separate the anode from the rest of the cell.

2.3. Material Demand

The market for batteries will increase drastically within the next years. With politics pushing
worldwide towards an electrification of the automobile sector, the demand for batteries will multiply
within the next years, from 500 GWh in 2017 to several TWh in 2050 [59]. Considering our four
cell concepts, we calculated the amount of raw material that would be necessary to produce 1 TWh of
oxide-based ASB.

To discuss possible bottlenecks in supply of the elements for the assumed 1 TWh ASB application,
we present the material requirements in comparison to the current world production as a first rough
estimate (Table 2).

The material compositions (weight percent) of all four ASB cells are shown in Figure 2.
Around one-third of the cell consists of transition metals from the cathode side containing Co,
Ni, and Mn. The electrolyte metals in the LLZ cells (1.1 and 1.2) make around one quarter of the
complete cell, with the main part being the rare earth element La. 10 wt.% is Cu, while Li makes up
around 6 wt.%. The total demand of the materials that are necessary for a battery production of 1 TWh
is listed in Table 2. The right side of the table shows the share (%) on current world production for
1 TWh. All four cell types require a critical demand of Li, La, and Ta. In addition, the Co and zirconia
demand can be seen as critical for cell 1.1, 1.2, and 2.1. The criticality can be defused when using
Co pure cathode material NMC as it is in cell 1.2 and 2.2, since Ni and Mn can be seen less critical.
Looking at the LLZ-based batteries, the demand of La, Zr and especially Ta are in a range that goes
far beyond the current world production. Including LATP into the mixed cathode (Cell 2.1 and 2.2)
lowers the criticality for La, Zr, and Ta, but being still in a critical range for Ta and La. This shows that
a good recyclability of the battery cells is inevitable, if this type of batteries should take a reasonable
market share. However, any future developments in the raw material production market are not taken
into account yet and can change the results noticeably. It is very likely that as demand increases, new
mines will start production and others will maximize their output [40].

The following table shows battery components and their annual production, and relates those
numbers to the material demand when producing the cells presented in this study (see Figure 2 and
Table 2).
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Figure 2. Material compositions of the four different cell designs.

Table 2. Material demand required for 1 TWh ASB and share of demand on current world production.

World Production (T) Material Demand for 1 TWh ASB in 105 T
Share (%) on Current World Production

in 2030

Cell 1.1 Cell 1.2 Cell 2.1 Cell 2.2 Cell 1.1 Cell 1.2 Cell 2.1 Cell 2.2

LI 77,000 [60] 1.93 1.47 1.57 1.19 251 191 204 155
NI 2,700,000 [60] − 6.35 − 6.35 − 24 − 24
CO 140,000 [60] 10.56 0.80 10.56 0.80 755 57 754 57

MN 15,414,509 [61]
53,000,000 a [62] − 0.74 − 0.74 − 0.5 − 0.5

AL 64,000,000 [60] 0.93 0.72 1.11 0.86 0.1 0.1 0.2 0.1
TI 4,394,500 [62] − − 0.95 0.73 − − 2.2 1.7
P 36,650,402 [61] − − 1.23 0.95 − − 0.34 0.26

LA 56,700 b [60] 5.11 3.95 0.85 0.66 901 697 150 116
ZR 112,471 c [62] 1.79 1.39 0.30 0.23 159 123 27 20
TA 1800 [60] 0.89 0.69 0.15 0.11 4928 3816 833 611
CU 20,000,000 [60] 3.07 2.38 3.07 2.38 1.5 1.2 1.5 1.2

a Mn ore; b La production accounts for 27% of the total world rare earth production of 210,000 T [63]; c based on
1,256,000 T ZrSiO4, (zircon), assumption: 18% of the total zircon amount is used for zirconia production (ZrO2).

3. Recycling Approach

A battery recycling process should be tailored to the battery components used and relevant
elements targeted for recovery. As indicated before, many different ASB systems are promoted
currently in laboratories all over the world. Moreover, within the three superordinate systems
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(polymers, sulfides, and oxides), various components are being tested during the cell design phase
aiming at a high-performance solid-state battery. Therefore, exemplarily battery compositions have to
be selected for generating first ASBs recycling considerations. In this study, recycling approaches for
the two systems LLZ + NMC and LATP + NMC are designed to match the different available systems.
These approaches are then compared in terms of their sustainability.

Due to the different nature of both composition and physical form of ASBs, the recycling
concepts also differ quite a lot from those for conventional LIBs: Most integral components
of the cell are chemically rather ignoble, and besides, do not show a high vapor pressure.
ASBs do not contain combustible components, and thus, do not contribute to exothermic reactions.
Hence, pyrometallurgy-based recycling steps are not the tool of choice for establishing a suitable
recycling process, such avoiding the generation of only a large volume of slags. Moreover, the ASB
composition according to Figure 2 shows that the battery system contains even more elements in
comparison to conventional LIBs, leading to a more complex recycling chain. Regarding ecotoxicity,
ASBs have beneficial properties for performing a recycling process. They do not contain fluorine or
phosphorous compounds, which is why the amount of hazardous gas phases will be reduced when
applying a thermal treatment. According to the state-of-the-art of LIBs recycling (see Introduction),
the occurrence of hazardous off-gases is one main drawback of thermal pre-treatments. Recycling is
generally eased due to the absence of organic compounds, like binders. They are removed by sintering
in the battery production.

In order to select a suitable recycling process, Figure 3 sums up the Introduction chapter. Here,
the reference level comprises of charged battery cells, assuming that they have already been extracted
from their modules in case of EV-battery packs. Even though a discharge of whole modules is possible,
for reasons of clarity, this option is neglected in this case.

 

Figure 3. Options for selecting a recycling method based on the available recycling paths according to
the state-of-the-art.
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As described above, Line 5 (red path, pyrometallurgy) is not seen as optimal treatment. Besides,
since ASBs are beneficial for safety and risk for fire incidents, the selection of pre-treatments is more
flexible in terms of direct inert or aqueous shredding (Lines 1 and 2). The pre-treatment or LIBs
generally requires a discharge step to protect the comminuting unit operations from fire incidents,
a thermal treatment with discharging (Line 3), or a direct thermal treatment without discharging
(Lines 4 and 5). In Line 4, a thermal treatment can by bypassed due to a robust system being able
to handle thermal runaways and moreover comprising a waste heat recovery system. In Line 5, a
thermal treatment can by bypassed due to the high temperature requirements in smelters, where
thermal runaways do not represent a processing challenge. For ASBs, either Line 1 or 2 is preferred
since the solid-state battery components are sintered and thus are expected to be mechanically and
chemically stable. Inert shredding in H2O can be beneficial for the ASBs treated in this study, since
their anodes do not consist of metallic lithium, which is highly reactive and thus could go up in
flames. Hence, high costs for vacuum and inert gas shredding could be avoided by aqueous shredding.
Since no binders are applied, a thermal treatment is not necessarily required for ASBs. It has been,
however, reported in the literature that an eased component liberation is reached when applying a
thermal treatment. Thus, whether Line 1 or 2 is beneficial is to be examined in Part II of this study.
Whether the sintered battery components can be separated from one another can only be figured
out by conducting practical experiments. Because of the comparatively high Li contents (~3 wt.% Li
in LIBs [64]) in comparison to 6 wt.% Li in the ASBs (see Figure 2), a treatment for an Early-Stage
Li-Recovery (ESLR) would be more viable, and thus, seems a good option for the selected concept.
Finally, extractive hydrometallurgy is highly selective and can separate battery components like Mn,
La, and Zr element-wise, which is why Line 7 (violet) or Line 8 (pink) are chosen for a subsequent
process route. Whether ESLR is a suitable tool for ASBs is to be investigated experimentally in Part II
of this study.

According to this discussion and based on know-how regarding hydrometallurgical extraction
processes for recycling LIBs, as can be seen in [8,18,65], the resulting flow chart for LLZ + NMC
batteries can be seen in Figure 4.

 

Figure 4. Experimental plan for a suitable LLZ +NMC recycling. C represents both graphite, active
charcoal, and soot.

It has to be further examined whether a shredding process together with a component separation
by means of sieving will lead to satisfying results. Eventually, a further comminution step by a ball
mill is required to grind the oxidic fractions and liberate them from the substrate foils and casing.
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Moreover, research will be necessary considering the necessity of a thermal treatment. The ESLR,
represented by a thermal or CO2-driven phase transformation of Li compounds into water soluble
Li-carbonate, and the subsequent dissolution of Li phases in H2O as a neutral leach is one option. Here,
Li, which will be dissolved, can be separated from the residual active mass, which is mainly insoluble in
water. The CO2-driven option for the ESLR consists of a phase transformation by means of supercritical
CO2 in an autoclave reactor filled with water or by gaseous CO2 in an aqueous medium. When using
an autoclave reactor, an excess pressure of 73.8 bar [66] is needed to reach the supercritical state.

The above-mentioned garnet structure (LLZ) is a mineral compound, whose dissolution conditions
are not experimentally proven yet. According to own studies, elevated temperatures and strong
acids/bases are required to dissolve sintered LLZ. On this account, two scenarios are to be discussed
within this study. They discuss the two border cases, in which either the whole LLZ structure
is chemically dissolved (scenario 1) or only Li is dissolved from the structure, whereas the main
garnet structure remains insoluble (scenario 2). In these scenarios, the underlying solvent is not
further specified. However, it can be predicted that the solvent in scenario 1 will tend to be stronger than
the used solvent in scenario 2, since the Li+/H+ exchange reaction is well investigated for LLT [67–69].
Both scenarios are presented in Table 3.

Table 3. Two hydrometallurgical recycling scenarios discussed within this study.

Criteria of Scenario Scenario 1 Scenario 2

Characteristics LLZ is fully dissolved Only Li is dissolved, the other LLZ
components remain solid

Leaching conditions High temperature/aggressive
leaching Moderate leaching

The extractive hydrometallurgy according to Wang [18,65] can be modified adding specific
precipitation steps for La, Zr, and Ta. Depending on the scenario, the multistep hydrometallurgy is
to be designed differently. In scenario 1, the elements Zr, Ta, and La are integrated in the leaching
and precipitation sequences according to their behavior in aqueous solutions. In scenario 2, they are
extracted as a concentrate. Here, no dissolution is taking place and cross-contaminations by similar
precipitation areas, e.g., Co, is neglected. The following elaboration treats the behavior of Zr, Ta, and La
in aqueous systems. For this purpose, both StabCal simulations and literature-based properties are
considered. The StabCal simulations show the precipitation behavior in the case of ionic dissolution of
Zr, Ta, and La. This means that no information on the degree of dissolution is given. Moreover, the
oxidation states of the input material cannot be specified by the StabCal simulations since the level of
consideration is the ionic dissolution. The concentration applied refers to the chemical composition
given, and the StabCal database used is indicated in the image captions. However, it has to be
noted that no specification on leaching medium, pH-additive and further components in the system
can be detailed. When realizing the presented simulations experimentally, the parameters leaching
medium, pH-additive, and further components have an influence on the precipitate phase and thus
on the pH-value of precipitation. Experimental validation by titration is a suitable tool to validate
the calculations. Titration is therefore going to be performed in the frame of this publication’s Part II.
The literature-based information gives an insight on the degree of dissolution, and besides, on the
precipitation behavior. Thus, it is complementary to the simulation data. However, the data presented
are also specific studies and might not be transferrable to any system. The data derived from literature
provide a first orientation to forecast the hydrometallurgical behavior and thus construct a suitable
recycling path. Experimental validation within Part II is going to evaluate the approaches presented in
this study.

Figure 5 shows a thermochemical modelling by StabCal in terms of the behavior of the element Zr
when being brought into aqueous solution. It can be seen that the Zr-ions are starting to precipitate
from the leaching liquor at a pH-value of ~4.5 as ZrO2.
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Figure 5. EpH diagram of Zr dependent of pH calculated by StabCal. Database used: Helgeson
(SupCrt).

In the literature, this phenomenon has been discussed, as well: Ma et al. built a phase diagram
and calculated a precipitation of ZrO2 from the leaching liquor at a pH-value of ~2.5 (see Figure 6) [70].
The results show slight deviations but general accordance with the StabCal simulation in Figure 5,
especially taking into account the high degree of simplification discussed above. Moreover, Ma et al.
treated an eudialyte concentrate in H2SO4, and adjusted the pH-value by sodium carbonate (Na2CO3).
Thus, deviations by further components in the system are likely to occur.

Figure 6. Influence of pH-value in terms of precipitation of Zr stemming from eudialyte from a H2SO4

solution, based on [70].

In general, ZrO2 can be leached in an acidic medium, as reported by Ferreira et al. in case of
nitric acid (HNO3). They have shown a Zr dissolution of 95% with a leaching time of 4 h, an operating
temperature of 70 ◦C, and a molality of 12.0 mol/L [71].

Figure 7 shows a thermochemical modelling by StabCal in terms of the behavior of the element
La when being brought into aqueous solution. From this calculation, a precipitation of La-ions in a
pH-area of ~7.4 is predicted.
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Figure 7. EpH diagram of La dependent on pH calculated by StabCal. Database used: LLNL (Cp(T)).

Literature on the dissolution of La-phases has shown a good accordance with the StabCal
simulation presented. Orhanovic et al. reported a precipitation pH-value of 7.36–7.56 for La(OH)3 [72].
Um et al. examined the dissolution of La2O3 in H2SO4, leading to a full leachability, see Figure 8 [73].

 

Figure 8. La2O3 dissolution and conversion into La2(SO4) [73].

Figure 9 shows thermochemical modelling by StabCal in terms of the behavior of the element Ta
when being brought into the aqueous solution. From the simulation, no pH-dependent precipitation
threshold can be identified.

However, a literature research gives more information on the dissolution and precipitation of
Ta-compounds dependent on the pH-value. Chen et al. report a low Ta leaching efficiencies in HCl,
H2SO4 and HNO3 [74]. When applying hydrogen fluoride (HF) based pressure leaching, at 23 bar,
180 ◦C for 3 h, a leaching efficiency of 99% could be obtained [74]. Regarding Ta-recovery from the
solution by solvent extraction, an extraction efficiency of 99.5% could be reached at pH= 1 (see Figure 10).
Nevertheless, solvent extraction can extract ions selectively dependent on the solvent applied, and thus,
the system behaviour cannot be transferred linearly to acidification/basification-driven precipitation
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(conventional hydrometallurgy by pH-adjustment). Hence, the extraction efficiency describes the
dissolution within the solvent; research on basification-driven precipitation will be presented below.

Figure 9. EpH diagram of Ta dependent of pH calculated by StabCal. Database used: HSC (Outotch).

Figure 10. Influence of pH-value 1–5 on the extraction efficiency of Ta using Alamine 336 for solvent
extraction, based on [74].

Clark and Brown confirm the dissolution behaviour detected by Chen et al. stating the capability of
Ta to dissolve in alkaline solutions [75]. This is also supported by Deblonde et al. [76,77]. Here, alkaline
leaching in sodium hydroxide (NaOH) or potassium hydroxide (KOH) shows a good hydrometallurgical
alternative to fluorine-based leaching, which is critical in terms of toxic emissions [77]. Deblonde et al.
report on a combination process consisting of alkaline leaching and pH-value adjustment to pH = 2–7 in
order to precipitate Ta [77]. Thus, it can be concluded that Ta is likely to precipitate in an acidic area and
might cause contaminations in the Cu-cementation step or the Al-Fe-hydroxide precipitation according
to Wang [18]. The same option is valid for La and Zr, which tend to precipitate in acidic areas, too,
as described above. When assuming a highly selective hydrometallurgical treatment, a precipitation
into element-specific product will be realizable though.

The simulated properties were, hence, combined with a literature research in order to extract
a recycling process in terms of multi-step hydrometallurgy. The process design of a multi-step
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hydrometallurgy can be applied to the two scenarios shown in Table 3. In combination with the
behavior of the elements in the active mass, Zr, La, and Ta, and the conventional NMC-chemistry,
one flow-chart for scenario 1 and one flow-chart for scenario 2 regarding a multi-step hydrometallurgy
are presented in Figures 11 and 12. Since the oxidation states of the input material cannot be forecasted,
neither the phase of the precipitates is specified in this elaboration.

Scenario 1

As already suggested in Table 3, scenario 1 represents the case of bringing all battery components
into solution. Since LLZ implies garnets, an aggressive leaching medium has to be chosen here. Then,
the specific elements can be precipitated according to an increased pH-value e.g., as hydroxides,
sulfates, or oxides. Since the precipitation of metals can be estimated according to the elaborations
from Figures 5–10, the following multi-step hydrometallurgy is suggested for scenario 1.

Figure 11. Developed recycling path for multi-step hydrometallurgy (Scenario 1: Full dissolution of
garnet structure → aggressive leaching).

Scenario 2

In the case of moderate leaching, the garnet structure is not dissolved. However, depending on the
acid chosen, the presented system behavior of scenario 2 can also occur although an aggressive leaching
medium is chosen. In contrast, a milling step, as indicated in Figure 4 by the term “Crushing”, could also
enhance Li liberation. The Li+/H+ exchange is also realizable in aqueous or moderate leaching. Hence,
a combination of milling and moderate leaching is to be experimentally evaluated in terms of leaching
behaviour according to scenario 1. As described above, Ta would not be brought into solution, even if
choosing a strong acid, except of HF. If La is not diluted, which can be the case for an unsuitable
leaching medium as well, it will be filtered along with Ta. Subsequently, alkaline leaching could
dissolve Ta and thus, enable a separation between La and Ta. Hence, all the garnet oxides can be
selectively separated also by scenario 2.

Thus, the focal point of the experimental investigations will be a determination of suitable
pre-treatments, both mechanically and thermally. Furthermore, the extractive hydrometallurgy aiming
for a zero-waste and maximum yield, especially based on Co and Ni, is to be developed.
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Figure 12. Developed recycling path for multi-step hydrometallurgy (Scenario 2: No dissolution of
garnet structure → moderate leaching).

4. Conclusions

A technology’s recyclability at its prototype development stage is a progressive and, according to
the authors opinion, crucial approach for contributing to a both high-tech and highly sustainable world.
Investigating a technology’s recyclability at this stage generates an understanding of its future
viability and, moreover, drawing up recommendations in terms of a “design for recycling”. In this way,
performance and sustainability are brought together, leading to the best technology concept in both
economic and ecological value.

This study is the first attempt in approaching suitable recycling paths for oxide-based ASBs.
Different options have been pointed out, focusing either on conventional LIB treatment steps or on
innovative methods for a specifically tailored process.

According to our evaluation, the most promising pre-process is shown in Figure 4, and in
combination with a detailed multi-step hydrometallurgy steps in Figure 12 leads to an optimal
recycling yield. The dissolution of the garnet structure could require strong acids, which can lead to
undesired environmental impacts and thus, should be avoided. Moreover, less cross-contaminations
with conventional NMC-components and thus a higher recycling efficiency can be expected. If a thermal
treatment is required, it should be tested experimentally, and if an ESLR is implied (see Figure 4), the
final step regarding the Li carbonate recovery in Figure 12 can be foregone. However, in contrast
to environmental and recycling efficiency considerations, the economic perspective is not taken into
account here.

5. Outlook

Future research will focus on experimental implementation of the theoretical concepts drawn
up within this study. Thus, mass balances and chemical analysis will examine the validity of the
theoretical concept and thereby contribute to sustainability assessments of next-generation batteries.
This research will be shown in “Recycling Concept for Ceramic All-Solid-State Batteries—Part II:
Experimental validation for a LLZ + NMC-based System”.
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Abstract: Due to the increasing demand for battery raw materials, such as cobalt, nickel, manganese,
and lithium, the extraction of these metals, not only from primary, but also from secondary sources,
is becoming increasingly important. Spent lithium-ion batteries (LIBs) represent a potential source
of raw materials. One possible approach for an optimized recovery of valuable metals from spent
LIBs is a combined pyro- and hydrometallurgical process. The generation of mixed cobalt, nickel,
and copper alloy and lithium slag as intermediate products in an electric arc furnace is investigated
in part 1. Hydrometallurgical recovery of lithium from the Li slag is investigated in part 2 of this
article. Kinetic study has shown that the leaching of slag in H2SO4 takes place according to the
3-dimensional diffusion model and the activation energy is 22–24 kJ/mol. Leaching of the silicon from
slag is causing formation of gels, which complicates filtration and further recovery of lithium from
solutions. The thermodynamic study presented in the work describes the reasons for the formation of
gels and the possibilities of their prevention by SiO2 precipitation. Based on these findings, the Li slag
was treated by the dry digestion (DD) method followed by dissolution in water. The silicon leaching
efficiency was significantly reduced from 50% in the direct leaching experiment to 5% in the DD
experiment followed by dissolution, while the high leaching efficiency of lithium was maintained.
The study takes into account the preparation of solutions for the future trouble-free acquisition of
marketable products from solutions.

Keywords: lithium-ion battery; recycling; lithium; slag; hydrometallurgy; leaching; dry digestion;
critical raw materials

1. Introduction

Lithium-ion batteries (LIBs) are currently considered as one of the most important energy storage
systems, which is reflected in a wide range of applications, especially for portable devices [1–7].
Due to the extensive electrification expected in the field of electromobility, batteries will have
another key role in the future ensuring the transition towards a climate-neutral economy [8].
In addition to the implementation of electromobility and their widespread use for portable applications,
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lithium-ion batteries are also indispensable as intermediate storage for the stabilization of decentralized
power systems [2–5,9,10]. Compared to other battery types, LIBs have advantageous technical properties
that substantiate their dominance as energy storage systems, including, e.g., high energy density and
low self-discharge [10,11]. As a result of increasing applications of lithium-ion batteries, a significantly
higher demand for battery containing critical or strategic raw materials, such as cobalt, lithium,
and nickel, is to be expected. Those crucial metals are only available in limited quantities and are
currently obtained mainly from primary sources [2]. Recycling is an essential aspect of closing the
entire substance cycle of LIBs and securing the supply of raw materials for new battery production.
To meet the increasing demand for strategic metals, the development of a raw material recycling
economy, in addition to the expansion of mining capacities, is therefore unavoidable [5].

In the European Union, Directive 2006/66/EC applies to the recycling of LIBs. This directive
requires the recycling of fifty percent of the average weight of used batteries, including spent LIBs [12].
The extensive recycling of battery components that exceed the recycling quota of fifty percent is of
central importance to ensure the supply of materials for the new battery production and consequently
the transition to a climate-neutral economy. This also requires consideration of battery components
such as lithium.

In 2020, lithium was newly included among the European Union (EU)’s critical raw materials,
which made its recovery, especially in the battery systems, where lithium is an indispensable
cathode component, essential [13]. In the field of battery recycling, research projects have been
carried out for several years dealing with both single and combined mechanical, pyrometallurgical,
and hydrometallurgical processes as well as pyrolysis to recover battery components [5,10,11,14–24].
However, the focus is mainly set on more valuable metals, which is the reason why lithium as a
component has not been sufficiently considered [25]. Overall, the recovery of lithium from active
electrode mass has not been solved satisfactorily since the recovery is made more difficult by the
ignoble character of the spent LIBs. Only about 20 tons of lithium were reported in 2016 as secondary
raw material on a global scale [13,26]. In the EU, 4 tons were produced from secondary raw materials,
representing an end-of-life recycling-input rate of less than 1% [13,27]. In pyrometallurgical processes,
lithium is converted into slag, which is either used as construction material, undergoes further
hydrometallurgical treatment, or can be sold, e.g., for the cement industry [28]. Hydrometallurgical
processes allow lithium to be recovered from black mass, for example as lithium carbonate [29].

Within the scope of this work, a combined pyro- and hydrometallurgical process was designed,
which enables a complete recovery of the valuable elements present in the active mass of spent LIBs.
In a first process step presented in part 1 of this article, the melting of pellets with SiO2 and CuO in the
electric arc furnace was realized, where metal alloy and Li slag were produced. Production of the slag
enabled the recovery of lithium, while more valuable components, such as cobalt, copper, and nickel,
were enriched in a metal alloy [30].

In part 2 of this article, the optimal leaching conditions of Li slag in sulfuric acid were studied.
The design of the leaching step was adapted for the subsequent trouble-free recovery of lithium from
the obtained solution. The main complication of leaching of materials with a higher silicon content is
the formation of silicon gels [31–35]. In addition to the thermodynamic and kinetic study of the slag
leaching process, the work also describes the conditions of gel formation and proposes the leaching
method, in which the formation of gels does not occur.

2. Materials and Methods

2.1. Sample Preparation and Characterization

Pyrolyzed lithium-ion (Li-ion) battery black mass used for this study was generated by Accurec
Recycling GmbH and further processed in the Electric Arc furnace (EAF) at the IME Process Metallurgy
and Metal Recycling, Institute of RWTH Aachen University, Germany with the SiO2 used as flux and
CuO used to react with excess carbon from pyrolyzed battery black mass. A detailed description of the
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trials is presented in part 1 [30]. The chemical composition of the input materials, intermediates, and
solutions obtained after hydrometallurgical treatment was analyzed by atomic absorption spectrometry
(AAS) using spectrAA20+ spectrometer (Varian, Autralia). The phase composition of materials was
analyzed by X-ray diffraction phase analysis (XRD) using Philips X’Pert Pro Co-Kα (PANanalytical,
Almelo, Netherlands) and identified by PANanalytical HighScore Plus software version 3.0.

Generated Li slag showed in Figure 1 was crushed in a jaw crusher, ground in a mechanical
mortar, subjected to a two-stage manual magnetic separation using a ferrite magnet, and subjected to
sieving. Magnetic separation aimed to reduce the content of metallic impurities such as cobalt, copper,
nickel, and iron in the Li slag. The first stage of magnetic separation was performed after crushing
(Figure 2a) and the second after grinding (Figure 2b). Particle size of +0 −0.5 mm was used in this
study. The chemical composition of Li slag and slag after mechanical pre-treatment is shown in Table 1.

  
Figure 1. Li slag from EAF: (a) before mechanical pretreatment, (b) after mechanical pre-treatment
consisting of crushing, grounding, magnetic separation, and sieving.

  
Figure 2. Metal phases obtained by magnetic separation: (a) after crushing (b) after grounding.

Table 1. Chemical composition of the slag before and after magnetic separation.

Sample Li Co Cu Al Fe Si Ca Ni Mn

Li slag 6.80 1.17 1.53 16.52 0.51 48.62 1.16 0.15 0.65
De-metalized Li slag 6.96 0.00 0.11 16.40 0.20 51.10 1.26 0.01 0.88

The price and estimated value of Li slag elements in their marketable products are shown in
Table 2. The theoretical values of the elements were calculated from the content of the element in Li
slag and from the content of the element in the marketable product and their price. The most valuable
element for its recovery from used Li slag is lithium marketed as Li2CO3. From one metric ton of Li
slag, it is theoretically possible to obtain Li2CO3 with an estimated value of US $2500.27. The second
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most valuable element in the slag is aluminum with a theoretical value of US $367.99 per metric ton of
Li slag. In addition to Li and Al, the study is focused on the leaching rates of silicon due to its high
content in the Li slag and potential silica gel formations. Other elements are considered as impurities
due to their low content.

Table 2. Estimated value of the elements in the Li slag, data from [36,37].

Elements Content
Marketable

Products
Price of Marketable

Products (US $/t)
Estimated Value of Marketable
Products in 1 t of Li Slag (US $)

Li 6.96% Li2CO3 (Li = 18.79%) 6750 2500.27
Al 16.40% Al 2243.86 367.99
Si 51.10% SiO2 (Si= 46.74%) 100–120 109–131

Mn 0.88% Mn 1525.83 13.43
Cu 0.11% Cu 7703.93 8.47
Ca 1.26% CaO (Ca= 71.47%) 80 1.41–1.76
Ni 0.01% Ni 17,935.94 1.79
Fe 0.20% Fe 285 0.57
Co 0.00% Co 32,985 -

XRD analysis of de-metalized Li slag is shown in Figure 3. The analysis shows that lithium is
present in the slag as LiAlSiO4 and Li2SiO3. Other phases containing SiO2 were not identified in XRD
diffraction pattern, which implies that excessive amount of SiO2 in the slag is present in amorphous
form SiO2 (am).

Figure 3. XRD analysis of the Li slag.

2.2. Thermodynamic Study of Lithium Slag Leaching

A thermodynamic analysis was performed using HSC software (Outotec, Espoo, Finland) [38].
Table 3 shows potential reactions of identified lithium phases with sulfuric acid and their ΔG◦ values
at 20 ◦C and 80 ◦C. A negative value of standard Gibbs energy indicates that these reactions are
spontaneous and thermodynamically feasible.

Figures 4–6 show E-pH diagram for Li-Al-S-Si-H2O, Al-Li-S-Si-H2O, and Si-Al-Li-S-H2O systems
respectively. Thermodynamic study confirmed the presence of lithium as Li+ ion in acidic leaching
system at both selected temperatures. At pH above 13 and at 80 ◦C LiOH*H2O might precipitate.
Aluminum and silicon are also thermodynamically stable in ionic form under pH five. At pH above
five at 20 ◦C and pH above four at 80 ◦C Al2O3*SiO2 precipitates. Reactions (1), (2), and (3) from
Table 3 indicated three possible silicon phases (SiO2, H2SiO3, and H4SiO4) present in the leaching
system (formed by means of reaction of LiAlSiO4 with H2SO4). According to the Eh-pH diagram, the
most thermodynamically stable is H4SiO4.
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Table 3. Potential reactions of slag phases and ΔG◦ values in the H2SO4 leaching system, data from [38].

Equation Reaction ΔG◦
293.15 [kJ] ΔG◦

353.15 [kJ]

(1) 2LiAlSiO4 + 4H2SO4(l) = Li2SO4(ia) + Al2(SO4)3(ia) + 2H4SiO4(a) −274.727 −274.783
(2) 2LiAlSiO4 + 4H2SO4(l) = Li2SO4(ia) + Al2(SO4)3(ia) + 2H2SiO3(a) + 2H2O −300.098 −272.695
(3) 2LiAlSiO4 + 4H2SO4(l) = Li2SO4(ia) + Al2(SO4)3(ia) + 2SiO2 + 4H2O −302.950 −303.060
(4) 2LiAlSi2O6 + 4H2SO4(l) + 4H2O = Li2SO4(ia) + Al2(SO4)3(ia) + 4H4SiO4(a) −216.581 −218.504
(5) Li2SiO3 + H2SO4(l) = Li2SO4(ia) + H2SiO3(a) −151.744 −141.622
(6) Li2SiO3 + H2SO4(l) + H2O(l) = Li2SO4(ia) + H4SiO4(a) −152.092 −142.666

(a) 

(b) 

Figure 4. Eh-pH diagram for Li-Al-S-Si-H2O system: (a) 20 ◦C, (b) 80 ◦C. Molarity: (Li) = 1 M,
(Al) = 0.5 M, (S) = 0.5 M and (Si) = 0.05 M.
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(a) 

(b) 

Figure 5. Eh-pH diagram for Al-Li-S-Si-H2O system: (a) 20 ◦C; (b) 80 ◦C. Molarity: (Li) = 1 M,
(Al) = 0.5 M, (S) = 0.5 M and (Si) = 0.05 M.

(a) 

Figure 6. Cont.
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(b) 

Figure 6. Eh-pH diagram for Si-Al-Li-S-H2O system: (a) 20 ◦C, (b) 80 ◦C. Molarity: (Li) = 1 M,
(Al) = 0.5 M, (S) = 0.5 M and (Si) = 0.05 M.

2.3. Methodology of Direct Li-Slag Leaching

The direct leaching experiments were carried out in an 800 mL glass reactor placed in a
thermostatically controlled water bath. The experiments were performed at temperatures from 20 ◦C,
40 ◦C, 60 ◦C, and 80 ◦C using constant 400 rpm stirring speed. The aqueous solution of sulfuric acid
at concentrations of 0.5 M and 1 M were used as leaching reagents. The pH of the solutions was
measured with pH-meter (Inolab, WTW 3710, Germany). The volume of the leaching reagent was
500 mL. Ten grams of de-metalized Li slag samples were used for the experiments, which represents
liquid to solid ratio L:S = 50. Solid Li slag samples for the experiments were obtained by manual
quartering. The total duration of the experiment was 30 min with sampling time after 2, 5, 10, 15,
30 min.

2.4. Methodology of Dry Digestion Followed by Dissolution in Water

In addition to direct slag leaching, dry digestion (DD) experiments were performed to minimize
gel formation. These experiments were carried out in 800 mL glass reactors. The experiments consisted
of mixing a Li slag samples with concentrated (17.9 M) sulfuric acid and deionized water. The duration
of the DD experiments was set to 60 min, after which the resulting dried mixture was dissolved in
additional 500 mL of deionized water. The first series of experiments consisted of finding the optimal
ratio of sample, acid, and water in DD step. The weight of Li slag samples was 10 g. The volumes of
sulfuric acid used in this set of experiments was 5, 10, and 15 mL and volume of deionized water was
4, 12, and 24 mL. The experiments were also performed without the addition of water. In the second
series of experiments, the constant ratio of Li slag sample, acid and water in DD step and volume
of water in water dissolution step was maintained, while the total amount of the dried mixture was
increased in the dissolution step. The prepared mixtures consisted of slag [g], acid [mL] and water
[mL] in the ratios 10:10:24, 25:25:60, 50:50:120, and 100:100:240.

3. Results and Discussion

3.1. Direct Li Slag Leaching and Kinetic Study

The first hydrometallurgical experiment was direct leaching of Li slag in 500 mL of 0.5 M and
1 M H2SO4 solution at 20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C for 30 min. Figures 7–9 show the dependence of
leaching efficiency over time at different temperatures and acid concentrations for lithium, aluminum,
and silicon, respectively.
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(a) 

(b) 

Figure 7. Lithium leaching efficiency at 20–80 ◦C in 0.5 M (a) and 1 M (b) H2SO4.

Previous analysis of chemical composition shows that the most valuable element for the recovery
from Li slag is lithium itself. High lithium leaching efficiencies close to 100% were achieved after 30 min
of leaching at 20 ◦C using both H2SO4 concentrations. As the leaching temperature increases, the time
required to leach lithium gradually decreases to 15 min at 40 ◦C and 60 ◦C and to five minutes at 80 ◦C.
An increase in Li leaching efficiency can be observed in the first minutes of the experiments when
leaching results of 0.5 M and 1 M H2SO4 are compared. In addition to lithium, the leaching efficiencies
of aluminum and silicon were also studied, as these three elements are present in the LiAlSiO4 phase
and their content in the slag is high. From the efficiency of aluminum leaching, it is possible to observe
a slight effect of increasing the concentration of sulfuric acid, especially at lower temperatures, but
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more significant is the effect of temperature increase. Silicon is leached with an efficiency of up to 50%.
This corresponds to stoichiometric calculations according to which approximately 50% of the silicon
is present in the LiAlSiO4 phase, which is leachable in H2SO4, and approximately 50% in the SiO2

phase, which is not leachable in H2SO4. Thermodynamic study confirmed that leaching takes place
according to Equations (1) and (6), in which orthosilicic acid (H4SiO4) is formed. A lower Si leaching
efficiency was achieved at 20 ◦C. The highest Si leaching efficiencies were achieved at temperatures of
40 and 60 ◦C. As the leaching temperature is increased to 80 ◦C, a decrease in Si leaching efficiency
was observed, which might be related to the fact that in addition to reaction (1), reaction (3) also takes
place, in which solid SiO2 and H2O are formed instead of H4SiO4.

 
(a) 

 
(b) 

Figure 8. Aluminum leaching efficiency at 20–80 ◦C in 0.5 M (a) and 1 M (b) H2SO4.

The apparent activation energy Ea of lithium was determined from measured experiments.
The first step was the calculation of lithium conversion degree α for 0.5 and 1 M H2SO4, according to
Equation (7):

α(Li)= m0 −m/m0 (7)
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where m0 is the amount of Li in the solid sample in time t = 0 and m is the calculated amount of lithium
in the solution at the specific time of the leaching. Different kinetic models were applied to evaluate the
linear relationship between model function f (α) over time in the first 15 min of the leaching. The model
is confirmed if a linear relationship between f (α) and t with a high coefficient of determination (R2)
is found.

(a) 

(b) 

Figure 9. Silicon leaching efficiency at 20–80 ◦C in 0.5 M (a) and 1 M (b) H2SO4.

Table 4 shows the applied kinetic models [39] and their calculated values of R2 from the 0.5 M
H2SO4 leaching in the time interval from 0 to 15 min. Low R2 values of the leaching at 80 ◦C indicated
that none of these models could be applied to linearize the dissolution rate over time. This was caused
by high dissolution rates in the first two minutes of the leaching. Therefore, only data obtained by
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leaching at 20 ◦C, 40 ◦C, and 60 ◦C, showed in Figure 10 were used for the Ea calculations. The R2 values
given in Table 4 confirmed the three-dimensional diffusion model. The time dependence of the function
of the selected diffusion model and the value of R2 are shown in Figure 11. Apparent rate constants
were extracted from the slopes of the selected model function at different temperatures and their
natural logarithm values were plotted against reciprocal temperature (Figure 12). Apparent activation
energy was calculated from the slope according to the Arrhenius Equation (8) in the form:

ln
k2

k1
=
−Ea

R

(
1

T2
− 1

T1

)
(8)

Table 4. Kinetics models and linear relationship of model functions over time represented by coefficient
of determination (R2) value, kinetic models from [39].

Kinetic Models Linear Relationship (R2)

1. Linear α-t dependency 20 ◦C 40 ◦C 60 ◦C 80 ◦C
No kinetic model applied : f (α) = α = %Me

100 0.80 0.59 0.45 0.37
2. Deceleratory α–t curves
2.1. Based on geometrical models

Contracting area (cylindrical symmetry) : f (α) = 1–(1–α)
1
2 0.90 0.77 0.63 0.47

Contracting volume (spherical symmetry) : f (α) = 1–(1–R)
1
3 0.93 0.83 0.72 0.53

2.2. Based on diffusion mechanism

1D diffusion : f(α) = α2 0.93 0.78 0.56 0.40
2D diffusion : f(α) = (1− α)· ln(1− α) + α 0.97 0.89 0.69 0.46

3D diffusion (cylindrical) : f(α) =
[
1− (1− α) 1

3

]2
1.00 0.99 0.92 0.64

3D Ginstling–Brounstein diffusion (spherical) : f(α) =
(
1− 2α

3

)
− (1− α) 2

3 0.98 0.94 0.78 0.53
2.3. Based on order of reaction
First order : f(α) = − ln(1− α) 0.98 0.93 0.89 0.59
Second− order chemical reaction : f(α) = (1− α)−1 0.99 0.95 0.90 0.17
Third− order chemical reaction : f(α) = (1− α)−2 0.86 0.80 0.73 0.11
3. Acceleratory α –t curves

Power law : f(α) = α
1
n (n = 0.25) 0.98 0.95 0.73 0.45

Power law : f(α) = α
1
n (n = 0.5) 0.93 0.78 0.56 0.40

Power law : f(α) = α
1
n (n = 1) 0.80 0.59 0.45 0.37

Power law : f(α) = α
1
n (n = 2) 0.62 0.47 0.40 0.36

Exponential law : f(α) = lnα 0.13 0.12 0.15 0.14
4. Sigmoidal α–t curves

Avrami–Erofeev nucleation and growth (n = 2) : f(α) = [− ln(1− α)] 1
2 0.83 0.73 0.68 0.54

Avrami–Erofeev nucleation and growth (n = 3) : f(α) = [− ln(1− α)] 1
3 0.71 0.61 0.58 0.49

Avrami–Erofeev nucleation and growth (n = 4) : f(α) = [− ln(1− α)] 1
4 0.63 0.55 0.52 0.46

Prout–Tompkins : f(α) = ln
[

R
1−α
]

0.97 0.95 0.90 0.17

Figure 10. Input kinetic data of lithium leaching used for apparent activation energy calculations.
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Figure 11. Kinetic data after linearization by cylindrical diffusion kinetic model.

Figure 12. Apparent activation energy determination from the slope of Arrhenius plot at two different
molarities of H2SO4.

The same procedure for the apparent activation energy calculation was used for the data obtained
from the Li slag leaching in 1 M H2SO4.

Activation energy values under 21 kJ/mol indicate that the rate-determining step of the reactions
is diffusion, in the range of Ea values from 21 to 35 kJ/mol it is a mixed mechanism and activation
energy values above 35 kJ/mol indicate that the rate-determining step is a chemical reaction [40].
Apparent activation energy of lithium leaching in 0.5 M H2SO4 is 23.86 kJ/mol (R2 = 0.978) and in 1 M
H2SO4 is 22.48 kJ/mol (R2 = 0.991). Takáčová et al. [41] studied direct leaching of black mass fromLIBs,
where lithium was present in LiCoO2. The apparent activation energy of lithium leaching from LCO
black mass was in the interval from 16 to 19 kJ/mol. The comparison of apparent activation energies
shows that, unlike black mass leaching, where the rate-determining step is diffusion only, in the case
of Li slag leaching it is a mixed mechanism, where both diffusion and the rate of chemical reaction
affect the overall course of the reaction. To maintain high leaching efficiencies of lithium from slag, it is
necessary to leach at increased temperatures with sufficient stirring speed.

3.2. Investigation of the Silica Gel Formation

The results of Li slag leaching in H2SO4 confirmed that achieving high lithium leaching efficiency
is possible, but the problem of conventional direct leaching is the high silicon leaching efficiency,
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which leads to the formation of gels. According to XRD phase analysis and stoichiometric calculations,
50% of the silicon in the Li slag is present in the Li2SiO3 and LiAlSiO4 phases and the remaining
silicon, which was not detected by the XRD method, should be present in the amorphous SiO2 phase.
The solubility of silicon oxide SiO2 (cr) is 10 μg/mL and the solubility of amorphous SiO2 (am) ranges
from 100 μg/mL to 120 μg/mL [42]. However, the concentration of Si in the solutions after direct leaching
of the Li slag reaches up to 6000 μg/mL. The low solubility of SiO2 and high silicon concentration
in solutions close to 50% confirmed the theory that silicon is leached from LiAlSiO4 and Li2SiO3

phases only according to Equations (1) and (6) with high relative efficiency. Products of these reactions
are lithium sulfates, aluminum sulfates, and orthosilicic acid (H4SiO4). A higher concentration of
orthosilicic acid leads to oligomerization, according to Equations (9)–(11) [43].

H4SiO4(a) + H4SiO4(a) = H6Si2O7(a)+ H2O(l) (9)

H4SiO4(a) + H6Si2O7(a) = H8Si3O10(a) + H2O(l) (10)

H4SiO4(a) + H8Si3O10(a) = H10Si4O12(a) + H2O(l) (11)

Chemically bound water is gradually separated from orthosilicic acid by oligomerization, causing
formation of gels. Under some leaching conditions on a small laboratory scale, it is possible to filter
the solution and leaching residue from each other before the gels are formed. The gel-like solution
formed after filtration is shown in Figure 13a. Gel formation can significantly complicate the whole
process of recycling Li slag on an industrial scale, especially if a continuous leaching process is used or
if the gels are formed in a batch process before the solid residues are filtered off. The separation of solid
residues entrapped in the gels (Figure 13b) is impossible without additional technological operations,
which can affect economic and environmental aspects of the whole recycling process.

  
Figure 13. Gel aggregates present in the solutions after direct leaching of the Li slag: (a) formed after
filtration of the leaching residue; (b) formed before filtration with entrapped leaching residues particles.

The presence of gel-like aggregates in solutions obtained by direct Li slag leaching with high
silicon concentration (6000 μg/mL) and low pH (~0) was observed immediately after the leaching was
completed. According to Icopini et al. [43], gel formation occurrence is dependent on pH and on the
concentration of silicon in the solutions. Therefore, the gel formation was monitored for two months
after the leaching experiments. With decreasing silicon concentration in the solution and increasing
pH at the end of the experiments, gel formation slowed to a duration of four weeks. No gel presence
was observed in the solutions with a Si concentration lower than 1000 μg/mL or solutions with a pH
higher than 0.75. The addition of concentrated H2SO4 to a solution with a silicon concentration above
the threshold limit of 1000 μg/mL resulted in the rapid gel formation (Figure 14). pH adjustment of
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gel-like solutions to values above the limit of 0.75 does not cause fast gels dissolution, which means
that the mechanism of gel formation is not reversible and it is not possible to eliminate the problem of
gelation by this method.

 
Figure 14. Solution before (top) and 30 min after addition of 17.9 M H2SO4 (bottom).

3.3. Suppression of Gel Formation—Thermodynamic Analysis

High concentration of silicon in the solutions confirmed, that leaching of the Li slag takes place
according to Equations (1) and (6), where H4SiO4 is produced. The calculated apparent activation
energy of this ongoing reaction is 22–24 kJ/mol. In addition to this reaction, it should be also possible to
precipitate SiO2 out of solution directly, or precipitate SiO2 from already produced H4SiO4. Precipitation
of SiO2 could be a solution to gel-free leaching. Thermodynamic values for direct precipitation of SiO2

are listed in Table 3. Reactions of SiO2 precipitation from H4SiO4 and their ΔH◦ and ΔG◦ values are
shown in Table 5.

Table 5. Thermodynamic data of reactions in which SiO2 precipitates from H4SiO4.

Equation Reaction ΔH◦
293.15 (kJ) ΔH◦

353.15 (kJ) ΔG◦
293.15 (kJ) ΔG◦

353.15 (kJ)

(12) H4SiO4(a) = SiO2 + 2H2O(l) −13.642 −14.203 −14.112 −14.139
(13) H4SiO4(a) = SiO2 + 2H2O(g) 74.782 69.217 4.199 −9.698

Figure 15 shows a potential energy diagram of LiAlSiO4 leaching according to the Equations (1),
(3), (12) and (13). The diagram shows only the reaction path of the LiAlSiO4 with the focus on silicon
phase, but a similar principle can be applied for leaching of the Li2SiO3 phase as well.

Thermodynamic analysis shows, that reaction (3) is thermodynamically favorable, but high Si
concentration in the solution confirms that the leaching takes place according to reaction (1). After
leaching, it was not possible to observe a decrease in the concentration of silicon in the solution, from
which it can be concluded that reactions (12) and (13) do not proceed despite the fact that their ΔG◦
values are negative. One of the possible reasons why SiO2 does not precipitate out from solutions may
be the fact, that Ea of reactions (3), (12) and (13) were not reached. Specific values of these activation
energies cannot be determined experimentally due to the fact that these reactions do not take place
during direct leaching. Therefore, these values are marked in Figure 15 as unknown with dashed
lines. Part of the energy generated by the exothermic direct leaching, according to reaction (1), could
be sufficient to overcome the activation energy of reaction (12) or even (13), but this direct leaching
takes place at high S:L ratios equal 1:50 and the heat generated is thus consumed for heating of a large
volume of leach solution. More energy must be supplied to the leaching system in next experiments to
overcome Ea of the reactions in which SiO2 precipitates out of the solution.
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Figure 15. Potential energy diagram of LiAlSiO4 phase leaching with the focus on the silicon phases.

3.4. Dry Digestion—the Optimal Ratio of Li Slag Sample, Acid, and Water

Thermodynamic study from chapter 3.3 confirmed that one of the solutions to prevent the
formation of gels is to precipitate SiO2. To achieve precipitation, it is necessary to overcome the
unknown activation energies of reactions (3), (12), and (13), and therefore it is necessary to increase the
energy to the system. It is also appropriate to reduce the volume of the leaching solution to prevent
energy consumption for its heating. It was proposed to treat the slag by the dry digestion (DD) method
in the experiments, which has been applied in the treatment of eudialyte concentrates [31–35] and
iron-depleted red mud [35].

The DD principle consists in mixing a slag sample with concentrated acid and water and this
method aimed to verify whether the heat generated from the exothermic acid dilution and the
exothermic slag decomposition reaction may be sufficient to overcome the unknown Ea needed to
precipitate SiO2 from solution according to theory showed in Figure 15. Small addition of water (4, 12,
24 mL) to slag and acid resulted in a strong exothermic reaction. Under these conditions, it is assumed
that insoluble SiO2 and soluble lithium and aluminum sulfates were formed according to reaction (3).

One-hour DD experiment was thus followed by dissolution of obtained solid mixtures in 500 mL
of deionized water. Figure 16 shows lithium-leaching efficiencies. The addition of 5 mL of H2SO4 was
not sufficient to achieve high Li leaching efficiency, but 10 mL H2SO4 resulted in efficiency close to
100%. No further increase in H2SO4 addition was necessary. Further increase of H2SO4 to 15 mL was
neither necessary nor appropriate, due to the fact that lowering the pH may promote gel formation.
The use of 10 mL H2SO4 seems to be suitable also in the case of aluminum leaching showed in Figure 17.

The silicon leaching efficiencies up to 50% were achieved in previous direct Li slag leaching
(Figure 9), which corresponds to complete dissolution of silicon from the LiAlSiO4 and Li2SiO3 phases.
Figure 18 shows the silicon leaching efficiency in DD experiments followed by water dissolution.
To maintain the high leaching efficiency of lithium, it is advisable to use 10 mL H2SO4. Reduction in
the leaching efficiency of silicon from 50% to 30% was achieved, when 10 mL of H2SO4 without the
addition of water was used. Heat was generated only from the decomposition of the LiAlSiO4 and
Li2SiO3 phases in these experiments, which was not sufficient to precipitate SiO2 in significant amounts.
When water was added during DD, which caused additional production of heat by exothermic dilution
of sulfuric acid, a further reduction of silicon leaching efficiency to 15% using 4 mL of H2O, 6% using
12 mL of H2O and 4% using 24 mL of H2O was achieved. From the leaching curves, follows increasing
of Si leaching efficiency over time and therefore further reduction in the Si leaching efficiency could be
possible by shortening of dissolution time of DD mixture. Maximum lithium leaching efficiency was
achieved using 10 mL of H2SO4 and 24 mL of H2O (ratio 10:10:24) after 10 min of dissolution. Figure 18d
shows Si leaching efficiency in the 10th minute of dissolution. In a 10 min experiment at a ratio of
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10:10:24, it was possible to achieve 99.12% (1492 μg/mL) and 92.36% (2792 μg/mL) dissolution of lithium
and aluminum, respectively, and reduce the dissolution efficiency of silicon to 1.25% (134 μg/mL).

(a) (b) 

 
(c) 

Figure 16. Lithium leaching efficiency in H2O using (a) 5 mL of H2SO4, (b) 10 mL of H2SO4, (c) 15 mL
of H2SO4.

 
(a) (b) 

 
(c) 

Figure 17. Aluminum leaching efficiency in H2O using (a) 5 mL of H2SO4, (b) 10 mL of H2SO4,
(c) 15 mL of H2SO4.
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(a) (b) 

 
(c) (d) 

Figure 18. Silicon leaching efficiency in H2O using (a) 5 mL of H2SO4, (b) 10 mL of H2SO4, (c) 15 mL of
H2SO4, (d) silicon dissolution in 10th min of neutral leaching.

The new precipitated phase was observed at the bottom of the beaker after dissolution of the DD
mixture (Figure 19). The precipitated phase was separated from the leaching residue and the samples
were subjected to XRD analysis. Figure 20 shows an XRD analysis comparison of the input Li slag
sample (black), the leaching residue obtained by dissolution of DD mixture at ratio 10:10:24 (red) and
the precipitated phase (blue). The significant peak intensity decrease of the LiAlSiO4 and Li2SiO3

phases in the XRD patterns indicates that the leaching residue and precipitate consists of unknown
amorphous phases. Taking into account the theoretical analysis, the XRD, and the AAS analysis, it is
concluded that the precipitated phase is amorphous SiO2.

The results confirmed that energy generated in DD process was sufficient to overcome the
activation energy of reactions (3), (6), (12), and (13). This resulted in the precipitation of insoluble SiO2

from the mixture in DD step. Precipitation reduced the concentration of silicon in the solution below
1000 μg/mL and pH of the obtained solution was 1.322, which confirmed that both gel prevention
conditions were met. Another advantage of dry digestion over direct leaching is the increase in the
weight of the solid residue from 20.01% to 51.05%. DD method followed by dissolution makes the
separation of the leaching residue from the solution possible. Residues can be thus landfilled or used
in the construction industry [28].

3.5. Dry Digestion—Increase of Dry Digested Mixture Used per Constant Volume of Water in Dissolution Step

The optimal mixture ratio of 10:10:24 for DD was determined in chapter 3.4 The solution obtained
by dissolution of dry digested mixture in 500 mL of deionized water contained 1492 μg/mL of lithium
(1.18 g of Li2SO4/100 mL). One suitable option for future lithium recovery from solutions is the
precipitation of Li2CO3. Precipitation of lithium carbonate (Li2CO3) will occur only if the concentration
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of lithium in the solution exceeds 2498 μg/mL (Ksp Li2 CO3 = 1.33 g/100 mL; molar ratio of Li in Li2CO3 is
18.79%), but current concentration is lower. Therefore, it is necessary to increase lithium concentration
in solution significantly.

 
Figure 19. Leaching residue and precipitated phase after dry digestion followed by neutral leaching.

  
Figure 20. XRD analysis of input slag sample (black) leaching residue after leaching (red) and
precipitated phase (blue).

Lithium concentration increase was experimentally verified in followed chapter by increasing
the amount of dry digested mixture used in the next dissolution step. Mixtures of 10:10:24, 25:25:60,
50:50:120 and 100:100:240 were dissolved in constant 500 mL of water in the following experiments.
The length of the experiments was extended to 4 h because silicon concentration was continuously
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increasing throughout the first 60 min of leaching in the previous dissolution experiments (Figure 18).
Figures 21 and 22 shows the leaching efficiency of lithium and aluminum, respectively.
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Figure 21. Lithium concentration and leaching efficiency.
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Figure 22. Aluminum concentration and leaching efficiency.

The results show that the concentration of lithium and aluminum increases with the increased
amount of dry digested mixture, but the overall leaching efficiency of lithium and aluminum decreased
from 99.98% and 97.46% in the trial 10:10:24 to 62.74% and 62.71% in the trial 100:100:240. However,
such a significant reduction in efficiency should not occur due to the fact that the ratio Li slag: H2SO4:
H2O in DD step was maintained.

A possible reason for the reduction in leaching efficiency of lithium and aluminum could be in
reaching of their maximum solubility. The maximum theoretical concentration of lithium in sulfuric
acid is 43940 μg/mL (Ksp Li2 SO4 = 34.8 g/100 mL; molar ratio of Li in Li2SO4 is 12.63%) and the maximum
theoretical concentration of aluminum is 57409 μg/mL (Ksp Al2 (SO4 )3 = 36.4 g/100 mL; molar ratio Al in
Al2(SO4)3 is 15.77%). The maximum concentration of lithium in this solution will be affected by the
presence of aluminum and vice versa, since both of these elements are bound to the same SO2−

4 anions.
However, even taking into account the mutually limited solubility, it can be stated that the maximum
concentrations of lithium and aluminum were not exceeded in these experiments. Leaching residues
obtained in the dissolution step were washed and analyzed by AAS for that reason. The results are
shown in Table 6.
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Table 6. Solid sample atomic absorption spectrometry (AAS) analysis and calculated dissolution rate
of lithium and aluminum.

Sample
(Slag:H2SO4:H2O)

Leaching
Residue
Weight

Li Al

Solid (AAS)
Solution

(Calculated)
Solid (AAS)

Solution
(Calculated)

Input sample 100.00% 100.00% - 100.00% -
10:10:24 54.16% (5.41 g) 0.07% 99.93% 0.36% 99.64%
25:25:60 55.32% (13.83 g) 0.07% 99.93% 0.57% 99.43%
50:50:120 45.03% (22.51 g) 0.34% 99.66% 1.59% 98.41%

100:100:240 49.96% (49.96 g) 2.76% 97.24% 3.81% 96.19%

The chemical analysis of leaching residues from experiments 10:10:24 and 25:25:60 confirmed the
dissolution of lithium and aluminum above 99%. The leaching residue from the 50:50:120 experiment
contained only 0.34% of Li and not 7.82%, as it was assumed according to Figure 21, where Li leaching
efficiency was 92.17% only. The leaching residue from the 100:100:240 experiment also contained less
lithium and aluminum than expected from the leaching results.

Due to the difference between the results of the solutions and the leaching residues, the experiments
were repeated and the leaching residues were washed in a vacuum filtration funnel with a constant
volume of 500 mL. Analysis of the washing solutions (Table 7) confirmed that the solution obtained by
washing of solids from trial 50:50:120 contained 546 μg/mL of lithium, which represented remaining
7.8% of the lithium. The 100:100:240 wash solution contained only 25.39 of 37.5% remaining lithium,
suggesting that washing such a large amount of the mixture should be performed with a larger volume
of washing solution. The washing solution results indicate that lithium and aluminum sulfates are
probably adsorbed on the surface of solid insoluble residues. In the DD experiments, 50:50:120 and
100:100:240, the surface area of the insoluble residues is so large that there is a significant reduction in
the leaching efficiencies of these elements.

Table 7. AAS analysis of the solutions obtained by washing of the leaching residues by 500 mL of H2O.

Trial
(Slag:H2SO4:H2O)

Li Al Si

(μg/mL) (%) (μg/mL) (%) (μg/mL) (%)

10:10:24 16.07 1.15% 136 4.70% 83 0.81%

25:25:60 34.3 0.98% 553 7.65% 249 0.97%

50:50:120 546 7.80% 1548 10.71% 289 0.57%

100:100:240 3555 25.39% 6460 22.34% 311 0.30%

Figure 23 shows silicon concentration and leaching efficiency of experiments 10:10:24–100:100:240.
The threshold value of the silicon concentration of 1000 μg/mL was exceeded at about 60 min of
the leaching in the trial 10:10:24. In trials, where a larger volume of the mixture was dissolved, the
threshold concentration was exceeded in the first minutes of leaching.

The analysis in Chapter 3.2 shows, that gels are formed in solutions with higher silicon
concentrations only if the pH is lower than 0.75. Table 8 shows pH values of the solutions at the
beginning and after the end of leaching. Gel presence could be observed only in the solution obtained
in trial 100:100:240.

Table 8. pH values of solutions at the beginning and after the end of DD mixture water leaching.

Slag:H2SO4:H2O 10:10:24 25:25:60 50:50:120 100:100:240

pH0 0.466 0.097 −0.159 −0.383
pH1 1.322 1.033 0.752 0.494
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Figure 23. Silicon concentration and leaching efficiency.

The results of this chapter confirm that 92.17% Li leaching efficiency (5825 μg/mL) can be
achieved by leaching a 50:50:120 mixture in the dissolving step and a suitable dissolution time is 1 h.
The remaining 7.8% of Li can be recovered by quick washing of solids in a vacuum filtration funnel.
To prevent lithium loses by washing of leaching residue, the reuse of wash water in dissolution step
should be considered. No gel formation should be present under these conditions. Remaining washed
solids (45 wt. % of input Li slag used in DD step) can thus be landfilled or used in various industries.

3.6. Further Lithium Concentration Increase and Precipitation of Products (Theoretical Analysis)

The results show that by dry digestion in a ratio of 50:50:120 and by subsequent leaching in
water, it is possible to obtain a solution with 5950 μg/mL of Li and 9410 μg/mL of Al. The pH of the
solutions under these conditions should be above 0.75 and therefore no gelation should be present.
Precipitation of lithium carbonate (Li2CO3) from obtained solution with the lithium concentration
of 5950 μg/mL should be possible, but the amount obtainable Li2CO3 would be relatively small,
since Li2CO3 solubility is 1.33 g/100mL, which represent Li concentration of 2498 μg/mL. As much
as 41.98% of Li (2498 μg/mL) would remain dissolved in the solution and only 58% (3452 μg/mL)
would precipitate out of the solution. From the practical point of view, it is therefore appropriate to
consider the multiple reuse of the solution for leaching of new 50:50:120 batches/mixtures. It should be
possible to double (±12,000 μg/mL) or triple (±18,000 μg/mL) the amount of lithium in the solution.
By treatment of this solution with tripled concentration of lithium (±18,000 μg/mL) by carbonates,
the amount of dissolved lithium remaining in the solution would be reduced from 41.98% to 13.88%
and therefore 86.18% (15,502 μg/mL) of the lithium would be precipitated as Li2CO3. The maximum
concentration of lithium based on Li2SO4 solubility is 43,939.73 μg/mL, but the Li2SO4 solubility will
be affected by leaching of aluminum. Multiple reuse of the same solution would also lower the pH of
the solution below the critical limit, causing gels to form.

For this reasons, it seems appropriate to adjust pH of the solution to pH 4–6, at which all the
aluminum precipitates out of solution according to the fraction diagrams (Figure 24a), while lithium
should stay in ionic form (Figure 24b).
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(a) 

(b) 

Figure 24. Fraction diagrams of precipitation: (a) aluminum; (b) lithium.

After pH adjustment and filtration of aluminum precipitates, refined solution should be ready for
next leaching of fresh DD 50:50:120 according to Figure 25.
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Figure 25. Proposed approach for lithium slag recycling by dry digestion method.

4. Conclusions

Lithium slag recycling methods were investigated in this paper. Chemical analysis showed that
the slag produced by smelting of lithium battery black mass in EAF with the addition of CuO and
SiO2 is a valuable secondary source with a lithium content of 6.96%. The sample of Li slag suitable
for leaching was prepared by crushing, grinding, and magnetic separation with the use of which the
magnetic metals content was reduced to a minimum.

By direct leaching of the slag in 0.5 and 1 M H2SO4, it was possible to achieve a lithium recovery
close to 100% after only five minutes of leaching at 80 ◦C and after 30 min of leaching at 20 ◦C.
Kinetic study showed that the apparent activation energy for lithium leaching in 0.5 and 1 M H2SO4 is
22.48 and 23.86 kJ/mol, respectively, and the process of Li leaching is described well by Jander kinetic
model, which corresponds to 3-dimensional cylindrical diffusions mechanism as the rate-controlling
step. The disadvantage of direct leaching of Li slag is the high leaching efficiency of silicon, which
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causes the formation of gels. Gels complicate a chemical analysis of solutions, filtration, and further
recovery of the products.

Therefore, the conditions for gel formation and the possibilities of gel formation preventions were
investigated. The results of the observation show that gels are produced when the concentration of
Si in the solution exceeds 1000 μg/mL and at the same time the pH of the solution is lower than 0.75.
Thermodynamic study has shown that leaching of Li phases of the slag should be also possible with
the precipitation of solid SiO2 instead of H4SiO4 production followed by gelation.

The dry digestion method was investigated to prevent the formation of H4SiO4. By this method,
it was possible to overcome the activation energy of reactions in which SiO2 precipitates out of solution.
Lithium and aluminum sulfates were also produced in this step. The optimal ratio of components in the
dry digestion is 10 mL of concentrated H2SO4 and 24 mL H2O per 10 g of slag. Mixtures obtained by
DD were leached in a water dissolution step, where Si was leached with a much lower rate compared
to the dissolution of lithium and aluminum silicates. The leaching efficiency of silicon was reduced to
1.25% by dissolving a mixture of 10:10:24 in 500 mL of water, while maintaining high leaching yields of
lithium and aluminum. The solution obtained under these conditions contains 1492 μg of lithium per
ml. Further increase in the lithium concentration to 5950 μg/mL (92.12%) was achieved by dissolving
a mixture of 50:50:120 in 500 mL of water. The study confirmed an important role of the washing of
leaching residues after dry digestion and water leaching. Remaining 7.8% of lithium were recovered
by washing in 500 mL of water. Wash water containing lithium can be then reused in the next batch of
water dissolution of dry digested mixture.
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Abstract: Recycling of lithium-ion batteries will become imperative in the future, but comprehensive
and sustainable processes for this are still rather lacking. Direct recycling comprising separation of the
black mass components as a key step is regarded as the most seminal approach. This paper contributes
a novel approach for such separation, that is fractionation in a tubular centrifuge. An aqueous
dispersion of cathode materials (lithium iron phosphate, also referred to as LFP, and carbon black)
serves as exemplary feed to be fractionated, desirably resulting in a sediment of pure LFP. This paper
provides a detailed study of the commonly time-dependent output of the tubular centrifuge and
introduces an approach aiming to achieve constant output. Therefore, three different settings are
assessed, constantly low, constantly high and an increase in rotational speed over time. Constant
settings result in the predictable unsatisfactory time-variant output, whereas rotational speed increase
proves to be able to maintain constant centrate properties. With further process development, the concept
of fractionation in tubular centrifuges may mature into a promising separation technique for black
mass in a direct recycling process chain.

Keywords: fractionation; tubular centrifuge; rotational speed control; particle size analysis;
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1. Introduction

The threat of global climate change and environmental pollution are, among other reasons, fueling
the electric revolution in mobility [1], which in turn increases the demand for powerful batteries.
Lithium-ion batteries (LIBs) are mostly regarded as most suitable battery type for this and other
applications [2]. However, the performance of every LIB suffers from ageing mechanisms which
inevitably lead to its withdrawal, eventually [3]. With a foreseeable increasing number of LIBs in use
and withdrawn thereafter, the amount of LIB material that can and should be recycled increases equally,
since permanent disposal seems not to become a practical option for the upcoming mass of LIBs.
Environmental issues again and scarce resources primarily drive the development of comprehensive,
flexible and large-scale suitable recycling strategies for the valuable LIB materials [4].
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At present, there are three kinds of approaches for the recycling of LIBs, that are pyrometallurgy,
hydrometallurgy and direct recycling [2,3,5].

Pyrometallurgical metal recovery means the thermal decomposition of LIBs in high-temperature
furnaces. This comparatively simple procedure is versatile concerning the actual feed-in composition,
but the resulting gases are partly detrimental and require post-processing [6] while the obtained slag
and metal alloy contain comparably few kinds of metals and in low quality [4,7].

Hydrometallurgical reclamation methods comprise the leaching of metals from active material in
aqueous solutions of acids and reducing agents. Numerous steps of subsequent precipitation reactions
allow one to recover a wider variety of higher quality metals compared to pyrometallurgy [8,9].
However, it is more complex and premature sorting and separation of the LIB constituents is advisable
in order to significantly improve the efficiency of the hydrometallurgical process chain [2].

The two approaches named have in common to basically recover metallic LIB components,
but not to preserve the original active materials and their morphology. By contrast, in direct recycling,
electrode material is removed from the electrodes and reconditioned with the objective to regain
active materials that can directly be reused in the manufacture of fully functional “recycling-LIBs”.
Among the three approaches named, it enables recovery of the highest absolute amount and diversity
of LIB-constituents [3]. Pre-sorting as specifically as possible is expedient in this approach, too,
but dispensing with numerous intermediate steps and expensive processing afterwards by mainly
concentrating on physical separation techniques, it could also render recycling more lucrative.
Manifold physical separation techniques exist that might be worth considering. They share the
characteristics to exploit different physical properties of the active materials (like density, particle size,
ferromagnetism or hydrophobicity). Admittedly, a complete direct recycling process chain for LIBs is
complex to establish.

One central element of a direct recycling process chain after shredding and pre-sorting is the
separation of the black mass components. The black mass is most commonly an aqueous dispersion of
the electrode coatings comprising metal oxides, conductive carbon black (CB) and binders. There are
concepts for this crucial step relying on physical separation. For example, one approach to separate
CB from metal oxides in the black mass is froth flotation [10], making use of the hydrophobicity of
carbon. In most cases, binders must be eliminated firstly in order to release the active material for
further treatment [11]. Research is taking direction towards the development of water-soluble binders,
which facilitates treatment steps in recycling chains besides possible improvements in other properties
like mechanical flexibility [12].

This paper concentrates on the separation of exemplary cathode materials for a start, that are
lithium iron phosphate (LiFePO4, LFP) and CB besides the binders carboxymethylcellulose (CMC) and
styrene butadiene rubber (SBR), dispersed in water. A novel separation strategy for these materials is
presented, centrifugation of the dispersion with the intention to fractionate LFP and CB.

Centrifugation is a familiar unit operation in process engineering [13,14], but its full potential in
relation to LIB recycling has not been harnessed yet. Naturally, the fundamental separation mechanism
in centrifuges is the differing settling/sedimentation behavior of constituents according to the specific
acting centrifugal force. Usually, like in this work, dense solid particles sediment in a liquid. The force
depends on numerous properties of the particles, mainly density and size [15]. Differences in these
properties could be exploited to fractionate particles of different kinds utilizing a centrifuge, as treated
in the present report for LFP and CB particles. Since the resulting centrifugal forces are relatively
weak for both particle species given, a strong centrifuge type has been chosen, precisely a tubular
centrifuge [16–18]. Although tubular centrifuges offer the advantage of high centrifugal forces thanks
to their quite simple design without a means to transport sediment out, the same also results in
only semi-continuous operation and transient behavior [19,20]. With unaltered operational settings,
namely feed flow rate and rotational speed, the separation becomes less efficient over time. If constant
output quality is desired, this complicates process design significantly.
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Earlier works like [21,22] have shown for different particulate systems that various operational
settings influence the output of the tubular centrifuge and notable differences in the separation
behavior can be observed. Building upon these earlier examinations, this paper’s subject is the
influence of different operational settings on the separation and fractionation quality for a mixed
dispersion containing the cathode materials LFP and CB. Thereby the focus lies firstly on the temporal
development of the separation process applying different settings. Secondly, the authors investigate
a novel approach to achieve semi-continuous fractionation with constant output by adapting the
rotational speed over time. A detailed comparison is made between the common approach to set
constant operational parameters on the one hand, based on two exemplary cases with constantly weak
and constantly strong separation conditions (low and high rotational speed), and on the other a new
strategy to achieve constant output with desired properties as a third case, comprising a sequence
of increasing rotational speed. This is a novelty in centrifuge operation and has not been applied
for tubular centrifuges yet, neither has it been taken into consideration as a possible way to assess
high-speed centrifugation to recover LIB materials. Since the focus of this paper lies on rotational
speed variation, feed flow rate was kept constant for the time being.

2. Materials and Methods

2.1. Tubular Centrifuges and Fractionation by Sedimentation Behavior

As a representative of solid-bowl centrifuges, tubular centrifuges mainly consist of a narrow
cylindrical rotor with bearings at its foot and top ends, a construction which allows high-speed rotation
offering high centrifugal forces up to 100,000× g in some cases [22]. Naturally, the fundamental
separation mechanism in tubular centrifuges is settling/sedimentation of denser constituents than the
carrier medium due to the acting centrifugal force.

In this work, dense solid particles that are LIB cathode materials sediment in water. Dispersion is
injected into the rotor via a nozzle at one end (in this work, at the bottom) as feed, flowing upward
along the rotation axis. Particles that sediment on their way towards the outlet accumulate at the inner
wall of the rotor, forming a liquid-saturated sediment. Residual dispersion, i.e., liquid and particles
that have not reached the sediment during their residence time, leaves the rotor at the upper side as
centrate. There is no device to transport the sediment out of the rotor, it accumulates up to a maximum
extent where no particles can be separated anymore. This is the latest point to stop and open the rotor
for manual sediment extraction. The centrifuge used in this work and its geometric dimensions are
schematically illustrated in Figure 1a, where the cross-sectional view also outlines the characteristic
cone-shaped sediment build-up in the tubular rotor explained below. Relevant geometrical dimensions
are the rotor length LR, radial range of the inlet weir RW , radial range of the drum (to the inner wall of
the rotor) RD and the radial position of the sediment surface RS(l, t), a dimension varying with the
regarded axial position l and process time t on account of the progressive sediment formation.

Sedimentation behavior, or more precisely, the specific sedimentation velocity of particles,
determines which particles are separated in the centrifuge rotor during their residence time.
For appropriate process design, a realistic description of the sedimentation velocities is therefore
helpful (besides a description of sediment build-up, which is not further treated in this paper, refer for
example to [23–28] for more details). Basically, the particles’ settling velocities depend on their size
and density, according to Stokes’ Law [15] in a centrifugal field:

us(x) =
x2 · (ρS − ρL) · r ·ω2

18 · ηL
(1)

with ω = 2π · n (2)

where us is Stokes’ settling velocity, x designates the particle diameter, ρS and ρL the solid (particle) and
liquid mass density, r the radial position of the particle and ω the angular velocity, calculating with n
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denoting the rotational speed, i.e., the number of revolutions per time. Real settling velocities observed
may differ from this idealized treatment due to effects of particle-particle interactions that can arise as
a result of manifold reasons, like particle surface properties [29], shape and concentration-dependent
effective viscosity [30,31] that lead to acceleration or hindrance (hindered settling) of the particles [24].
Generally, those real settling velocities are measurable and subject to research up until now [30,32,33].
Concluding a functional correlation of experimental findings allows to simply calculate the real settling
velocity ureal(x, c) approximately by applying the following expression:

ureal(x, c) = us(x) · h(x, c) (3)

with h(x, c) being the hindered settling function determined from experimental data, depending on
particle size and particle concentration c [25,31]. Such measurements can for example be performed in
a LUMiSizer laboratory centrifuge (L.U.M. GmbH, Berlin, Germany) [23,34].

Figure 1. Schematic illustration of the tubular centrifuge and particle sedimentation, in cross-sectional view.
(a) Tubular centrifuge with geometrical dimensions and progressive sediment build-up. Geometry data
given for CEPA Z11; (b) Particles in the centrifuge (particle sizes exaggerated): Feed dispersion containing
two particle systems, specific settling behavior and sediment build-up for almost complete fractionation,
centrate containing nearly solely the particle system settling more slowly (Blue: Faster-settling component,
representing LFP; Red: Component settling more slowly, representing carbon black).

A particle collective consequently shows a settling velocity distribution, according to its
composition. Faster settling particles are more likely to be separated. Pursuant to their properties
(cf. Section 2.2), LFP is the faster settling material compared to CB, in this work. The discrepancy
in their settling behaviors indicates that LFP and CB can theoretically be completely fractionated,
i.e., separated by species, applying a sedimentation-based separation apparatus like a tubular centrifuge.

The overarching objective of such a process, like in this paper, is to recover the components
formerly mixed in the feed dispersion as purely as possible despite possible practical challenges.
Hence, an appropriate measure to examine the success of a fractionation process is the separation
efficiency. It is defined as the ratio of to the mass of material i that has been separated in the apparatus
(msed,i) over the mass of i that has entered the centrifuge (min,i) (Equation (4), first part) and can also be
calculated inversely applying the mass of i leaving the centrifuge in centrate (mcentrate,i) (Equation (4),
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second part). Assuming the volumetric flow rate of liquid to be approximately constant, calculation via
the concentrations in feed, sediment or centrate (c f eed,i, csed,i, ccentrate,i) is also possible (Equation (5)):

Ti =
msed,i

min,i
= 1− mcentrate,i

min,i
(4)

Ti =
csed,i

c f eed,i
= 1− ccentrate,i

c f eed,i
(5)

In the regarded process, i can stand for the solid material overall as well as the solid components
of interest, namely LFP or CB. Accordingly, the envisaged complete fractionation can be expressed
in terms of the separation efficiencies of the two particulate systems to be fractionated with values
TLFP = 1 (or 100%) and TCB = 0 (or 0%), implying that the entire amount of LFP entering the centrifuge
is separated while CB is not separated at all, i.e., not found in the sediment. The means to achieve
this is an appropriate setting of the process operational parameters, namely rotational speed of the
centrifuge n and volumetric flow rate of the feed dispersion

.
V. In practice, this ideal case of complete

fractionation is not entirely feasible since a certain mixing due to small vortexes or secondary flows in
the rotor [17,21,35] cannot be excluded, which can lead to slight impurities in sediment and centrate,
however. As explained in more detail below, tubular centrifuges are commonly characterized by a
time-dependent separation behavior. Thus, a sensitive examination must also include the development
of the separation efficiencies over process time, TLFP(t) and TCB(t). The optimal setting adapts to
the time-variant apparatus behavior, leading—in case of complete fractionation again—to consistent
process outputs TLFP(t) = 100% = const. and TCB(t) = 0% = const. over the entire process time,
despite the transient separation conditions.

The reason for the time-dependency of a tubular centrifuge’s separation behavior lies in the progressive
sediment formation [17,20,35]. As explained above, particle collectives settle with their specific distribution
of settling velocities. Generally, when injected into a tubular centrifuge, particles settling faster will be
separated closer to the inlet than slower ones. With sediment gradually occupying free space and the
feed flow rate set constant, the axial flow velocity of the dispersion in the rotor accelerates, shifting the
balance of forces acting on the particles. As a result, the individual separation position of a particle
shifts axially towards the outlet with increasing filling level, which is also why the filling of the rotor
typically proceeds from the inlet towards the outlet side, leaving a truncated cone-shaped free space
for the dispersion to flow through, as outlined in Figure 1. Figure 1b illustrates in more detail the axial
distribution of particles with different settling velocities in sediment and dispersion for the case of a
nearly complete fractionation, where only a few particles of the slower settling species are found in the
sediment close to the outlet.

The shifting balance of forces for the individual particles is equivalent to time- and
position-dependently weakening separation conditions and decreasing separation efficiency.
Increasingly faster (i.e., usually bigger sized) particles cannot be separated anymore. [23,36] describe
the separation efficiency depending of the operational parameters, that are rotational speed n and
feed flow rate Q. A temporal decrease in separation efficiency can theoretically be counteracted by an
appropriate raise in rotational speed [17] and/or reduction of feed flow rate.

Working further on this foundation, the effect of different operational settings on the separation
efficiencies of LFP and CB particles, entering the centrifuge in a mixed dispersion, are examined in
this paper. Besides detailed investigations with LFP and CB about the influence of the operational
parameters n and Q, a more time-resolved study is still lacking and shall also be contributed with this
work. Its purpose is to evaluate three different operational strategies. While the dependency of the
feed flow rate is not yet regarded in this paper and its value remains unaltered throughout the cases,
three settings for rotational speed are compared in detail. In the first case, rotational speed is set to a
constant low value (20,000 rpm) with the intention to obtain no CB in the sediment at all. However,
this might be accompanied by a high loss of LFP, which shall be minimized in the second case that
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is run at a constantly high rotational speed (40,000 rpm). This way, though, settling of CB into the
sediment has to be considered. Both constant rotational speed settings do not take the temporal change
in separation behavior into account. To do so, in the third case, a temporal increase of rotational speed is
applied in order to cover the estimated optimal setting over the entire process time, which in a different
set-up [17] indicated to be a convenient method. This rotational speed trajectory has been defined
beforehand utilizing a simplified flowsheet simulation of the process, which is basically developed at
the basis of [23,36]. However, the simulation is still subject to further research and will be elucidated
and published separately in the future.

2.2. LIB Cathode Particle Systems and Binders Used

The feed dispersion used for all experiments is a mixed dispersion of LFP, Super C65/carbon black
(CB) particles as well as binders, namely carboxymethylcellulose (CMC) and styrene-butadiene rubber
(SBR), diluted with demineralized water to an overall solids content of 1.6 wt%. Table 1 below lists the
composition of the solids mixture, relevant properties of all constituents and their envisaged behavior
during centrifugal fractionation.

Table 1. Components in the feed dispersion and their individual properties.

Solid Constituent
(Acronym)

Solids Fraction
Carbon
Content

Density
Behavior during Complete

Fractionation

Lithium Iron
Phosphate (LFP) 85 wt% 13 wt%

(Coating) 3.5 g/cm3 Fast-settling component.
Settles completely and purely

Super C65/Carbon
Black (CB) 10 wt% 67 wt% 1.9 g/cm3 Slowly settling component.

Stays in centrate

Carboxymethyl-cellulose
(CMC) 2.5 wt%

20 wt%
1.1 g/cm3 Not affected by centrifugal

force, but partly settling
attached to particlesStyrene Butadiene

Rubber (SBR) 2.5 wt% 1.0 g/cm3

Figure 2a depicts the particle size distributions (PSDs) of LFP and CB particles. The PSDs have
been measured by means of laser diffraction (cf. Section 2.4). With regard to the PSDs of the individual
particle systems, LFP is partly coarser than CB on the whole, but a large overlap from 0.2 μm up to
about 10 μm is evident. Though, according to the density data in Table 1 and remarks in Section 2.1,
LFP can clearly be referred to as the faster settling species. Consulting the scanning electron microscope
(SEM) images in Figure 2b in addition, LFP primary particles are rather ellipsoid and roughly 500 nm
in diameter, while CB primary particles are much smaller with less than 100 nm in diameter and form
branched agglomerates.

The binders are assumed to behave virtually inert to the centrifugal field due to their density.
Reasons also include CMC being soluble in water is not to be regarded as rigid “particles” and SBR
present as only nano-sized polymer fibers. However, it cannot be excluded that they attach to LFP and
CB, complicating a general assumption regarding their principal location during centrifugation and
therefore the assessment of the detailed composition of samples (cf. Section 2.4).

To evaluate the separation efficiency of LFP and CB in detail, the total carbon content of samples
was determined with a LECO C744 (cf. Section 2.4) system. The dispersion component containing the
most carbon is CB, naturally. However, the results must be interpreted with caution since the other
components comprise carbon as well. 2.2 wt% of the LFP particles is, more precisely, a carbon coating
which makes up 13 wt% of the total carbon mass and the binders for their part contribute 20% to total
carbon in the feed dispersion. So by and large CB makes up about two thirds of the carbon measurable
in a feed sample and even complete fractionation will not deliver carbon-free samples.
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Figure 2. Particles in the feed dispersion. (a) Particle Size Distributions of LFP (grey) and Carbon Black
(black) particles. (b) SEM image of LFP and Carbon Black particles on a nucleopore filter.

Figure 2b is an image of particles on a filter without liquid, but it can be seen as an indication for
the formation of CB agglomerates and LFP-CB mixed-species agglomerates. Agglomerates possibly
form and break at different stages of the procedure including feed preparation and centrifugation,
which cannot certainly be said or quantified at present. For all repeating experiments concerning
one case treated in this work, an individual batch of cathode material paste was diluted to be used
as feed dispersion. PSD measurements for the three feed dispersions have been carried out as well
(cf. Section 2.4) and a strong tendency to agglomerate was visible during successive measurements
within feed samples of case 2 and 3.

An overview of the characteristic particle sizes x10, x50 and x90, including mean values and
standard deviations, as well as measured PSDs in detail (averaged) is displayed in Figure 3.

Figure 3. Cont.
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Figure 3. Feed particle size distributions used in the three cases. Blue: 20,000 rpm (Case 1); Red: 40,000 rpm
(Case 2); Black: Increasing rotational speed (Case 3). (a) Characteristic particle sizes, squares: x10;
triangles: x50 with dashed lines as guides to the eye; stars: x90. (b–d) Detailed particle size distributions
for the three cases, averaged.

The high standard deviations, especially for the x90 values, reveal progressing agglomeration
among the coarser particles. Therefore, it must be kept in mind that potential for agglomerate
formation and breakage exists in this work, too, and probably differs between the three cases regarded.
Mainly case 2 and 3 findings might be affected.

2.3. Experimental Set-up and Procedure

The entire experimental set-up, important parameters and sampling locations are outlined in
Figure 4. Feed dispersion is stored in a continuously stirred tank and pumped into the centrifuge
rotor using a membrane pump equipped with a pulsation damping pressure retention valve. For all
experiments shown in this paper, the flow rate has been set to

.
V = 200 mL/min. Injection into the rotor

is achieved via a nozzle attached to the rotor’s bottom end. The tubular centrifuge used in this work
is the model Z11 by CEPA (Carl Padberg Zentrifugenbau GmbH, Lahr im Schwarzwald, Germany),
which can run on rotational speeds between 20,000 rpm and 54,000 rpm (equals 10,000× g to 70,000× g at
the inner wall surface). It is equipped with a touch panel allowing to define rotational speed manually,
which is utilized to enter both the constant values in the first two cases and the temporal sequence
in the third case. It should be noted for the third case that the manual input of values necessitated a
curtailing of the calculated rotational speed values to a feasible timetable. So, although the calculation
was made for one value per second, the input was limited to one value every 30 s and the actual input
was merely a step function. The rotational speed settings are displayed in Figure 5. After passing
the rotor with a nominal volume of 250 mL, centrate is discharged via the run-off tray and hose
connection into a collecting tank. Samples for subsequent centrate analyses were taken every three
minutes at the hose connection, too. To begin an experiment, the rotor was set on the (initial) rotational
speed and demineralized water was fed into the rotor. When the rotor was completely filled and
water ran out, feed was switched to the dispersion tank. Experimental time started counting when
dispersion entered the nozzle. Duration of every experiment in this paper was 30 min, three repeating
experiments have been carried out per case. After disassembly, sediment samples were taken at the
bottom (B), middle (M) and top (T) positions and resuspended in demineralized water. Feed samples
(Figure 3) were taken once per case and directly out of the stirred feed tank before the experimental
procedure began.
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Figure 4. Outline of the experimental set-up with components (black/grey), operational parameters
(red) and sampling locations with properties analyzed (green).

Figure 5. Rotational speed settings for the three cases examined: Blue: Case 1, constantly low;
Red: Case 2, constantly high; Black: Case 3, stepwise increase.

2.4. Analytical Methods

All centrate samples have been analyzed concerning the overall solids content by means of drying
and applying Equation (5) to calculate overall separation efficiency. According to capacities given,
centrate and sediment samples have also been examined with regard to the particle size distribution
(PSD) and carbon content. For this purpose, samples of two sampling times had to be mixed in each
case, i.e., the first and second were mixed, the third and fourth, and so on. Thus, the PSD and carbon
content measurements represent quasi-averaged states. For carbon content measurements, the mixed
samples were dried and the solid remains grinded using a mortar.

Measurements of particle size distribution have been carried out with an advanced laser diffraction
sensor based on HELOS technology (Sympatec GmbH, Clausthal-Zellerfeld, Germany). Equipped with
a blue laser source and multi-element photo detectors for forward, backward and wide-angle light
scattering detection, the device was utilized for at least six repeated measurements per sample.
Measurements were performed in a flow-through cuvette with sample supply achieved with the wet
dosing station LIQXI (also by Sympatec).

Carbon content measurements for the dry, grinded samples took place in a LECO C744
(LECO Instrumente GmbH, Mönchengladbach, Germany), including a high frequency induction
furnace and non-dispersive infrared (NDIR) detection cell. Two to three repeating measurements have
been executed according to the obtainable mass per sample.
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3. Results

For a sound evaluation of the experimental data, all the results must be sensibly combined.
To enhance clarity, the section is divided in two subsections. The first one treats the results concerning
the centrate, where particular attention is paid to the time-dependent development. In the second
section the results concerning the sediment measurements are presented, which are naturally linked to
the centrate analysis.

3.1. Time-Dependent Centrate Analysis

Figure 6 displays the calculated separation efficiency referring to the overall solids content over
the examined experimental duration for the three cases. The weak separation conditions (20,000 rpm)
clearly led to the least solids yield as sediment, showing the lowest start value of 89% and dropping
rapidly down to 72%. The strongest separation conditions (40,000 rpm) and the rotational speed
increase yield roughly identical outputs, especially including the bars (here marking minimum and
maximum of the single values calculated from measurements). However, the mean values in case 2
reveal a minor tendency to decrease from the first to the latest (93 to 90%) measurement, while case
3 lets one urmise a relatively constant separation efficiency of 91%. All in all, the high overall solid
separation efficiencies in case 2 and 3 already reveal that not only LFP, but also CB has been separated
from the feed dispersion to a certain extent.

Figure 6. Overall separation efficiency for the three cases over time. Blue: 20,000 rpm; Red: 40,000 rpm;
Black: Increasing rotational speed. Squares: Mean values; bars: Minimum/maximum of the three
repeating experiments; dashed lines are guides to the eye.

Figure 7a sums up the PSD measurement results for the centrate samples, showing the mean
results and standard deviations for x10, x50 and x90 over time and per case. Case 1 evinces the most
significant increase in all characteristic particle sizes over time, as well as remarkably higher x90 sizes
in general. Case 2 centrate contains the finest particles in all respects, but a modest increase leads
to nearly identical x10 compared to case 3 towards the end of the experimental time. The rotational
speed increase in case 3 seems to yield almost constant PSD characteristics slightly larger than those
in case 2. A closer look at the PSDs in detail (Figure 7b–d) evinces again the strong resemblance of
centrate PSDs in case 2 and 3. In the beginning, case 2 centrate contains distinguishably finer particles,
but shifts visibly approaching case 3 while the latter’s PSDs remain virtually identical over the entire
time. Both case 2 and 3 only comprise the fine particles from the feed PSDs (the fraction furthest to
the left, cf. Figure 3) whereas case 1 centrate contains the coarser fraction of the feed to a great extent,
which causes the high x90 values in Figure 6. The share of the coarser fraction increases over time,
too. So it could be assumed from the PSDs that the centrate in case 2 and 3 contains a considerable
amount of CB, namely rather the finer particles, besides probably only few and fine LFP particles
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from the feed dispersion. Case 1, on the contrary, might even still contain LFP particles and nearly
all the CB. Carbon content measurements provide greater clarity. Results for the centrate samples
are depicted in Figure 8. Except for the first value, case 1 centrate samples show the lowest carbon
content decreasing inside the small range between about 49% C to 47% C. This implies that not only
CB, but also a portion of LFP remains in the centrate at 20,000 rpm, even at the beginning when there is
no considerable amount of sediment in the rotor. Also, the share of LFP seems to be slightly increasing
over time, lowering the carbon content, but also an increasing number of CB particles must stay in
centrate regarding the rapidly dropping overall separation efficiency (Figure 6), on the whole. Thus,
it could be concluded that both species’ separation efficiencies sink, but TLFP a little faster than TCB does.
In contrast, case 2 shows a significant increase in carbon content over time from 47% C to nearly 55% C.
This suggests that a certain share of (fine) LFP particles is present, shrinking over time. Taking into
account the overall fine, but slightly coarsening centrate PSDs and the marginally decreasing overall
separation efficiency, it also means that both fine CB and fine LFP particles are contained in the centrate,
but with the share of CB particles growing fast, TCB probably declines more rapidly than TLFP does.
Finally, case 3 centrate samples have generally the highest carbon contents measured. They increase
to a small extent from about 52% C to 56% C, which suggests that there are still some LFP particles
contained, though their fraction diminishes. Hence, the observed mostly steady centrate overall solids
content and PSDs are consistently supplemented by a practically constant carbon content.

Figure 7. Centrate particle size distributions for the three cases over time. Blue: 20,000 rpm; Red: 40,000 rpm;
Black: Increasing rotational speed. (a) Characteristic particle sizes, squares: x10; triangles: x50 with
dashed lines as guides to the eye; stars: x90. (b–d) Detailed particle size distributions for the three cases
over time; light color: Earliest measurement; darkening shade with progressing time until darkest
color: Latest measurement.
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Figure 8. Centrate overall carbon content for the three cases over time. Blue: 20,000 rpm; Red: 40,000 rpm;
Black: Increasing rotational speed. Squares: mean values; bars: Standard deviations; dashed lines are
guides to the eye.

3.2. Sediment Analysis

The sediment analysis complicates compared to the centrate evaluation as they cover the entire
sediment height, i.e., a cross-section of the integral process development, which impedes definite
interpretations of the measurements.

The PSDs of the resuspended sediment samples are delicate to evaluate since a strong tendency
to agglomerate is observed in most of the samples. Figure 9a depicts the mean results and standard
deviations in x10, x50 and x90 for the three cases at bottom, middle and top of the rotor. Case 2 and 3
show the expected trend towards finer particles in direction to the top of the rotor while case 1 exhibits
rather steady characteristics over the three sampling positions. Case 3 exhibits the coarsest particles at
the bottom compared to the other cases. In the middle and especially at the top, case 2 and 3 reveal
quite close PSD characteristic sizes.

Figure 9. Cont.
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Figure 9. Sediment particle size distributions for the three cases and at bottom, middle and top axial
position. Blue: 20,000 rpm; Red: 40,000 rpm; Black: Increasing rotational speed. (a) Characteristic particle
sizes, squares: x10; triangles: x50 with dashed lines as guides to the eye; stars: x90. (b–d) Detailed particle
size distributions for the three cases at axial positions bottom (darkest), middle (moderate shade),
top (lightest).

Considering the results for carbon content in Figure 10 provides further indications about the
differing sediment constitution. In good agreement with expectations, the carbon content at the bottom
is less than 3% C in all cases, indicating that solely LFP particles are separated immediately after the
inlet, regardless of the operational setting. All cases show an increasing carbon content along the rotor,
too, according to expectations.

Figure 10. Sediment overall carbon content for the three cases at bottom, middle and top axial position.
Blue: 20,000 rpm; Red: 40,000 rpm; Black: Increasing rotational speed. Squares: mean values; bars:
Standard deviations; lines are guides to the eye.

The first case’s overall low carbon contents (middle 5% C, top 12% C) suggest no or only low
amounts of CB. According to the feed PSD (Figure 3) for this case, agglomerates do not play a crucial
role. Separation conditions seem too weak to make numerous CB particles settle, as anticipated.

Equally according to assumptions, the carbon contents in case 2 is higher in the middle (18% C)
and at the top (28% C) compared to case 1. Obviously, relatively more CB is separated under stronger
conditions, besides a higher absolute yield of LFP, as the centrate results indicate.
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As a quick conclusion from the centrate results, the carbon content in case 3 sediment samples
should be lower than in case 2. Yet, the opposite is the case, the carbon contents are the highest with about
25% C in the middle and 53% C at the top. Due to the suggested higher CB content in centrate in case 3
(Figure 8) and not significantly different overall solids separation efficiencies (i.e., expected absolute
sediment amount distributed in the rotor) between case 2 and 3 (Figure 6), these measurements are
rather counterintuitive in the first instance. A possible explanation is given in Section 4.

4. Discussion

On the whole, the expectations based on the theoretical foundations are met to a great extent.
Applying weak separation conditions, only the fastest settling particles are separated, that are mainly
LFP and only few CB particles, if at all. This operational procedure results in a sediment containing
practically only LFP (besides the carbon coating and binders). However, although a sediment very
rich in LFP is desirable in terms of maximum LFP recovery for further recycling processing of the
active material, the absolute yield of LFP is comparably low, regarding the dropping overall separation
efficiency in Figure 6. This flaw may for example be tackled recirculating the centrate or setting up a
centrifuge cascade, but these approaches would enhance the outlay in directions that are not intended
at the actual state of this work. Under constantly strong separation conditions, a greater share of
CB particles is separated alongside a larger absolute amount of LFP, compared to weaker separation
conditions. So, the advantage of gaining an enhanced absolute active material yield is at the expense
of a measurable contamination with CB. All things considered, both process modes with constant
rotational speed resulted approximately in the anticipated temporal behavior: Overall separation
efficiency decreases with ongoing time, centrate PSD contains coarser particles and centrate carbon
contents offer logical supplements to these measurements, confirming the first assumptions.

With the intention to combine the best of both strategies, a rotational speed increase is examined
as a new approach to counteract the temporal behavior. Centrate measurements suggest that almost
constant separation conditions can be maintained with this procedure. The overall separation efficiency,
centrate carbon content and especially centrate PSDs reveal approximately no variation over time.
However, the overall separation efficiency is on a level too high to imply that only LFP is separated.
Consequently, the rotational speed curve is expedient for keeping the centrate properties constant,
but precisely the values set are presumably too high, and the accurate rotational speed curve lies
possibly in a sense shifted versus the one applied. Reasons may lie in vortexes (back-)mixing the
dispersion inside the rotor to some extent, which are not regarded in the centrifuge model for the time
being, as well as other simplifications and imperfections of the model that served as basis to determine
the rotational speed curve.

An increasing carbon content in sediment over the rotor length is also observed in all three cases
and again meets expectations. On first examination, though, the comparably high carbon contents in
middle and top sediment samples in the case with adapted rotational speed appear counterintuitive
since these measurements contradict the intention to achieve complete fractionation of LFP and CB,
which seems to be roughly fulfilled considering the centrate results. Of course, small vortexes and
disturbances may complicate factual pure fractionation, but the strategy appears to work regarding the
nearly constant and high carbon content in centrate. Against this background, the measured carbon
contents are distinctly above expectations and not evident to explain. Nevertheless, it should firstly
be stressed that all carbon content measurements only provide relative values and definite absolute
conclusions cannot be drawn from the information provided by all given options for sample analysis.
Secondly, endeavoring for an explanation, a closer look on the feed PSDs might be worthwhile.

As a result of the individual preparation of the feed dispersion for each of the three cases, they do
not have identical PSDs, as formerly shown in Figure 3. As stated there, the feed dispersions in case 2
and 3 show a striking coarse fraction and strong tendency to agglomerate. It cannot be stated with
certainty which amount of agglomerates entered the process and whether the agglomerates are stable
or break during their residence time inside the rotor.
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Anyhow, agglomerates seem to have entered the centrifuge in case 2 and 3. They might be
more likely to break with stronger centrifugal forces acting on them, i.e., at high rotational speeds,
like in case 2 or the end of case 3. If they are broken, CB and LFP particles settle individually at their
specific velocities. Conversely, if rotational speed is low, like in the first part of the curve in case 3,
agglomerates possibly do not break or take longer time to do so. Breaking after some time means that
CB particles contained in an agglomerate are carried along a part of the way to the sediment until they
are released to settle at their individual velocity. Both variants enhance the likelihood that CB particles
reach sediment. Diluted for PSD measurements, resuspended sediment samples have a great tendency
to agglomerate (again).

The essential difference between constantly high and increasing rotational speed is that in the
former case, the likelihood for agglomerates to break is higher from the beginning and therefore,
more individual particles settle separately during the entire process time. By contrast, applying an
increasing rotational speed the forces are probably only strong enough to cause breach in the later
course and for a certain duration unbroken agglomerates settle. According to theory, CB particles
or comparably small individual particles are less likely to arrive at sediment than LFP particles
or comparably great agglomerates, so probably a higher CB reaches sediment when agglomerates
containing CB are not broken. This entire explanation is to be regarded as a hypothesis that requires
further examination.

Apart from the controversial results for sediment carbon content, the reported results can be seen
as a first proof that an appropriate increase of rotational speed can counteract the otherwise declining
separation efficiency and keep centrate properties constant. This motivates to continue working on the
approach to separate LFP and CB through a centrifugation step and recover LFP in the sediment as purely
as possible. The latter point inevitably requires a verified explanation of the carbon contents measured
and expedient adaptions in process design. It is intended to install an ultrasound flow-through cell
before the centrifuge inlet to guarantee agglomerate-free feed. The precise rotational speed curve
applied seems to lead approximately to the desired outcome. Still, small variances and the too high
overall separation efficiency show that a more sensitive rotational speed setting would be preferable.
The great benefit of the centrifuge model is therefore supposed to disclose when it is combined with
on-line measurement techniques to realize a model-based control concept that the authors aim to
present in future publications. According to this concept, rotational speed shall be adapted based on
model predictions and precisely tuned corresponding to on-line measurements (PSD and centrate
composition, like [37]). In this way, the authors aim to be able to recover an approximately pure LFP
sediment that can eventually be re-used to manufacture new LIB cathodes. There is a good prospect
that once the entire procedure is validated to work for LFP-based cathode material, centrifugation may
also be applied to fractionate anode material (graphite), or generally black mass whose constituents
are processible in water, which would contribute to a new, more environmentally sound recovery
process chain.

5. Conclusions

Centrifugation was investigated as a technique for a physical separation step of black mass into its
components as part of a direct recycling process chain for lithium-ion batteries. A tubular centrifuge is
used to examine fractionation of an exemplary cathode material dispersion containing LFP and carbon
black particles. Commonly operated at fixed settings, tubular centrifuges do not deliver constant
output properties, but separation conditions that diminish over time, which would not serve the
purpose to recover pure fractions of LFP and carbon black. According to theoretical foundations,
LFP should be recovered as sediment, while carbon black stays in the centrate. Three operational
strategies have therefore been examined concerning the temporal development of the centrate and
sediment properties, two cases of constantly low (20,000 rpm) and constantly high (40,000 rpm)
rotational speed, as well as a rotational speed increase based on a process model. The latter was
desired to achieve constant centrate properties and a sediment rich in LFP. Expectations have been met
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concerning centrate. Overall solids content, particle size distributions and carbon content showed the
anticipated temporal dependency when constant rotational speed was applied, whereas they remained
mostly steady with increasing rotational speed. In that respect, rotational speed increase confirms to
serve as suitable strategy to control the centrifuge output. However, sediment measurements reveal
discrepancies from the expectations that may have arisen due to agglomerates in the feed dispersion.
Once this issue is overcome, centrifugal fractionation may become a promising separation technique
for lithium-ion battery active materials. In order to establish a usable set-up, the aim is to develop
a model-based control concept for the operational settings of the centrifuge, which relies on on-line
measurement tools for particle size distributions and composition of the dispersion as well.
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Abstract: The recovery of critical elements in recycling processes of complex high-tech products is often
limited when applying only mechanical separation methods. A possible route is the pyrometallurgical
processing that allows transferring of important critical elements into an alloy melt. Chemical rather
ignoble elements will report in slag or dust. Valuable ignoble elements such as lithium should be
recovered out of that material stream. A novel approach to accomplish this is enrichment in engineered
artificial minerals (EnAM). An application with a high potential for resource efficient solutions is the
pyrometallurgical processing of Li ion batteries. Starting from comparatively simple slag compositions
such as the Li-Al-Si-Ca-O system, the next level of complexity is reached when adding Mg, derived from
slag builders or other sources. Every additional component will change the distribution of Li between
the compounds generated in the slag. Investigations with powder X-Ray diffraction (PXRD) and
electron probe microanalysis (EPMA) of solidified melt of the five-compound system Li2O-MgO-Al2O3-
SiO2-CaO reveal that Li can occur in various compounds from beginning to the end of the crystallization.
Among these compounds are Li1−x(Al1−xSix)O2, Li1−xMgy(Al)(Al3/2y+xSi2−x−3/2y)O6, solid solutions
of Mg1−(3/2y)Al2+yO4/LiAl5O8 and Ca-alumosilicate (melilite). There are indications of segregation
processes of Al-rich and Si(Ca)-rich melts. The experimental results were compared with solidification
curves via thermodynamic calculations of the systems MgO-Al2O3 and Li2O-SiO2-Al2O3.

Keywords: lithium; thermodynamic modeling; engineered artificial minerals (EnAM); melt experiments;
PXRD; EPMA

1. Introduction

With respect to the development in electromobility as well as to the changes in circular energy
systems, Li-ion batteries are of central importance. To safeguard raw material sources especially for
critical elements such as Co, Ni and Li as key components of this technology, efficient recycling processes
are essential. One of the most important routes to recycle these battery types is the pyrometallurgical
processing, which can deal with a broad range of input material. While Co, Ni and other valuable
heavy metals such as Cu report into the alloy melt, Li is transferred at least in major amounts into the
slag phase of this process.

A resource and energy efficient recovery of Li from the slag could be accomplished, if Li
were concentrated in specific Li-rich artificial mineral phases, which could then be separated after
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crystallization and cooling of the slag by means of mineral processing technologies, generating
concentrates for following hydrometallurgical processing.

Previous research has shown that Li can be recovered in the form of the LiAlO2 crystals through
flotation from a remaining silicate slag matrix [1]. The hydrometallurgical processing of Li enriched
silicate slag has also shown that Li recovery can reach 80–95% [2].

As long as the complete system, based on a Li2O-Al2O3-SiO2-CaO mixture, does not contain
any other element, the results are promising. As soon as other elements are added, new phases start
to crystallize.

Besides Li and Al, reporting from the Li-ion battery input into the slag, Si, Ca and often Mg
(at least partly from dolomite as slag building component) are introduced as slag builders to ensure an
optimized split between metal alloy melt, slag and dust phase in the pyrometallurgical process.

Until now, the thermodynamics of the overall process have not been investigated sufficiently and
therefore for extended systems such as Li2O-MgO-Al2O3-SiO2-CaO this work serves as a starting point.
Consequently, this should allow understanding some basic principles and giving further insights
into these slag-systems. Additionally, a solid ground should be provided for further research on
these slag systems, because in the future more complex slag systems, e.g., Mn-containing mixtures,
should be investigated since they will represent future inputs to this recycling route especially for the
NCM-type batteries.

The Umicore Battery Recycling Process is a vital pyrometallurgical process developed for the
recovery of NiMH and spent lithium-ion batteries [3]. From the composition of a slag with the
compounds Li2O-MgO-Al2O3-SiO2-CaO and high aluminum content, it is observed that Li is present
in the slag in the form of the LiAlO2 [2], which would facilitate subsequent recovery by flotation. At the
same time, the spinel phase appears in all three Umicore slags, and, in one of the Umicore slags, Li is
even partially dispersed in the spinel phase [3].

Even though spinel phases appear in different slags if bivalent ions such as those of Mg are
present, there is little published research on the impact of spinel on the formation of separate LiAlO2

crystals because of the scavenging of Al from the melt and the formation of Mg1−(3/2y)Al2+yO4/LiAl5O8

solid solution.
In this study, three synthetic slags with different contents of MgO based on the Li2O-MgO-

Al2O3-SiO2-CaO oxide system were prepared using pure chemical reagents. The degree of supercooling
was then reduced by controlling and cooling the melt slowly to obtain thoroughly crystallized synthetic
slags for research. The synthetic slags were then analyzed by X’Ray powder diffraction (PXRD)
and electron probe microanalysis (EPMA) for mineralogical studies and finally compared to the
solidification curves obtained by thermodynamic calculation. This served as a starting point for
studying the influence of spinel formation and understanding important phase reactions in the
five-component oxide system Li–Mg–Al–Si–Ca.

To increase the knowledge on the behavior of slag systems and the options to predict and
stimulate the creation of artificial mineral phases, an interdisciplinary approach was taken, comprising
thermodynamical modeling, pyrometallurgical processing, mineralogical analysis and prediction and
testing of mineral processing technologies. In this paper, the focus is put on mineralogical analysis in
connection with thermodynamic modeling.

2. Background

To better understand the results presented in this article, the existing information about the
compounds of important binary and ternary systems containing Li2O, MgO, Al2O3, SiO2 and CaO is
summarized. This information serves as the starting point to analyze and improve the existing data
and develop respective thermodynamic modeling strategies.

244



Metals 2020, 10, 1633

2.1. Important Binary Phase Systems Containing Li

In the systems Li2O-CaO and Li2O-MgO, except for limited solid solution, no explicit phase
reactions are reported (e.g., Konar et al. [4]).

In the system Li2O-Al2O3, several stable lithium aluminate compounds are described: Li5AlO4,
LiAlO2 and LiAl5O8 [5,6]. Additionally, a high temperature compound LiAl11O17 at 0.8 < Al2O3 < 0.92
and >2200 ◦C is mentioned [5]. The compounds Li2Al4O7 synthesized by Kale et al. [7] and Li3AlO3

were found to be instable by Kale et al. [7] and are not part of the data published by Konar et al. [5].
In this phase diagram, there is also a thermal barrier at the mole fraction of Al2O3 = 0.5 (LiAlO2),
so that at 0.18 < Al2O3 < 0.5 the resulting mixture is Li5AlO4/LiAlO2 and at 0.5 < Al2O3 < 0.82 the
resulting mixture is LiAlO2/LiAl5O8. The two compounds important for this work, LiAlO2 and LiAl5O8,
both have polymorphs. According to Konar et al. [5], LiAlO2 comprises a tetragonal γ-phase (high
temperature) and a cubic α-phase (low temperature) modification and LiAl5O8 generally crystallizes in
a spinel (high temperature) and a low temperature primitive cubic form [8]. According to Li et al. [9],
LiAlO2 comprises four polymorphs: a tetragonal γ-phase, a rombohedral α-phase, an orthorhombic
β-phase and two phases of high temperature.

In the system MgO-Al2O3, the only binary compound is cubic MgAl2O4 (spinel) with the idealized
composition at a mole fraction of Al2O3 = 0.5. At this ratio, there is also a thermal barrier. In the area
of mole fraction 0 <MgO < 0.05 in the temperature range 1900–2800 ◦C, solid MgO can form a solid
solution with Al2O3 [5]. The region of mole fraction 0.5 < Al2O3 < 0.96, particular important for this
study, comprises a complete solid solution, so that an Al-rich melt can be in equilibrium with a spinel
relatively enriched in Mg [10].

The system Li2O-SiO2 comprises the binary compounds Li8SiO6, Li4SiO4, Li6Si2O7, Li2SiO3 and
Li2Si2O5 [11]. Additionally, the prediction shows two thermal barriers at the composition Li4SiO4 and
Li2SiO3.

2.2. Important Ternary Phase Systems Containing Li

In the system Li2O-MgO-Al2O3, three important primary crystallization fields can be predicted [5]:
spinel (MgAl2O4), MgO and γ-LiAlO2. Interesting isopleths are spinel-LiAl5O8, spinel-LiAlO2,
spinel-Li2O and MgO-LiAlO2. From this intersects, it can be concluded that a limited amount
(i.e., maximum mole fraction = 0.31) of LiAlO2 can be dissolved in MgO. Additionally, the compounds
LiAl5O8 and MgAl2O4 can be combined to an ideal spinel solid solution [5].

The system Li2O-Al2O3-SiO2 contains the Li-bearing binary systems Li2O-SiO2 and Li2O-Al2O3,
as described in Section 2.1 [12]. With respect to the present work, the primary crystallization fields of
LiAlO2, LiAl5O8, eucryptite (LiAlSiO4) and spinel are of particular interest. The compound LiAlO2,
described in Section 2.1, can additionally incorporate Si according to an substitution of Li+ + Al3+ = Si4+

+ v (vacancy) so that the general formula is α (LiAl4+, vSi4+])O2 and γ (Li, v)Li[Al3+, Si4+]MO2 [12].
The compound eucryptite can be derived from SiO2 via a substitution of Li+ + Al3+ = Si4+ + v [12] and
crystallizes as quartz in the trigonal system, whereas a low temperature α-polymorph is disordered
and a β-polymorph is ordered. Additionally, this compound can incorporate Mg and be broken up
into the compounds LiAlO2, Mg0.5AlO2 and SiO2 [13]. The spinel crystallizes in a cubic system and
can have a very variable chemistry with respect to the Al/Mg ratio and the solid solution with LiAl5O8

(see Section 2.1).

3. Materials and Methods

3.1. Materials

Chemicals

The chemicals used for producing synthetic slags are lithium carbonate (Merck, purum), calcium oxide
(Sigma-Aldrich, reagent grade, St. Louis, MO, United States), silicon dioxide (Sigma-Aldrich, purum p.a.,
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St. Louis, MO, United States), aluminum oxide (Merck) and magnesium oxide (98% wt.%, Roth, Karlsruhe,
Germany). All chemicals ordered via Merck KGaA, Darmstadt, Germany.

3.2. Methods

3.2.1. Experiments

The chemical compositions of input materials for the synthesis of slags are listed in Table 1.
The chemicals were manually mixed in a mortar and grinded in a disc mill for 5 min. Each sample was
placed in a Pt-Rh crucible and heated in a chamber furnace (Nabertherm HT16/17, Nabertherm GmbH,
Lilienthal, Germany) in an air atmosphere. The heating regime is shown in Figure 1. A heating rate of
2.89 ◦C/min was first employed to reach 720 ◦C, which is the melting temperature of Li2CO3, and then
a heating rate of 1.54 ◦C/min was used to aid in the decomposition of Li2CO3 and to reach the target
temperature. Samples were kept at 1600 ◦C for 2 h. Thereafter, the samples were cooled to 500 ◦C at a
cooling rate of 0.38 ◦C/min and quenched in water.

Table 1. Calculated Theoretical Chemical Bulk Composition of the Samples According to the Weighed Quantities.

Sample Li2CO3 CaCO3 SiO2 Al2O3 MgO

Content % % % % %

1 22.87 22.40 16.36 32.97 5.40
2 22.51 21.55 16.08 32.17 7.70
3 22.32 21.24 15.63 31.54 9.27

Figure 1. Schematic diagram of temperature regime.

3.2.2. Chemical Bulk Analysis

The element content was determined with ICP optical emission spectrometry (ICP-OES 5100,
Agilent, Agilent Technologies Germany GmbH & Co. KG, Waldbronn, Germany). Samples were
melted with lithium tetra borate in a platinum crucible at 1050 ◦C, and then the samples were leached
with dilute hydrochloric acid to measure the content of Al, Ca, Mg and Si. To measure other elements,
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the samples were mixed with nitric acid and digested at 250 ◦C and under a pressure of 80 bar in an
autoclave (TurboWAVE, MLS, Leutkirch im Allgäu, Germany).

3.2.3. Mineralogical Investigation

An overview of the mineralogical composition was provided by powder X-Ray diffraction (PXRD),
using a PANalytical X-Pert Pro diffractometer, equipped with a Co-X-Ray tube (Malvern Panalytical
GmbH, Kassel, Germany). For identification of the compounds, the pdf-2 ICCD XRD database,
the American Mineralogist Crystal Structure Database [14] and the RRUFF-Structure database [15]
were assessed.

The analysis of single crystals and grains was carried out with electron probe microanalysis
(EPMA). EPMA is a standard method to characterize the chemical composition in terms of single
spot analysis or element distribution patterns, accompanied by electron backscattered Z (ordinal
number) contrast (BSE(Z)) or secondary electron (SE) micrographs. To carry out EPMA measurements,
the sample was prepared as polished block in epoxy resin, coated with carbon and characterized
using a Cameca SXFIVE FE Field Emission) electron probe, equipped with five wavelength dispersive
(WDX) spectrometers (CAMECA SAS, Gennevilliers Cedex, France). The following elements/(lines)
were used to quantify the measurement points: Na (Kα), Mg (Kα), Al (Kα), Si (Kα), K (Kα), Ca (Kα),
Ti (Kα), Mn (Kα) and Fe (Kα). To calibrate the wavelength dispersive X-ray fluorescence spectrometers
(WDRFA), an appropriate suite of standards and analyzing crystals was used. The reference materials
were provided by P&H Developments Ltd. (Glossop, Derbyshire, UK) and Astimex Standards Ltd.
(Toronto, ON, Canada). The beam size was set to 0, leading to a beam diameter of substantially below
1 μm (100–600 nm with field emitters of Schottky-type, e.g., Jercinovic et al. [16]). To evaluate the
measured intensities, the X-PHI-Model was applied [17].

Lithium, one of the key elements in this study, cannot be directly analyzed since EPMA uses
X-ray fluorescence to detect the elements in the sample and the extremely low fluorescence yield and
long wavelength of Li Kα makes the direct determination of this element nearly impossible. With the
reasonable assumption that other refractory light elements such as Be and B are not present in the
investigated material and volatile elements and compounds such as F, H2O, CO2 or NO3

− are effectively
eliminated during the melt experiment, Li can be calculated using virtual compounds, as depicted in
as described in Section 4.3.1. If necessary, the balanced Li concentration was included into the matrix
correction calculation. To access the analytical accuracy with respect to Li-containing compounds,
the international reference material spodumene (Astimex) and the in-house standard LiAlO2 were
used (Table 2). Additionally, Li containing crystalline phases identified by X-ray diffraction (PXRD)
could be referenced to the EPMA result.

Table 2. Repeated Measurements on Two Li-Compounds. Spod, Spodumene; %StdDev, Percentage
Standard Deviation of the Measured Points (pepeats: n = 5); R, Recovery; LiAl, LiAlO2.

wt.%
Average

Spod.
%StDev.,

Spod.
Ref.

Spod.
R (%)

Average
LiAl

%StDev.,
LiAl

Ref.
LiAl

R (%)

Al 15.04 0.35 14.4 104 41.24 0.22 40.9 101
Mg 0.00 n. a. 0.0 n. a. 0.01 n. a. 0.0 n. a.
Ti 0.00 n. a. 0.0 n. a. 0.00 n. a. 0.0 n. a.

Mn 0.05 n. a. 0.0 n. a. 0.00 n. a. 0.0 n. a.
Fe 0.02 n. a. 0.0 n. a. 0.03 n. a. 0.0 n. a.
Ca 0.01 n. a. 0.0 n. a. 0.01 n. a. 0.0 n. a.
K 0.00 n. a. 0.0 n. a. 0.00 n. a. 0.0 n. a.
Si 28.71 0.56 30.0 96 0.01 n. a. 0.0 n. a.
Na 0.10 2.83 0.09 112 0.00 n. a. 0.0 n. a.
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3.2.4. Thermodynamic Modeling

For a better understanding of the experimental mechanisms investigated in the Li2O-MgO-Al2O3-
SiO2-CaO system, the thermodynamic modeling of the phase behavior and the solidification in
subsystems is of high relevance and hence applied in this work. Especially the knowledge of the phase
behavior of the MgO-Al2O3 subsystem and the phases solidified at respective temperatures of certain
component concentrations of the Li2O-Al2O3-SiO2 subsystem is important and contributes to the
clarification and understanding of primary crystallization mechanisms figured out by the mineralogical
characterization. On principal, based on already existing experimental data and thermodynamic
studies, which are stated below, an optimized database for the subsystem was completed and applied
to calculate the respective phase and solidification behavior. Generally, all calculations, i.e., for the
binary MgO-Al2O3 and the ternary Li2O-Al2O3-SiO2 subsystems, were performed with the modified
quasi-chemical model (MQM) [18–20] and the compound-energy formalism (CEF) [21], implemented
in Factsage [22].

Specific insights into the database adaption regarding the two subsystems are presented
subsequently. The thermodynamic database for the oxides such as MgO and Al2O3 comes from the
FT oxide database [22] without any modification. Regarding the ternary subsystem Li2O-Al2O3-SiO2,
the thermodynamic properties of SiO2, Al2O3 and the mullite solid solution were used from the FT
oxide [22] database without any modification. However, for the Gibbs energy of the Li2O, the optimized
value from [11] was integrated into the database. For compounds such as Li2SiO3, Li4SiO4, Li6Si2O7,
Li2Si2O5-LT (low-temperature form) and Li2Si2O5-HT (high-temperature form), the thermodynamic
data were taken from [11]. The standard formation enthalpy of Li8SiO6 was optimized in this work
with a value of 3, 521, 499.2 J/mol. Furthermore, for the binary compounds in the Li2O-Al2O3,
the standard formation enthalpy of the Li5AlO4 was optimized to 2,389,980 J/mol. The standard
entropy of LiAl11O17 was optimized to a value of 350.55 Jmol−1K−1. The ternary compounds including
the α- and β-eucryptite solid solutions, β-spodumene solid solution and α-LiAlO2 solid solution
were obtained from [12] without any modification. However, the Gibbs energy of the end member
G0

VaAlO2
in the γ-LiAlO2 solid solution was calculated with the assumption that the reciprocal energy

of endmember is zero, while the other three endmembers were obtained directly from [12].
Based on these data, the CALPHAD calculations were performed for the subsystems, which are

used for further explanations and discussions in connection with the new experimental findings in the
next section.

4. Results

This section presents the measurement results of the melt experiments from PXRD and EPMA.
First, three PXRD measurements from experiments with different Mg-concentration are compared
(Section 4.2). In Section 4.3, an overview of the material with BSE(Z) micrographs and detailed spatially
resolved quantitative point measurements and element distribution profiles recorded with EPMA are
presented. Additionally, in Section 4.4, experimental findings are compared with thermodynamic
model predictions for the relevant subsystems.

4.1. Bulk Chemistry of the Melt Experiments

The measurement results presented in Table 3 show that 14–20% of Li is lost during the melting
and cooling of the material. The same applies for Na, which always appears as contaminant in open
systems due to the overall availability (air, dust, skin, clothing, etc.).
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Table 3. Comparison of the Bulk Chemical Composition Measured with ICP-OES of the Four Melt
Experiments, Given in Mole Percent. The bold emphazises the Li-loss which is important to see
(Li is volatile).

Raw Mix (Mole Fraction) Product (Mole Fraction) Recovery %

V1 V2 V3 V1 V2 V3 V1 V2 V3

Al2O3 32.90 32.10 31.48 34.21 33.64 33.63 3.99 4.79 6.86
CaO 22.35 21.50 21.19 22.79 22.57 22.13 1.97 4.95 4.44
Li2O 22.81 22.46 22.28 20.00 18.69 17.57 −12.35 −16.77 −21.11
MgO 5.32 7.59 9.14 5.32 8.27 9.90 −0.11 9.03 8.32
SiO2 16.32 16.05 15.60 17.43 16.59 16.53 6.81 3.40 5.98
Na2O 0.3 0.3 0.3 0.3 0.23 0.2 −14.0 −21.4 −28.6

4.2. PXRD Comparison of the Three Melt Experiments

The results of the PXRD measurements are presented in Figure 2, showing an overview of the
diffractograms of all experiments (above) and three enlarged sections, showing important spinel and
lithium aluminate diffraction peaks.
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Figure 2. (A) PXRD of the solidified melt. G, gehlenite; S, spinel; L, LiAlO2; E, eucryptite. (B) Enlarged
section of the main spinel peak, * 1,: position of the main peak of MgAl2O4 from the ICCD-PDF2 No.
00-021-1152; * 2, position of the main peak of an Al-rich spinel from the ICCD-PDF2 No. 00-048-0528,
peaks; Mg0.52Al2.32O4, average composition of a spinel grain of the melt experiment with 5.32 Mol%
Mg, determined with EPMA (see Section 4.2). (C) Enlarged sections of the first two main LiAlO2 peaks.
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The overview of all XRD measurements show the compounds gehlenite, spinel, LiAlO2 and
eucryptite (Figure 2A), whereas eucryptite is at the detection limit (<2–5 wt.%). The enlarged section
of the 2-theta region of the main spinel peaks gives an indication of the changing composition of the
spinel with the change of the Mg content (Figure 2B). Because of the high Al-concentration, the main
(100%) spinel peaks of all experiments lie between those of the standard spinel MgAl2O4 and an
aluminum-dominated Mg1−(3/2y)Al2+yO4. Additionally, there is an indication of increasing spinel
content with rising Mg concentrations. The Li-Al-oxide peaks are best explained with the diffraction
pattern of LiAlO2 (ICCD PDF2 No. 00-038-1464). The comparison of the two main peaks of the three
experiments gives a hint that the amount of crystalline LiAlO2 could be negatively correlated with the
amount of Mg in the melt because the highest main peak intensities were measured in the sample with
the lowest Mg concentration (Figure 2C).

4.3. EPMA Results

The main compounds of the melt experiments, determined with EPMA, were:

• Spinel: Mg1−(3/2y)Al2+yO4

• Lithium aluminate (LiAl): Li1−x(Al1−xSix)O2

• Eucryptite-like lithium alumosilicate (ELAS): Li1−xMgy(Al)(Al3/2y+xSi2−x−3/2y)O6

• Gehlenite-like calcium-alumosilicate (GCAS): Ca2AL2SiO7 with minute amounts of Mg

The compound (GCAS) is an end member of the melilite-like calcium-alumosilicate (MCAS),
which is used for this phase with higher amounts of ions in addition to Ca:

• Melilite-like calcium-alumosilicate (MCAS): (Na,Ca,Li)2(Al,Mg,Li)(Al,Si)2O7, which according to
the calculations (Section 4.3.3) can also be a potential host for Li

An overview recorded with BSE(Z) shows a matrix of bright Ca-alumosilicate (GCAS/MCAS)
interspersed with dendritic or massive dark LiAl. Within this mixture, large idiomorphic or
hypidiomorphic crystals of spinel can be identified (Figures 3 and 4).

 

Figure 3. Electron micrograph (BSE(Z) of the solidified melt. Medium grey grains, spinel; dark gray
sections and dendrites, LiAl surrounded by Ca-alumosilicate (GCAS, light grey sections); black, pores or
preparation damage.
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ELAS

LiAlLiAl
C

Figure 4. (A): Overview of the solidified melt (backscattered electron micrographs BSE(Z)). Medium
grey grains, spinel; dark gray sections and dendrites, LiAl surrounded by Ca-alumosilicate (GCAS,
MCAS, light grey sections); black, pores or preparation damage; red square, detail presented in (B).
(B) Enlarged section from the red square in (A): the blue rim marks the grain of ELAS where the scan of
Line 3 (red line) was measured. (C) Quantitative line scan of Line 3 (red line in (B)).

4.3.1. Lithium Aluminate (LiAl) and Lithium-Alumosilicate (ELAS)

The LiAl can be classified into two morphologic forms: massive and dendrite-like (Figures 3 and 4A).
A closer look into the massive LiAl reveals thin lath-shaped grains of ELAS or a corresponding melt (Figure 4B).
A line scan over such a lath-shaped grain reveals a quite homogeneous composition with more or less
sharp borders to the surrounding LiAl (Figure 4C). The ELAS can be described as a mixture of the
virtual compounds LiAlO2, Mg0.5AlO2 and SiO2, as listed in Table 4.

Mult. depicts a factor to multiply the three components to generate an optimized ELAS or
Li1−xMgy(Al)(Al3/2y+xSi2−x−3/2y)O6 similar to the average measured concentrations (except for Li) on
Line 3 (Figure 4). The Li value results from the multiplications and this was used to calculate the
formula of the analyzed ELAS in the sample. In a similar manner, the Si-containing LiAl with the
general formula Li1−x(Al1−xSix)O2 can be calculated as a mixture of SiO2 and LiAlO2. The calculated
formulas of the ELAS and the LiAl are:

ELAS: (Li0.96Mg0.24)(Al)(Al0.45Si1.55)O6

LiAl: (Li0.94)(Al0.94Si0.06)O2
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The Si concentration in the dendritic LiAl is distinctively lower as in the massive crystals
(compare Tables 4 and 5). The calculated formula of the LiAl in this case is:

LiAl: (Li0.97)(Al0.97Si0.03)O2

Table 4. Calculation of virtual compound ratios and average composition of the ELAS and the LiAl on
Line 3, shown in Figure 4. Opt., calculated ideal composition; Meas., measured average; Mult., factor for
multiplication of the virtual compounds; (Calc.), calculated values (Li, O); %StdDev, percentage
standard deviation of the measured points (LiAl (Meas.), repeats, n = 23).

wt.%
Virtual Compounds ELAS

(Opt.)
ELAS,
Meas.

ELAS
%StDev.

LiAl
(Opt.)

LiAl
(Meas.)

LiAl
%StDev.LiAlO2 Mg0.5AlO2 SiO2

Al 40.9 37.9 0.0 20.1 20.1 3.2 38.9 38.9 1.4
Mg 0.0 17.1 0.0 3.1 3.0 7.5 0.0 0.0 n. a.
Ti 0.0 0.0 0.0 0.0 0.0 n. a. 0.0 0.0 n. a.

Mn 0.0 0.0 0.0 0.0 0.1 n. a. 0.0 0.0 n. a.
Fe 0.0 0.0 0.0 0.0 0.1 n. a. 0.0 0.1 n. a.
Ca 0.0 0.0 0.0 0.0 0.0 8.9 0.0 0.0 n. a.
K 0.0 0.0 0.0 0.0 0.0 n. a. 0.0 0.0 n. a.
Si 0.0 0.0 46.7 23.2 22.4 3.6 2.5 2.5 18.3
Na 0.0 0.0 0.0 0.0 0.0 n. a. 0.0 0.0 n. a.

O (Calc.) 48.5 45.0 53.3 50.2 49.5 n. a. 49.0 49.1 n. a.
Li (Calc.) 10.5 0.0 0.0 3.4 3.4 n. a. 10.01 10.01 n. a.

Mult. 0.33 0.18 0.49 ← Multiplication factors for ELAS (Opt.)
Mult. 0.95 0 0.049 ← Multiplication factors for LiAl (Opt.)
Sum 100 100 100 100 98.7 100.4 100.6

Table 5. Calculation of Virtual Compound Ratios and Average Composition of the LiAl in the Dendrites
(Dend.) Shown in the BSE(Z) Micrograph of Figure 3. Opt., Calculated Ideal Composition; Meas.,
Measured Average; Mult., Factor for Multiplication of the Virtual Compounds; (Calc.), Calculated
Values (Li, O); %StdDev, Percentage Standard Deviation of the Measured Points (LiAl (Dend.) (Meas.),
Repeats, n = 4).

wt.%
Virtual Compounds

LiAl (Opt.) LiAl (Dend.) (Meas.) LiAl (Dend.) % StDev.
LiAlO2 SiO2

Al 40.9 0.0 40.3 40.3 0.4
Mg 0.0 0.0 0.0 0.0 n. a.
Ti 0.0 0.0 0.0 0.0 n. a.

Mn 0.0 0.0 0.0 0.0 n. a.
Fe 0.0 0.0 0.0 0.0 n. a.
Ca 0.0 0.0 0.0 0.0 n. a.
K 0.0 0.0 0.0 0.0 n. a.
Si 0.0 46.7 1.1 1.1 12.3
Na 0.0 0.0 0.0 0.0 n. a.

O (Calc.) 48.5 53.3 49.0 49.1 n. a.
Li (Calc.) 10.5 0.0 10.36 10.36 n. a.

Mult. 0.98 0.024 ← Multiplication factors for LiAl (Opt.)
Sum 100 100 100.8 100.9

4.3.2. Spinel

Spinel as the first crystallizing compound obeys the crystallization equilibrium inasmuch as the
composition of the spinel with the highest Al content is connected with the corresponding Al-rich melt.
The Mg concentrations in the measured profile (Figure 5B) are increasing from the center to the rim of
the crystal. A look at the ratio of Mg/Al in a line scan through a spinel crystal starting at the center
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of the grain in the direction to the rim shows no increase within a first region. After this first region,
the ratio increases. Closer to the rim, the ratio decreases sharply and directly at the rim (a few μm) the
ratio development of the two elements is reversed again (Figure 5B).

 

Al-rich-Spinel
primary crystal

Spinel + LiAlO2

Spinel + LiAl5O8 ss / LiAlO2

Line2: 344 μm

1000 μm

A B
Spinel + ELAS

Figure 5. (A): Electron micrograph of a spinel crystal (medium grey), partly with a thin coat of LiAl
(dark grey sections) surrounded by GCAS (light grey sections). Black, pores or preparation damage.
(B) Development of the Mg/Al ratio from the center to the rim of a spinel grain along the red line in
Figure 5A.

4.3.3. Ca-Alumosilicate (GCAS/MCAS)

The matrix component of the melt experiments (e.g., Figure 3 or Figure 4A light grey sections)
can be generally expressed as X2YZ2O7, where X can be Na+ and Ca2+; Y can be Al3+, Mg2+ and
Fe2+; and Z can be Al3+ and Si4+. The coordination of X is 8, and Y and Z are tetrahedral [23].
This Ca-alumosilicate compound generally is known as melilite. The investigated material comprises
two types of Ca-alumosilicate:

• GCAS: High Al, low Si, very low Mg and virtually no Na
• MCAS: Low Al, high Si, ~3 wt.% Mg and 0.7–2.3 wt.% Na/Li is plausible

These two types are difficult to distinguish in the BSE(Z)-micrograph (Figure 4A) because of the
almost same light grey shade (very similar mean atomic number). Because Na is not part of the initial
materials (impurity), the concentration of the MCAS compound can be considered rather low and
represents the eutectic residual melt. Nevertheless, this compound is interesting to assess a potential Li
incorporation into the matrix of Ca-alumosilicate. In theory, Li+ can be present in 4 or 8 coordination,
whereas the ionic radius is very similar to Mg (4-coordination) or Na (8-coordination) (e.g., the ionic
radii are published by Shannon (1976) [24]). The MCAS possesses a lower total sum of the measured
concentrations and excess Si when calculating the chemical formula of the MCAS using the general
melilite based on seven oxygen atoms.

Table 6a depicts how a calculation of virtual Ca-alumosilicate (CAS) can be conducted using five
virtual compounds, namely Li2Si3O7, Na2Si3O7, Ca2Al2SiO7 Ca2MgSi2O7 and Ca3Si2O7, assuming
(limited) solid solution between those compounds. The Li value resulting from the multiplications was
used to calculate a chemical formula of the analyzed MCAS. According to this calculation, the Li2Si3O7

makes up about 1 wt.% of the total composition (see Table 6b).
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Table 6. (a) Multiplication Factors (Mult.) for Calculation of an Optimized GCAS and MCAS.
(b) Average Composition of the GCAS and MCAS Ca-Alumosilicate Solid Solution in Single Point
Analysis, Compared with the Optimized Compounds Calculated with the Factors of Table 6a. Opt.,
Calculated Ideal Composition; Meas., Measured Average; (Calc.), Calculated Values (Li, O); %StdDev,
Percentage Standard Deviation of the Measured Points (Repeats, n = 7 (GCAS), n = 6 (MCAS)).

wt.% Virtual Compounds

Li2Si3O7 Na2Si3O7 Ca2AL2SiO7 Ca2MgSi2O7 Ca3Si2O7

Al 0.0 0.0 19.7 0.0 0.0
Mg 0.0 0.0 0.0 8.9 0.0
Ti 0.0 0.0 0.0 0.0 0.0

Mn 0.0 0.0 0.0 0.0 0.0
Fe 0.0 0.0 0.0 0.0 0.0
Ca 0.0 0.0 29.2 29.4 41.7
K 0.0 0.0 0.0 0.0 0.0
Si 40.1 34.8 10.2 20.6 19.5
Na 0.0 19.0 0.0 0.0 0.0

O (Calc.) 53.3 46.2 40.8 41.1 38.8
Li (Calc.) 6.6 0.0 0.0 0.0 0.0

Multiplicator
GCAS 0.00 0.00 0.98 0.03 0.00
MCAS 0.092 0.084 0.40 0.33 0.093

Sum 100 100 100 100 100

(a)

wt.%
GCAS
(Opt.)

GCAS
(meas.)

GCAS
%StDev.

MCAS
(Opt.)

MCAS
Meas.

MCAS
%StDev.

Al 19.2 19.2 2.8 7.87 7.87 10.7
Mg 0.3 0.3 46.0 2.94 2.94 5.2
Ti 0.0 0.0 n. a. 0.00 0.01 n. a.

Mn 0.0 0.0 n. a. 0.00 0.02 n. a.
Fe 0.0 0.1 n. a. 0.00 0.07 n. a.
Ca 29.4 29.4 0.4 25.25 25.25 4.0
K 0.0 0.0 n. a. 0.00 0.02 n. a.
Si 10.6 10.2 4.4 19.29 19.29 3.5
Na 0.0 0.0 n. a. 1.59 1.59 23.5

O (Calc.) 41.1 40.6 n. a. 42.25 42.29 n. a.
Li (Calc.) 0.0 0.0 n. a. 0.61 0.61 n. a.

Sum 100.6 99.7 99.8 100.0

(b)

The calculated formulas of the GCAS and the MCAS are:

GCAS: Ca2.02(Al1.96Mg0.03)(Al1.96Si)O7

MCAS: (Na0.18Ca1.67Li0.15)(Al0.52Mg0.32Li0.08)(Al0.17Si1.82)O7

4.4. Comparison of Experimental Findings with Thermodynamically Modeled Subsystems

Based on the respective phases of interest, the relevant subsystems are MgO-Al2O3 and
Li2O-Al2O3-SiO2. The modeled phase diagrams are presented in Figures 6 and 7, respectively.
In Figure 6, a comparison between the modeled phase equilibria and the experimental data is made.
In Figure 6, the composition of the initial melt and the composition of different spinel grains from
two line scans and several single spot measurements, analyzed experimentally at room temperature
(RT), are presented in an overlay with the thermodynamic phase equilibrium data for the subsystem
MgO-Al2O3. The composition of the initial melt is the starting point of the spinel crystallization. It can
be seen that all measured spinel grains show a significant higher Mg concentration compared to the
initial Mg concentration in the melt.
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Figure 6. The calculated MgO-Al2O3 phase diagram at 1 atm total based on [22]. Lq, Liquid; spinel (s.s),
spinel solid solution; Al2O3(Cor), corundum. In this diagram, the composition of the initial melt and
the composition of different spinel grains from two line scans and several single spot measurements,
analyzed at room temperature (RT), are presented. The composition of the initial melt is the starting
point of the spinel crystallization.

 

Figure 7. Calculated Li2O-Al2O3-SiO2 liquidus projection at 1 atm total pressure based on [22] is
shown. Red line, equilibrium solidification paths starting at the initial point of the “product” (A) and
the “raw mix” (B). The initial points represent the respective component concentrations in the liquid
phase. Isothermal lines are drawn in Kelvin at every 100 K. In this diagram, the average compositions
of the single compounds, analyzed with EPMA at room temperature (see Tables 4, 5 and 6b), and the
bulk chemistry of the “raw mix” and the “product” are presented.

Figure 7 shows the thermodynamic calculated Li2O-Al2O3-SiO2 subsystem. The equilibrium
solidification paths for the “raw mix” (Figure 7B) and the “product” (Figure 7A) composition are calculated
and presented in the respective ternary phase diagram. Additionally, the average compositions of the single
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compounds, analyzed with EPMA at room temperature (see Tables 4, 5 and 6b), and the bulk chemistry of
the “raw mix” and “product” are visualized in an overlay with the modeling results in Figure 7.

The “raw mix” and the “product” composition is in the spinel solid solution area, which is
concluded by the thermodynamic modeling results based on the subsystem. Hence, the thermodynamic
modeled solidification predicts spinel as the primary crystallizing phase (see Figure 8). After decreasing
the temperature continuously under assumed equilibrium conditions, the solidifications of different
phases are shown in Figure 8, for the “product” (Figure 8A) and “raw mix” (Figure 8B) initial
concentrations, respectively. The thermodynamic prediction of the subsystem solidification shows that
spinel as primary crystal is formed in solid solution with high temperature LiAl5O8 for both initial
compositions. With progressing solidification, low temperature LiAl5O8 is also crystallizing out of
solution. This finding holds true for both initial compositions. With increasing solidification progress,
LiAlO2 and Li2SiO3 are formed with a very low amount of eucryptite, for the “raw mix” configuration,
while, for the “product” composition (Figure 8A), eucryptite is formed in a higher amount without any
LiAlO2.

Figure 8. Calculated equilibrium solidification curves of the “product” (A) and the “raw mix” (B) for
Li2O-Al2O3-SiO2 system. Calculated point interval is 5 K.

5. Discussion

The experimental investigation of solidified melt in connection with thermodynamic modeling of
chemical reactions and solidification is an important tool to investigate how a slag system behaves and
how it can be engineered. These investigations and the obtained results can serve as starting point for
understanding efficient design of experiments to generate the desired phases. With a combination
of thermodynamic calculation and mineralogical investigation, the probability that the artificial slag
contains the desired phases can be maximized. Therefore, one purpose of the experiments carried
out in this project was a first survey of the mineral compounds and the morphology of a solidified
melt with the basic components Li2O, MgO, Al2O3, SiO2 and CaO with a melt composition in the
primary crystallization field of spinel in the subsystem Li2O, Al2O3 and SiO2. Another purpose was
to investigate the influence of the Mg content on the ratio of the mineral compounds. The results
of these experiments are also intended to serve as a basis for further thermodynamic modeling.
Additionally, the applicability of the combination of PXRD and EPMA to this research topic was
assessed. This includes the calculation of the lithium containing mineral compounds on basis of
the EPMA result without access to measured lithium concentrations. In the following, the different
identified phases are discussed:

5.1. Spinel-Like Oxides

The experiments show idiomorphic phenocrysts of spinel as the first crystallizing compound with
decreasing temperature. The spinel crystals are surrounded by massive hypidiomorphic crystallites
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of LiAl and melilite-like alumosilicate (GCAS/MCAS). Additionally, LiAl forms dendritic elongated
structures of hypidiomorphic crystallites. The changes in the chemistry of a single spinel crystal
(Figure 5B) can help to explain a part of the crystallization curve of the melt. This is also used
to validate thermodynamic model predictions of the three-component subsystem. Starting in the
primary crystallization field of spinel, an Al-rich Mg1−(3/2y)Al2+yO4 starts to form. These crystals are
in equilibrium with a corresponding melt (Figure 5B (blue area) and Figure 6). The EPMA reveals
that, compared with the Mg/Al ratio of the melted material, all measured spinel grains are enriched in
Mg. This observation shows the complex spinel behavior, which cannot be explained with the simple
binary phase diagram MgO-Al2O3. Nevertheless, the measured Mg/Al ratio increases (Figure 5B,
yellow area). This can be explained with the composition of the melt reaching the phase boundary
between spinel and LiAl. Through scavenging of Al from the melt during formation of LiAl, the Mg
concentration in the melt increases and therefore the spinel–melt equilibrium changes. At a later stage
of the crystallization process, the Al concentration in the crystal increases again, an indication that now
a solid solution between Mg1−(3/2y)Al2+yO4 and Mg-free LiAl5O8 forms (Figure 5B, green area). At the
end of the crystallization, the Mg concentration rises again (Figure 5B, red area). This is an indication
that the crystallization leaves the crystallization path between LiAl5O8 and spinel in direction of
the crystallization path between eucryptite (or ELAS) and spinel. Therefore, the crystallization of
the spinel would no longer include the aluminum-rich LiAl5O8 and the relative Mg concentration
of the crystallizing spinel would increase, although a part of the Mg is incorporated into the ELAS.
The crystallization path concluded by experimental observations of the developing spinel composition
is on principal in good correlation with the thermodynamically predicted solidification phases in the
early stages (Figures 7 and 8). However, for lower temperatures, the solidification predictions deviate
from the experimental findings, which is due to non-equilibrium cooling conditions and hence phase
generation. The modeled results show that small deviations in the initial concentration in the spinel
solid solution field can result in strong deviations regarding appearing solid phases and solidification
path behavior.

The PXRD patterns of the investigated melts with increasing Mg concentration show a displacement
of the spinel main peak. The angular position of the main peak of these spinel variations is between the
simple MgO × Al2O3 compound and a pattern of an Al-rich spinel with the formula Mg0.39Al2.41O4

and weakly correlates with the Mg concentration as:

Mgy = 20.198 × d311 − 48.247 (1)

5.2. LiAl and ELAS

The formation of dendrites is an indication for rapid crystallization of LiAl in a small temperature
interval from a supercooled melt and/or (macro)segregation (for macro segregation, see, e.g.,
Ahmadein et al. [25]). Due to the rather long cooling cycle (two days, Figure 1), undercooling
may be improbable but cannot completely be excluded. Nevertheless, it is plausible that a segregation
of an Al-Li-rich melt occurs from which the first generation of LiAl crystals forms. The Si concentrations
of the dendritic LiAl is lower than in the massive LiAl, indicating a different origin, thus a different melt
as well (compare LiAl in Tables 4 and 5). A few parts of the massive LiAl contain small lath-shaped
grains of ELAS. This compound can be derived from eucryptite and can contain up to 18 wt.%
Mg0.5AlO2. These grains are an indication of segregation of Si- and Mg-rich phases (melt) from the
Al-rich LiAl-melt, as described above. Interestingly, the representing point of this calculated compound
is not located in the primary crystallization field of pure LiAlSiO4. This is due to the lower calculated
Li content because of the Li-free Mg0.5AlO2 compound.

5.3. Ca-Alumosilicate

The matrix of the material consists of slightly hypidiomorphic grains of Ca-alumosilicate.
The morphology of the crystals indicates that the formation starts together or slightly after the
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beginning of the crystallization of LiAl, which itself often shows hypidiomorphic growth. The chemical
composition of these Ca-alumosilicates starts with nearly ideal gehlenite (GCAS) with minute amounts
of impurities such as Mg. The other type of Ca-alumosilicate (MCAS) incorporates higher amounts of
impurities such as Na and Mg (Table 6b). Because of the presence of an alkaline element such as Na,
the latter compound seems to represent the end of the crystallization, i.e., the residual eutectic melt.
Interestingly, this compound delivers a total of distinctively less than 100 wt.% (element concentrations
calculated as simple oxide compounds) and possesses an excess of Si after calculation of the melilite
formula. This is an indication that another silicious component is present in the crystal structure.
Because the sample contains no free SiO2 (like quartz) and the analysis shows no additional element for
calculation of a silicious component, incorporation of Li into the crystal or glassy structure as shown in
Table 6b is plausible. After incorporation of a virtual compound Li2Si3O7, a formula can be calculated
indicating a consistent crystal-like chemistry or a stoichiometric glass.

The mineralogical characterization of a melt as presented above provides a basis for refining the
thermodynamic model, showing the real assemblage of components and the real chemical composition
of the compounds/phases. An example would be ELAS. The eucryptite compound, used for the
thermodynamic calculation, is ideal LiAlSiO4. EPMA reveals that the real eucryptite-like alumosilicate
(ELAS) can be expressed with (Li0.96Mg0.24)(Al)(Al0.45Si1.55)O6. This compound contains Mg, which has
to be taken into account when using this compound to predict a crystallization curve. The same is valid
for the lithium aluminate compound (LiAl, Li1−x(Al1−xSix)O2) that contains Si. Another important
property is the inherent potential kinetic inhibition of the phase reactions in the system of interest.
The morphology of the slag including structure and habitus corresponds to the crystallizing reactions
during the cooling process. Additionally, the total chemistry and the spatial resolved development of
element ratios can be used to explain the solidification process.

6. Conclusions and Outlook

In this work, an experimental investigation of a Li2O-MgO-Al2O3-SiO2-CaO system was carried
out in combination with thermodynamic modeling of relevant subsystems. Based on bulk chemistry
analysis, PXRD and EPMA, the crystallization paths of various phases were reconstructed and explained.
It was shown that spinel is always the primary crystallizate. Furthermore, depending on minute
variations in the chemistry of the melt, the result of the thermodynamically predicted further phase
development can be substantially different. In this case, comparing the solidification of the raw material
and the product the unpredictable loss of Li during the melt experiment seems to offer the possibility of
a complete suppression of the LiAlO2 formation in favor of Mg1−(3/2y)Al2+yO4/LiAl5O8 solid solution,
although this was not observed in the experiments. The eucryptite and Li-silicate compound are the
ends of the solidification in both scenarios. Nevertheless, a knowledge and/or control of all reaction
parameters such as partial pressures of all elements (particularly, Li here) and compounds, grain size
distribution, morphology and chemistry of the raw material is crucial to develop an efficient and
reproducible slag modification process. The solidification route of the system could be qualitatively
predicted by thermodynamic modeling of the Li2O-Al2O3-SiO2 subsystem with the result that minute
variations of the initial chemistry can lead to different solidification paths.

Additionally, a relative Mg enrichment of spinel grains could be observed experimentally.
Furthermore, the development of the composition in single spinel grains during spinel grains give an
indication of the existing solid solution Mg1−(3/2y)Al2+yO4/LiAl5O8, which was only predicted and not
verified in the past.

The results presented in this article show that Li cannot be incorporated into a single early
crystallizing compound in an easy way. The investigations show that Li is present in LiAl, ELAS
and with higher uncertainty in spinel (as solid solution Mg1−(3/2y)Al2+yO4/LiAl5O8) and MCAS.
To modify this complex multi-component system (oxides of Li, Mg, Al, Si and Ca) to gain desired
mineral compounds requires, besides experimental work (melt experiments, component printing
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and combinatorial thin film deposition), new thermodynamic modeling strategies even for higher
component systems, especially with a good quantitative predictability for the phase fractions.

Furthermore, future research work will concentrate on the development of phase separation
processes, predominantly by flotation for the main identified Li-bearing phases described in this
paper (basic research on the way) and on the extension of component mixtures in the slag building
process, advancing step by step into slag systems expected in melting processes of actual and future
battery systems.
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Abstract: Manganese is a critical metal for the steelmaking industry, and it is expected that its world
demand will be increasingly affected by the growing market of lithium-ion batteries. In addition
to the increasing importance of manganese, its recycling is mainly determined by trends in the
recycling of iron and steel. The recovery of manganese by solvent extraction has been widely
investigated; however, the interaction of different variables affecting the process is generally not
assessed. In this study, the solvent extraction of manganese from a solution based on lithium-ion
batteries was modeled and optimized using factorial designs of experiments and the response surface
methodology. Under optimized conditions (O:A of 1.25:1, pH 3.25, and 0.5 M bis(2-ethylhexyl)
phosphoric acid (D2EHPA)), extractions above 70% Mn were reached in a single extraction stage with
a coextraction of less than 5% Co, which was mostly removed in two scrubbing stages. A stripping
product containing around 23 g/L Mn and around 0.3 g/L Co can be obtained under optimized
conditions (O:A of 8:1, 1 M H2SO4 and around 13 min of contact time) in one stripping stage.

Keywords: lithium-ion battery; battery recycling; manganese recovery; solvent extraction; D2EHPA;
factorial design of experiments

1. Introduction

Manganese is one of the most abundant metals in the Earth’s crust; however, man-
ganese is highly dispersed (low-grade), and minerals are widely distributed. The identified
manganese resources are concentrated in a few countries—the main manganese mining
areas are in China, South Africa, Australia, and Gabon [1–3].

The main end use of manganese is in the steel industry, which accounts for 90% of
the world´s manganese demand. Manganese is also widely used in ironmaking and alloys
with aluminum, magnesium, and copper [3–6]. Non-metallurgical applications account
for only 5–10% of the manganese consumption, which is used in electrical systems, in the
chemical industry, in the ceramic and glass production, and in the agricultural sector [7].
In electrical systems, manganese dioxide is used for cathodic depolarizer in dry cells,
alkaline batteries, and lithium-ion batteries (LIBs) [4].

Natural manganese dioxide is used in dry cells, while high-grade synthetic manganese
dioxide is produced chemically or by electrolysis to be used in alkaline batteries and LIBs [4].
Lithium manganese spinels (such as LiMn2O4) and layered lithium–nickel–manganese–
cobalt (NMC) oxide systems have an important role in the development of advanced
rechargeable lithium-ion batteries, with cost and environmental advantages [8]. Thus,
nowadays, most automakers and some electronics makers use some version of NMC
system in their LIBs [9].

In this context, the United States of America Department of Defense has recently
classified manganese as one of the most critical mineral commodities for the United
States because it is essential for important industrial sectors, has no substitutes, and has a
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potential for supply disruptions, since the country is strongly dependent on imports [10].
Additionally, the United States included electrolytic manganese metal in the National
Defense Stockpile in 2019 as a critical material for defense purposes [2].

Although it is expected that steel will continue leading the manganese demand, the
consumption of manganese in batteries applications is projected to grow fast in the next
decade, boosted by the rapid growth in the lithium-ion battery market, which is expected
to increase from $35 billion USD in 2020 and reach $71 billion USD in 2025 [11,12]. Thus,
electrolytic manganese dioxide (EMD) for the battery industry is expected to be the fastest-
growing segment of the manganese market [13], increasing the manganese production
along with the global demand for batteries [14].

EMD is generally produced from high-grade manganese ores [15], and in general,
converting manganese ores to EMD involves a high-temperature pyrometallurgical process,
which has some drawbacks such as environmental impacts, high-energy consumption, and
high costs. Furthermore, because the roasting process decreases the oxide content in the ore,
EMD producers face competition from chemical and steel industry buyers of high-grade
manganese ores [16]. In this context, the recovery of manganese from spent LIBs can
help decrease supply risks and impacts linked to the primary production of manganese.
However, although there is an increasing importance of manganese, its recycling is mainly
determined by trends in the recycling of iron and steel, and in general, materials are not
recycled specifically due to their manganese content [2,17,18]. Moreover, when it comes to
LIBs recycling, the presence of manganese in the leaching solutions has been linked to a
decrease in the selective separation of cobalt and nickel, and for this reason, manganese
should be previously recovered [19,20].

The recovery of manganese from primary and secondary resources by solvent ex-
traction has been investigated by several authors [14,20–26]. Table 1 (on the next page)
summarizes the optimal extraction conditions described in some studies focused on the
extraction of manganese from different feed solutions, including from leach solutions from
spent LIBs. It is possible to highlight that bis(2-ethylhexyl) phosphoric acid (D2HEPA) is
the most widely used extractant to recover Mn from liquors from LIBs as well as from other
solutions.

Although several studies on the recovery of manganese by solvent extraction have
been published, the effect of different variables affecting the process is generally approached
using one-factor-at-a-time, which does not allow identifying interaction effects among
them. In this context, the main goal of this study was to optimize the solvent extraction of
manganese using the factorial design of experiments and response surface methodologies
to assess and model the effects of the variables affecting the process. The optimization of
the recovery of manganese was studied using a synthetic solution based on an acid leach
from spent LIBs. The results can support further investigations focused on the recovery of
manganese from spent LIBs, which can be considered an important secondary resource of
a critical material for many important industrial sectors.
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2. Materials and Methods

Bis(2-ethylhexyl) phosphoric acid (D2EHPA, 97%, Sigma Aldrich, Germany) was
used as solvent extraction reagent as it was supplied, without any additional purification.
Isopar L (Exxon Mobil, USA) was used as diluent. A synthetic solution was prepared
based on the chemical composition of an original solution obtained through the acid
leaching of spent lithium-ion batteries with sulfuric acid, which was investigated in detail
in previous work (unpublished results). The synthetic solution was prepared using sulfates
(NiSO4.6H2O, CoSO4.7H2O, MnSO4.H2O, Li2SO4, Sigma Aldrich, Germany) and Milli-Q
water. Impurities typically present in acid leach solutions from LIBs such as Cu and Al
were not included into the synthetic solution because they are generally removed using
conventional purification processes, for example, cementation and purification, before the
solvent extraction.

Preliminary extraction tests, scrubbing, and stripping tests were performed in glass
vials (3.5 mL) using a shaking machine (IKA-Vibrax, Germany) operating with 1000 vibra-
tions per min to promote the contact between phases. The experiments were performed
at room temperature. Specific conditions used in the preliminary tests are reported in the
Results section. The extraction and stripping of manganese and cobalt were optimized
using factorial designs of experiments and response surfaces. These methodologies are
explained in detail by Montgomery [35]. For the factorial design of experiments of the
extraction phase, tests were carried out using plastic containers (50 mL), in which the stirrer
from a mixer-settler device was coupled. The stirring speed was set at 1000 rpm, and the
tests were also performed at room temperature.

The pH of the aqueous phase was measured using a pH meter (Metrohm 827 pH lab,
Switzerland), and the electrode was regularly calibrated before and during the experimental
procedures. The pH was adjusted whenever it was needed with 5 M or 10 M NaOH to
minimize the dilution effect of the feed solution. Samples from the aqueous phase were
taken 10 min after finishing the contact time at the established pH to obtain a complete
separation of phases. Chemical analysis was performed by Inductively Coupled Plasma—
Optical Emission Spectroscopy (ICP-OES, iCAP™ 6000 Series, USA) using samples from
the aqueous phase, which were diluted in 0.5 M nitric acid. The extraction efficiency of
metals was determined by Equation (1):

%E = 100 ∗ DX

DX +
(
Vaq/Vorg

) (1)

where Vaq and Vorg represent the volume of the aqueous phase and the volume of the
organic phase, respectively, and DX is the distribution ratio, which describes the ratio
between the concentration of a certain metal (X) in the aqueous phase and in the organic
phase and it can be determined by Equation (2). In some cases, the log D is used to assist
the interpretation of results.

Dx = CX organic/CX aqueous (2)

The separation factors (β) between two elements (X and Y) can be calculated using
Equation (3), and it is determined by the division of the distribution ratio of each element,
being normally greater than one. This equation was used to determine the separation factor
of manganese in preference to other metals.

β = DX/DY (3)

Experimental Design

A full 2k factorial design of experiments was used to fit a second-order linear regression
model to the experimental results. To estimate the experimental uncertainty, four additional
experiments were performed under the same conditions at the central level of the factors
(nC, central point). The effects of three factors (k = 3), each one with two levels (23 factorial
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design), on the process response (y, manganese extraction or cobalt extraction) were studied.
The factors and levels were selected based on results from preliminary tests and on the
literature review.

Experimental design of the extraction stage: The factors investigated in the design of
experiments to model the extraction stage were equilibrium pH (x1), organic to aqueous
ratio, O:A (x2) and molar concentration of D2EHPA (x3). Each factor was varied in two
levels.

Experimental design of the stripping stage: To model the stripping stage, the effect of
the following three factors was evaluated: molar concentration of sulfuric acid (x1), organic
to aqueous ratio, O:A (x2) and stripping time (x3). Each factor was varied in two levels.

Axial points were included (2k axial points) in both designs to estimate the quadratic
terms of the models, setting up a central composite design. Tests were performed in random
order. The distance of the axial points from the central point was α = 1 (face-centered
central composite design). The standard, high, and low levels of the factors are presented
in Table 2.

Table 2. Factors considered in the factorial design of experiments of the extraction and stripping stages and respective levels.

Stage Factors Unit
Levels

Low (−1) Standard (0) High (+1)

Extraction
Equilibrium pH (x1) * dimensionless 2.5 3.25 4.0

Organic to aqueous phase, O:A (x2) dimensionless 0.5 1.25 2
Concentration of D2EHPA (x3) M 0.4 0.5 0.6

Stripping
Concentration of H2SO4 (x1) M 0.05 1.025 2

Organic to aqueous phase, O:A (x2) dimensionless 1 4.5 8
Stripping time (x3) min 2 13.5 25

* Equilibrium pH after a contact time of 10 min, with a maximum variation of ±0.05 from the value defined in the design.

The process response, y, was used to fit the coefficients of a linear second-order regres-
sion model, using the linear least squares method. Only statistically significant variables
were considered in the models (p-value smaller than the significance level of 0.05). Analysis
of variance (ANOVA) was used to assess the significance of the fitted model. The variance
of the response accounted for the models was evaluated by the coefficient of determination
(R2), and the existence of pure quadratic curvature was determined by hypothesis testing.
Response surfaces and contour plots were used to assist the optimization of the processes.

3. Results and Discussion

3.1. Preliminary Tests of Extraction

Preliminary tests were performed to determine the best conditions to be further
investigated in the factorial design of experiments. The extraction of Mn, Ni, Co, and
Li at different contact times can be observed in Figure 1. The mechanism of extraction
of manganese using D2HEPA is very fast. The extraction of Mn was about 60% after
only 5 min of contact time, and after 10 min, the extraction achieves the maximum values
(approximately 70%). The coextraction of Co, Ni, and Li is slightly higher after 5 min
of contact time, but it is still lower than 20%. At 10 min of contact time, the increase in
the extraction of Mn resulted in a decrease of the coextraction of the other metals. The
coextraction of Co, Ni, and Li after 10 min of contact time was around 11, 5, and 3%,
respectively. This is in accordance with the results reported in the literature. Chen et al. [24]
studied the extraction of manganese from the leaching liquor of spent LIBs using cobalt-
loaded D2EHPA, and they reported that the equilibrium was achieved after only 3 min.
Hossain et al. [28] also observed that the kinetics of the manganese extraction using Co-
D2EHPA was fast, and the equilibrium was achieved in 5 min. Thus, low contact times are
required for the extraction of manganese.

266



Metals 2021, 11, 54

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60

Ex
tra

ct
io

n 
(%

)

Contact time (min)

Mn
Ni
Co
Li

Figure 1. Extraction of metals at different leaching times. Conditions: O:A of 1:1; 0.5 M bis(2-
ethylhexyl) phosphoric acid (D2EHPA) and pH of 3.5.

3.2. Effect of the Concentration of Modifier (% Volume of TBP)

Preliminary tests using TBP (tributyl phosphate, Sigma Aldrich, Germany) as a mod-
ifier were performed to evaluate its potential to increase the extraction of manganese as
well as its separation from the other metals. The extraction of Mn, Ni, Co, and Li without
using TBP and when volumetric concentrations of 2.5%, 5%, and 10% TBP were used can
be seen in Figure 2, where the error bars represent the standard deviation of triplicates. The
extraction of Mn had a slight increase when the concentration of TBP was increased until
5%. However, the coextraction of all other metals also increased when TBP was used as a
modifier. For all evaluated metals, the extraction decreased when 10% of TBP was used.
Considering that no formation of a third phase was observed, it was decided not to use
TBP in the next tests.
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Figure 2. Extraction of metals using different volumetric concentrations of TBP as a phase modifier.
Conditions: contact time of 10 min, 0.5 M D2EHPA, equilibrium pH of 3.5, organic to aqueous ratio
(O:A) of 1:1. Error bars represent the standard deviation of triplicates.

3.3. Effect of the pH on the Extraction of Metals

The extraction of Mn, Co, Li, and Ni for three different molar concentrations of
D2HEPA (0.4, 0.5, and 0.6 M) at different pH values can be seen in Figure 3. Some tests
were performed using 0.2 M D2EHPA, but in this case, the extraction of manganese never
exceeded 30%, and since this concentration is lower than the ones usually reported in
the literature, further tests using 0.2 M D2EHPA were not performed. The initial pH of
the synthetic solution based on the composition of the LIBs leach liquor was 3.8. After
contacting the synthetic solution with the extractant, the pH of the aqueous phase decreased
to about 2. This behavior was expected, considering the mechanism of extraction of metals
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using D2EHPA (Equation (4)) described by Zhang and Cheng [14], which results in a
decrease in the pH.

M2+ + 2(HA)2 � MA4H2 + 2H+ (4)

where M represents the metal, (HA)2 represents D2EHPA in the organic phase, and MA4H2
represents the metal–organic complex [14].

Figure 3. Extraction of metals using different molar concentrations of D2EHPA: (a) 0.4 M D2EHPA, (b) 0.5 M D2EHPA, (c)
0.6 M D2EHPA. Conditions: O:A of 1:1, contact time of 10 min.

The extraction of manganese increased with the pH for the three different concentra-
tions of D2EHPA, but when the pH was increased to about 4, the coextraction of other
metals was also more pronounced, mainly of cobalt. The increase in the molar concen-
tration of D2HEPA also promoted an increase in the extraction of manganese, which was
more pronounced when 0.6 M D2EHPA was used.

3.4. Effect of the Organic to Aqueous Ratio (O:A)

Preliminary tests were performed to evaluate the effect of the O:A ratio on the ex-
traction of metals (Figure 4). The extraction of manganese increased with the O:A ratio
(Figure 4a); however, the coextraction of cobalt also increased with the O:A ratio. For
this reason, O:A ratios from 0.5 to 2 were further investigated in the factorial design of
experiments. The isotherm representing the distribution of manganese in the aqueous and
organic phase can be seen in Figure 4b. The extraction of manganese can be theoretically
achieved after two extraction stages using an O:A ratio of 1.25.

Figure 4. (a) Extraction of manganese and cobalt using different O:A ratios and (b) McCabe–Thiele diagram of the Mn
extraction. Conditions: equilibrium pH of 3.5, 0.5 M D2EHPA, contact time of 10 min. Error bars represent the standard
deviation of triplicates.
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3.5. Extraction Stage: Factorial Design of Experiments and Regression Model

The conditions of the factorial design of experiments and respective responses (man-
ganese and cobalt extraction) for each experiment are presented in Table 3. Tests from 1 to 8
correspond to the base 23 design. Tests from 9 to 12 are the replicates in the central point of
the design and were used to determine the experimental error. Tests from 13 to 18 are the
axial points added to the design. All the tests were performed at room temperature using
a contact time of 10 min. The concentrations of metals in the raffinate and in the organic
phase are reported in the Supplementary Materials (Table S1), as well as the extraction of
Ni and Li, which in general remain at low values. The Supplementary Material (Table S2)
also reports the distribution ratios (D) and separation factors (β).

Table 3. Conditions of the experimental design and results for the extraction of manganese and cobalt.

Run
Order

Std
Order

Coded Variables Real Variables
Response

(Extraction)

x1 x2 x3 pH O:A D2EHPA Mn (%) Co (%)

6 1 −1 −1 −1 2.5 0.5 0.4 20 2
11 2 1 −1 −1 4 0.5 0.4 51 12
10 3 −1 1 −1 2.5 2 0.4 61 4
4 4 1 1 −1 4 2 0.4 92 23

14 5 −1 −1 1 2.5 0.5 0.6 30 4
5 6 1 −1 1 4 0.5 0.6 57 8

12 7 −1 1 1 2.5 2 0.6 79 1
13 8 1 1 1 4 2 0.6 97 44

18 9 0 0 0 3.25 1.25 0.5 72 4
8 10 0 0 0 3.25 1.25 0.5 73 5
7 11 0 0 0 3.25 1.25 0.5 73 5
9 12 0 0 0 3.25 1.25 0.5 70 4

15 13 −1 0 0 2.5 1.25 0.5 48 1
16 14 1 0 0 4 1.25 0.5 88 25
2 15 0 −1 0 3.25 0.5 0.5 38 9
1 16 0 1 0 3.25 2 0.5 91 16

17 17 0 0 −1 3.25 1.25 0.4 63 7
3 18 0 0 1 3.25 1.25 0.6 81 3

The adjusted regression model (y) for the extraction of manganese and the extraction
of cobalt are represented by Equations (5) and (6), respectively. The models are only valid
for the range of values tested in this study, and they only include factors with a statistically
significant effect on the responses (α = 0.05).

Mn (%) = 72.0 + 14.7 x1 + 22.3x2 + 5.7x3 − 7.4x2
2 (5)

Co (%) = 6.6 + 10.0 x1 + 5.2x2 + 6.0x1x2 + 3.7x1x2x3 + 4.7x2
1 (6)

The results of the analysis of variance of the fitted models for the extraction of man-
ganese and cobalt are presented in Table 4, which was adapted from the ANOVA table
from the Regression Analysis tool of Excel (Analysis ToolPak add-in). The replicates in the
central level of the design allow estimating the experimental pure error and decomposing
the Residual Sum of Squares (RSS) into the Sum of Squares due to Pure Error (SSPE) and
the Sum of Squares due to Lack of Fit (SSLOF). The presence of curvature was verified for
both models using the pure curvature testing (p-value = 0.048 and 0.046 for manganese and
cobalt, respectively). The significance of the fitted models is indicated by the results of the
F-test. The model adequacy was assessed by the Lack of Fit (LOF) test, but the results were
lower than the significance level (α = 0.05) for both models, given the low experimental
error in the central point of the design and a small variance of the experimental error when
compared to the residual error.
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Table 4. Results of the analysis of variance of the fitted models for the extraction of manganese and cobalt.

Response Source Degree of Freedom Sum of Squares Mean Square F-Value p-Value

Manganese
extraction

Regression 10 7964.8 796.5 43.6 2.4 × 10−5

Residual 7 127.9 18.3 - -
Lack of fit 4 120.4 30.1 12.2 3.4 × 10−2

Pure error 3 7.4 2.5 - -
Totals 17 8092.7 - - -

Cobalt
extraction

Regression 10 1988.3 198.8 17.6 4.9 × 10−4

Residual 7 79.2 11.3 -
Lack of fit 4 78.0 19.5 49.2 4.6 × 10−3

Pure error 3 1.2 0.4 - -
Totals 17 2067.5 - - -

Pareto charts of the standardized effects of the variables on the responses are presented
in Figure 5a for the manganese extraction and in Figure 5b for the cobalt extraction. The
standardized effects were calculated by dividing each coefficient by its standard error.
The standardized effects correspond to the t-statistic values. A variable is considered
statistically significant if its p-value is smaller than the defined significance level (0.05 for
a confidence level of 95%). The significance level is identified in the graphs by dashed
lines (2.36 at abscissa) and it corresponds to the 0.975 quartile in the Student´s distribution,
with seven degrees of freedom (total number of estimated coefficients subtracted from the
total number of experiments). Thus, the effect of variables and their interactions is more
significant as they are to the right of the red dashed line.
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Figure 5. Pareto charts of the absolute values of the standardized effects of the factors for the regression model for (a)
manganese extraction and (b) cobalt extraction with a significance level α = 0.05. Legend: x1: pH, x2: O:A ratio, x3: molar
concentration of D2EHPA, (Q): quadratic terms, (L): linear terms.

The variables with higher effects on the manganese extraction were x2 (O:A ratio), x1
(pH), and x3 (molar concentration of D2EHPA). The quadratic effect of the factor x2 is also
significant in the extraction of manganese. Then, it can be concluded that the extraction of
manganese increases with the increase of the pH, extractant concentration, and the O:A
ratio. The quadratic terms x1

2 and x3
2, as well as all the interactions, did not present a

significant effect on the manganese extraction in the range of values tested in this work (at
a confidence level of 95%).

Regarding the extraction of cobalt (Figure 5b), the main effects were accounted for the
variables x1 (pH), x2 (O:A ratio) and the interactions of x1x2 and x1x2x3, with a positive
effect on the response with the increase of their levels. The quadratic terms x1

2, x2
2, and

x3
2, the factor x3 (molar concentration of D2EHPA), as well as the interactions x1x3 and
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x2x3 did not present a significant effect on the extraction of cobalt in the range of values
considered for a confidence level of 95%.

The coefficient of determination (R2) was used to assess the goodness of fit of the
models. The model for the manganese extraction presented an R2 = 0.98 and for the cobalt
extraction an R2 = 0.96. This coefficient indicates that 98% and 96% of the response variabil-
ity is explained by the fitted models, respectively. The relation between the experimentally
observed responses for the extraction of manganese (Figure 6a) and cobalt (Figure 6b) is
represented in the scatter plots below. This relation demonstrates that the adjusted models
can provide a good fit to the experimental results under the range of values considered in
the study.

Figure 6. Responses predicted by the model versus experimentally observed: (a) manganese extraction and (b) cobalt
extraction.

3.6. Response Surfaces: Extraction of Manganese and Cobalt

To help to understand the effect of the different factors on the extraction of manganese
and cobalt, response surfaces were used. They were depicted using contour plots to show
a clear representation of the surfaces. Contour plots are represented by a set of lines of
constant response, being constructed in planes defined by pairs of variables. Therefore,
each line represents a particular response of the fitted model.

The contour plots representing the manganese extraction when the factor x1 (pH) was
fixed at its low level (−1, pH = 2.5), standard level (0, pH = 3.2), and high level (+1, pH = 4)
can be seen in Figure 7a–c, respectively. The responses for the extraction of cobalt under these
same conditions are represented in Figure 7d–f. To construct the contour plots, the level of the
factors x2 (O:A ratio) and x3 (molar concentration of D2EHPA) was changed from the low to
the high level. The responses (y = % extraction) are represented by legends on the left of each
graph. Results are only valid in the range of values considered in this study.
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The extraction of manganese when the pH was set at 2.5 is represented in Figure 7a.
High manganese extractions can be achieved for any level of concentration of D2EHPA
provided that the O:A ratio is also at a high level, which is explained by the highest effect
of the O:A ratio on the response. At the lowest pH, the lowest extraction of manganese
was verified at the lowest level of the O:A ratio (0.5:1) and at the lowest concentration
of extractant (0.4 M). On the other hand, when the pH was 2.5, the highest extraction of
manganese was observed at the highest level of the O:A ratio (2:1) and at the highest level
of concentration of D2EHPA (0.6 M). However, when the pH was 2.5, the extraction of
manganese never exceeded 70–80%, which can be explained by the mechanism of the
reaction of D2HPA, by which an increase in the concentration of H+ ions will move the
equilibrium to the left side, hiding the formation of products. When the pH was set at
2.5, it is possible to observe in Figure 7d that the extraction of cobalt was kept at a very
low level and never exceeded 5%, which was reached only when high concentrations of
D2EHPA or high O:A ratios were employed.

The behavior of the extraction of manganese when the pH was 2 was similar to the one
when the pH was 3.25, as can be observed in Figure 7b. However, the increase in the pH
resulted in an increase in the highest extraction of manganese, which was raised to 80–90%.
The lowest extraction of manganese at pH 3.25 was also obtained when the concentration
of D2EHPA and the O:A ratio were at their lowest levels (0.4 M and 0.5:1, respectively). The
highest extraction of manganese at pH 3.25 was achieved when the other two factors were
at the highest level (0.6 M and 2:1). Extractions of manganese above 70% can be obtained
for the whole range of values tested for the concentration of D2EHPA, provided that the
O:A ratio is at least 1.4:1. When the pH was set at the standard level (3.25), the extraction
of cobalt is mainly dependent on the O:A ratio (Figure 7e). Thus, it is possible to keep the
coextraction of cobalt below 8% provided that the O:A ratio does not exceed around 1.4:1.

Contour plots representing the extraction of manganese when the pH was set at 4
can be seen in Figure 7c. The extraction of manganese reached higher values when the
other two factors were combined at a higher pH, which is explained by the significant
effect of the pH on the response, as it was discussed in the regression analysis. At the
highest pH, the extraction of manganese was always above 50%. The lowest extraction was
obtained when the concentration of D2HEPA and the O:A ratio were at the lowest level
(0.4 M and 0.5:1, respectively). When both factors were increased to the highest level, the
extraction of manganese achieved the maximum results. It is important to highlight that for
certain conditions, the fitted model slightly overestimated the responses (above 100%). The
coextraction of cobalt also increased to higher values when the pH was set at the highest
level (Figure 7f), which is also compatible with the significant effect of the pH on the cobalt
response, which was observed in the regression analysis. The highest coextraction of cobalt
was observed when the concentration of D2EHPA and the O:A ratio were at their highest
levels (0.6 M and 2:1, respectively) and achieved around 35%. At pH 4, the coextraction of
cobalt remained at lower levels when both the O:A ratio and concentration of D2EHPA
were set at lower levels.

Considering the results using the fitted models, to keep the coextraction of cobalt low
even though obtaining high extractions of manganese, the pH, O:A ratio, and concentration
of D2EHPA should be kept at intermediate levels. For this reason, the next stages (scrubbing
and stripping) were studied using a loaded organic obtained at the central level of the
tested factors (pH of 3.25, O:A 1.25:1, and 0.5 M D2EHPA). The concentration of the loaded
organic obtained at these conditions to be used in the next stages was compatible with the
results of the factorial design of experiments.

3.7. Scrubbing of the Loaded Organic

According to Ritcey and Ashbrook [36], scrubbing usually refers to the removal of
unwanted coextracted species in the loaded organic. The purpose of scrubbing the organic
phase is to replace coextracted or mechanically entrained Co, Ni, or Li together with
Mn [20]. Although it can be considered an important stage to purify the loaded organic

273



Metals 2021, 11, 54

and selectively remove some undesired metals, the scrubbing stage was not studied in
detail in this work, and the scrubbing conditions proposed by Peng et al. [20] were used.
Thus, the loaded organic obtained using the standard conditions of the factorial design of
experiments was scrubbed twice with a pure solution containing 4 g/L Mn prepared using
MnSO4.H2O, without pH adjustment (pH: 4.4) for 10 min at an O:A ratio of 10:1. The final
composition of the scrubbing solutions (1 and 2) after contact with the loaded organic and
the resultant organic phase is presented in Table 5.

Table 5. Composition of the scrubbing solutions and the resultant organic phase after two scrubbing
stages with 4 g/L Mn (O:A of 10:1, contact time of 10 min).

Solution
Concentration (g/L)

Mn Co Ni Li

Feed solution 7.4 18.7 7.2 1.1
Aqueous phase (after extraction) 2.1 18.0 7.0 1.0

Scrubbing solution 1 (aqueous phase) 0.8 3.0 0.3 0.1
Scrubbing solution 2 (aqueous phase) 2.1 1.9 <0.1 <0.1

Organic phase 4.7 0.1 0.1 <0.1

3.8. Stripping Stage: Factorial Design of Experiments and Regression Model

The experimental conditions of the factorial design for the stripping of the loaded
organic and respective responses are presented in Table 6. The final concentrations of
manganese and cobalt (g/L) in the stripping product were considered as the process
responses. All experiments were performed at room temperature after two scrubbing
stages (detailed in Section 3.7).

Table 6. Conditions of the experimental design and results for the stripping of cobalt and manganese.

Random
Order

Std Order
Coded Variables Real Variables Response

x1 x2 x3 [H2SO4] O:A Time Mn (g/L) Co (g/L)

9 1 −1 −1 −1 0.05 1 2 4 0.06
14 2 1 −1 −1 2 1 2 4 0.05
4 3 −1 1 −1 0.05 8 2 11 0.31
2 4 1 1 −1 2 8 2 19 0.26

15 5 −1 −1 1 0.05 1 25 5 0.08
11 6 1 −1 1 2 1 25 5 0.07
3 7 −1 1 1 0.05 8 25 10 0.41
8 8 1 1 1 2 8 25 28 0.42

16 9 0 0 0 1.025 4.5 13.5 17 0.26
5 10 0 0 0 1.025 4.5 13.5 16 0.24
7 11 0 0 0 1.025 4.5 13.5 16 0.24
1 12 0 0 0 1.025 4.5 13.5 17 0.27

18 13 −1 0 0 0.05 4.5 13.5 9 0.15
12 14 1 0 0 2 4.5 13.5 17 0.26
10 15 0 −1 0 1.025 1 13.5 5 0.07
6 16 0 1 0 1.025 8 13.5 23 0.36
13 17 0 0 −1 1.025 4.5 2 14 0.21
17 18 0 0 1 1.025 4.5 25 22 0.34

The regression models for the stripping of manganese and cobalt are represented by
Equations (7) and (8), respectively, and only factors with a statistically significant effect on
the responses were inserted in the models (α = 0.05). The models are only valid for the
range of values tested in this study.

Mn (g/L) = 16.9 + 3.4x1 + 6.8x2 + 2.0x3 + 3.3x1x2 − 4.0x2
1 − 3.1x2

2 (7)
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Co (g/L) = 0.25 + 0.14x2 + 0.04x3 + 0.03x2x3 (8)

The results of the analysis of variance of the models are presented in Table 7. The
presence of curvature was verified only for the model representing the manganese stripping
with the pure curvature testing (p-value = 0.04). The results of the F-test can be related to
the significance of the fitted models. The model adequacy was assessed by the LOF test,
but the result for the manganese stripping was lower than the significance level (α = 0.05),
which can be related to the low experimental error in the central point of the design.

Table 7. Results of the analysis of variance of the fitted models for the stripping of manganese and cobalt.

Response Source
Degree of
Freedom

Sum of
Squares

Mean Square F-Value p-Value

Concentration
of manganese

Regression 10 880.2 88.0 20.4 3.0 × 10−4

Residual 7 30.2 4.3 - -
Lack of fit 4 28.7 7.2 13.9 2.8 × 10−2

Pure error 3 1.5 0.5 - -
Totals 17 910.4 - - -

Concentration
of cobalt

Regression 10 0.2 2.4 × 10−2 21.4 2.6 × 10−4

Residual 7 7.93 × 10−3 1.1 × 10−3 - -
Lack of fit 4 7.33 × 10−3 1.8 × 10−3 9.0 5.1 × 10−2

Pure error 3 6.08 × 10−4 2.0 × 10−4 - -
Totals 17 0.2 - - -

Pareto charts of the standardized effects of the variables on the responses are presented
in Figure 8. A significant effect on the stripping of manganese (Figure 8b) was accounted
for the three main variables: x1 (concentration of H2SO4), x2 (O:A ratio), and x3 (stripping
time). The interaction effect of x1 and x2 was also significant, as well as the effect of the
quadratic term x1

2. Thus, the stripping of manganese will increase with the increase of
the levels of these three variables. The quadratic terms x2

2 and x3
2, as well as all the other

interactions, did not have a significant effect on the manganese stripping, considering the
range of values tested at a confidence level of 95%. Only the variables x2 (O:A ratio) and x3
(stripping time) had a positive and significant effect on the stripping of cobalt (Figure 8b).
Thus, the concentration of acid did not show a significant effect on the stripping of cobalt
in the tested range nor did it have all the interactions and quadratic terms (at a confidence
level of 95%).
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Figure 8. Pareto charts of the absolute values of the standardized effects of the factors for the regression model for the (a)
manganese stripping and (b) for the cobalt stripping. Significance level α = 0.05. Legend: x1: molar concentration of H2SO4,
x2: O:A ratio, x3: stripping time, (Q): quadratic terms, (L): linear terms.
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Both models presented an R2 = 0.97, which is indicative that a large proportion of the
variance of the response can be explained by the independent variables, considering the
range of values tested in the experiments. The relation between the experimentally ob-
served responses and those obtained using the fitted model for the stripping of manganese
and cobalt are represented in Figure 9a,b, respectively, which illustrates how the models
provide a good fit to the experimental results.

Figure 9. Responses predicted by the model versus experimentally observed: (a) manganese stripping and (b) cobalt
stripping.

3.9. Response Surfaces: Stripping of Manganese and Cobalt

The contour plots in Figure 10a–c represent the response surfaces of the manganese
stripping when the factor x2 (O:A ratio) was set at its low level (−1, O:A = 1:1), standard
level (0, O:A = 4.5:1), and high level (+1, O:A = 8:1), respectively. The stripping of cobalt
for different combinations of O:A ratio and time is represented by the contour plots in
Figure 10d, given that the concentration of sulfuric acid did not have a significant effect on
it. The values of the response (y) are represented by legends on the left side of each graph.
Results are only valid in the range of values considered in this study. The concentrations
of metals remaining in the organic phase and in the stripping product for each test are
reported in the Supplementary Materials (Table S3).

When the O:A used in the stripping was 1:1 (Figure 10a), a low concentration of
manganese was obtained and never exceeded 10 g/L, which was expected given the larger
volume of aqueous phase. At the lowest concentration of H2SO4 (0.05 M), the lowest
concentration of manganese in the stripping product was verified at the lowest stripping
time (2 min), being lower than 3 g/L Mn. With the increase in the concentration of H2SO4
and in the leaching time, a slight increase in the concentration of manganese was observed
(maximum of 10 g/L).

The stripping behavior of manganese when the O:A ratio was set at 4.5:1 can be
observed in Figure 10b. At this O:A ratio, the lowest concentration of manganese was
around 8–10 g/L, and it was reached when the concentration of H2SO4 was the lowest
(0.05 M) at the shortest stripping time (2 min). Increasing the concentration of acid from 0.9
to 2 M and the stripping time from 15 to 25 min promoted an increase in the concentration
of manganese, which reached around 20 g/L.

The concentration of manganese was the highest when the O:A ratio was set at 8:1
(Figure 10c) and it was higher than 10 g/L for all tested conditions. The concentration of
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manganese reached higher values when the other two variables (time and concentration
of acid) were combined at the highest O:A ratio, which is related to the highly significant
effect of the O:A ratio on the response, as previously discussed in the regression analysis.
When the concentration of acid was at the lowest level (0.05 M) and the stripping time
was also at the lowest level (2 min), the concentration of manganese was around 10 g/L.
When both factors were increased to their highest levels, the concentration of manganese
achieved the maximum results (23–25 g/L). In Figure 10a–c, it is also possible to observe
how the concentration of acid (x1) has a more pronounced effect on the concentration
of manganese in the stripped product, which was also represented by a quadratic term
in the model, causing a curvature in the response surface. Thus, a slight increase in the
concentration of acid can cause a higher effect on the concentration of manganese.

The stripping of cobalt (Figure 10d) was mainly affected by the O:A ratio and by
the leaching time, while the concentrations of H2SO4 tested in this study did not have a
significant effect on the concentration of cobalt in the stripped liquor. The concentration
of cobalt increased along with the O:A ratio and the stripping time, but it never exceeded
0.5 g/L. Thus, it can be concluded that very high concentrations of manganese in the
stripping product (>23 g/L) can be obtained using high O:A ratios and concentrations of
sulfuric acid of around 1 M. However, the stripping time should not exceed around 13 min,
in order to keep the concentration of cobalt at a low level (<0.3 g/L). Additionally, the fitted
models can support the optimization of the stripping process.
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Figure 10. Contour plots representing the (a–c) stripping of manganese (a) when the O:A was set at 8:1, (b) when the O:A
ratio was set at 4.5:1, and (c) when the O:A ratio was 1:1. (d) represents the stripping of cobalt at different combinations of
stripping time and O:A ratios.
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The fitted models can help to optimize the solvent extraction of manganese and can
also assist with the construction of distribution isotherms and McCabe–Thiele diagrams,
which are very helpful to predict the distribution of metals in both phases of the system
(aqueous and organic) and to theoretically determine the number of required stages. The
distribution isotherms for the stripping of manganese and cobalt, whose results were deter-
mined using the fitted models, are presented in the Supplementary Materials (Figure S1).

4. Conclusions

The recovery of manganese from a solution based on lithium-ion batteries was investi-
gated using the factorial design of experiments and the response surface methodologies in
order to assess the effect of different factors on the solvent extraction of manganese. These
methodologies were also used to optimize the extraction and stripping stages, aiming to
minimize the coextraction of cobalt. Preliminary tests were performed to determine the
experimental conditions to be further investigated in the factorial design of experiments.
The use of a modifier (TBP) was tested, but the formation of a third phase was not observed,
and for this reason, additional tests with a modifier were not performed. The extraction of
manganese using D2EHPA was fast, and maximum results were achieved after 10 min of
contact time.

The factors evaluated in the extraction stage were the equilibrium pH, the molar
concentration of D2EHPA, and the organic to aqueous ratio. Under optimized conditions
(O:A of 1.25:1, pH 3.25, and 0.5 M D2EHPA), extractions above 70% Mn were reached
in a single extraction stage with a coextraction of around only 5% Co, which was mostly
removed in two scrubbing stages. Other combinations of factors can also result in high
extractions of manganese and low coextractions of cobalt. In general, the coextraction of
lithium and nickel remained low. The variables considered for the optimization of the
stripping stage were the concentration of sulfuric acid, the organic to aqueous ratio, and
the stripping time. A stripping product containing around 23 g/L Mn and around 0.3 g/L
Co can be obtained under optimized conditions (O:A of 8:1, 1 M H2SO4, and around 13 min
of contact time) in a single stripping stage. Increasing the number of extraction stages
can promote an increase in the concentration of manganese loaded in the organic phase
and should be further investigated in up-scale tests using mixer-settlers. Moreover, the
fitted models for the extraction and stripping stages can help optimize these processes and
can also assist with the construction of McCabe–Thiele diagrams to predict the number of
stages required to maximize the recovery of manganese.

The results obtained can support further investigations on the recovery of manganese
from spent lithium-ion battery solutions, which are an important secondary resource of
manganese, using solvent extraction with D2EHPA. Moreover, the use of methodologies
to model and optimize the process can assist the process management, considering that
multiple combinations of factors can result in high extractions of manganese and low coex-
tractions of other metals. Knowing these alternatives can help to better design the process
to reduce the consumption of energy and reagents, minimizing costs and environmental
impacts.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-4
701/11/1/54/s1,Table S1. Conditions of the experimental design and concentrations of metals in
the raffinate and in the organic phase after one extraction stage. Contact time of 10 min. Legend:
[aq]: concentration of metal in aqueous phase, [org] concentration of meta in organic phase, Table S2.
Conditions of the experimental design, distribution ratios (D) and separation factors (β) after one
extraction stage. Contact time of 10 min, Table S3. Conditions of the experimental design and
concentrations of metals remaining in the organic phase and in the stripping product. Legend: [aq]:
concentration of metal in aqueous; phase, [org] concentration of metal in organic phase, Figure S1.
Distribution isotherms of (a) manganese stripping and (b) cobalt stripping obtained using the fitted
models. Conditions used as input in the fitted models: stripping time: 13.5 min (coded variable: 0),
O:A ratio: 8:1 (coded variable: +1), concentration of H2SO4: 1 M (coded variable: 0).
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Abstract: The bottleneck of recycling chains for spent lithium-ion batteries (LIBs) is the recovery
of valuable metals from the black matter that remains after dismantling and deactivation in pre-
treatment processes, which has to be treated in a subsequent step with pyrometallurgical and/or
hydrometallurgical methods. In the course of this paper, investigations in a heating microscope were
conducted to determine the high-temperature behavior of the cathode materials lithium cobalt oxide
(LCO—chem., LiCoO2) and lithium iron phosphate (LFP—chem., LiFePO4) from LIB with carbon
addition. For the purpose of continuous process development of a novel pyrometallurgical recycling
process and adaptation of this to the requirements of the LIB material, two different reactor designs
were examined. When treating LCO in an Al2O3 crucible, lithium could be removed at a rate of
76% via the gas stream, which is directly and purely available for further processing. In contrast,
a removal rate of lithium of up to 97% was achieved in an MgO crucible. In addition, the basic
capability of the concept for the treatment of LFP was investigated whereby a phosphorus removal
rate of 64% with a simultaneous lithium removal rate of 68% was observed.

Keywords: lithium-ion batteries (LIBs); recycling; pyrometallurgy; critical raw materials; lithium
removal; phosphorous removal; recovery of valuable metals

1. Introduction

The development of lithium-ion batteries (LIBs) has experienced an enormous up-
swing in recent years, which is, in addition to portable devices, mainly due to the steadily
increasing demand in the electric vehicle (EV) sector. According to forecasts, this trend
will continue in the coming years [1,2]. Further prognoses predict that sales of LIBs are
expected to increase from 160 GWh in 2018 to over 1.2 TWh in 2030 [1]. Their use in electri-
cal appliances, EVs and stationary storage is due to their advantages over other storage
media, such as high energy density, long service life and high operating voltage [3,4]. Since
consumed LIBs contain a large number of valuable metals, recycling has a considerable
environmental impact in view of the conservation of valuable resources [5]. In addition to
this idea of resource protection, waste reduction and the energy-efficient and economical
treatment of hazardous substances are also driving recycling efforts [6]. The timeliness and
necessity of recycling LIBs is further underlined by the 2020 list of critical raw materials
published by the European Commission. Among others, cobalt, lithium and phosphorus
can be found [7].

A major challenge with regard to recycling is posed by the strongly fluctuating waste
stream. This is the product of the requirements of the countless applications for energy
storage and the resulting multitude of electrode materials of LIBs [8]. In the respective
literature there is a variety of different recycling processes, which can basically be divided
into preparation for recycling, pre-treatment and main processing, including pyro- and
hydro-metallurgy. In the first mentioned area, the processes of discharging and dismantling
can be found [5]. The aim of the pre-treatment is to improve the recovery rate, to adapt
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the waste stream to the downstream process step and to reduce the energy consumption
of the following pyro- or hydro-metallurgical process [6,9]. In Europe, there are several
companies that already perform the preparation and pre-treatment of spent LIBs on a
larger scale, like Accurec Recycling GmbH, Duesenfeld GmbH or Redux GmbH [10–12].
The latter starts the recycling process with collection and temporary storage, followed
by manual sorting. As of this point in time there is still a considerable safety risk due to
the residual charge of the LIBs. They are completely discharged, and the energy gained
is fed back into the operating network. Subsequently, components such as electronics,
cables, plastics, aluminum, and iron are dismantled and sorted. During the subsequent
deactivation, the coating of the conductor foils is dissolved and the separator as well as the
electrolyte are removed. During the mechanical treatment, the remaining components such
as iron, aluminum, copper and the fine material (also called active material or black matter)
of cathode and anode material are separated. The separation of the individual fractions is
carried out with a magnetic separator, air separator and sieving [13]. The resulting black
matter can be further treated in a pyro- or hydro-metallurgical process.

In pyrometallurgical treatment of LIBs, the physiochemical transformation tempera-
tures above 1400 ◦C are used to recover the valuable metals [14]. As a partial step in an
overall process, pyrometallurgy is a suitable instrument for purifying the feed stream of
substances undesirable for hydrometallurgy. Fluorine, chlorine, graphite, phosphorus, etc.,
pose a particular challenge to hydrometallurgy. Pyrometallurgical processes are generally
robust against impurities and organic contaminants, because volatile components can be
evaporated [5]. Graphite from the anode can be used as a reducing agent and burned in
various processes in the presence of oxygen, thus helping to maintain the process tem-
perature. Since the reaction kinetics in pyrometallurgical processes increase extremely
due to the high temperatures, productivity is higher compared to hydrometallurgy [15].
Although the large number of research activities in recent years has focused on hydromet-
allurgy [9], there is significant scientific output in the field of pyrometallurgy, some of
which is already being applied on an industrial scale. Several recent reports claim that
large-scale pyrometallurgical processes have greater potentials in terms of sustainability
than their hydrometallurgical counterparts [16–21]. Industrial scale processes are those
that have more than 1000 t/a recycling capacity. In Europe, the companies Umicore, Ac-
curec and Nickelhütte Aue should be mentioned here, and outside the EU, for example,
SungEel, Kyoei Seiko and Dowa. The overall processes usually lead via a mechanical
and/or thermal step to pyro- and hydro-metallurgy [5]. The pyrometallurgical step is
typically based on shaft furnaces or electric arc furnaces for melting this feedstock [22].
A direct comparison of the recycling efficiency of the individual processes is often very
difficult, since the reference basis of the values given is usually not given or only partially
given. However, it can be stated that recycling routes which include a pyrometallurgical
step have the highest overall recycling efficiency, in some cases exceeding 50% [5]. Since
pyrometallurgical processes are operated at high temperatures, their energy requirements
are correspondingly high. In addition, large quantities of waste gas are produced which
have to be treated. A disadvantage of current pyrometallurgical processes is the slag-
ging of lithium, the recovery of which in turn requires an enormous hydrometallurgical
effort [9,23]. The economic efficiency of lithium recovery depends on the concentration
in the slag. As a rule, in the co-processing of LIBs in metallurgical plants, the lithium is
diluted to such an extent that recovery is not economically feasible [24]. In recent years, a
number of advances have been made in the field of slag post-treatment. These research
ventures on a non-industrial scale focus, for example, on the concentration of Li in the
slag by selective addition of slag-forming agents during the pyrometallurgical process
and subsequent hydrometallurgical treatment [25,26]. Recent progress has also been made
in the area of early-stage lithium extraction. In this process, sulphate roasting treatment
was used to convert the cathode material from NMC batteries into a water-soluble lithium
sulphate (Li2SO4) and a water-insoluble oxide (NiCoMn-oxide) [5]. However, depending
on the price of lithium, processes specially developed for LIB recycling may in future be
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quite economical in terms of lithium recovery [24]. Various advantages and disadvantages
also result from the different interconnection types of the overall process. For example, the
primary energy consumption via pyrometallurgical routes is higher, but the resulting addi-
tional costs are more than compensated by lower operating costs in the hydrometallurgical
step [5]. The recycling of P from LIBs is described in the literature in very few publications.
Most of them are related to the hydrometallurgical process route, other processes deal with
the regeneration of the cathode material [27].

Hydrometallurgical processes are highly selective and can therefore achieve high
purities [15]. Leaching is the key process in hydrometallurgy to convert the metals to
ions in a solution. This can be divided into bio leaching with metabolic excrements of
microorganisms or fungi and chemical leaching with organic or inorganic acids [28–30].
Subsequently, the valuable metals are separated and recovered from the leaching solution.
Since the structure of the leaching solution is complicated, it is usually necessary to use
several different methods from the portfolio of solvent extraction, chemical precipitation
and electrochemical deposition [28]. Hydrometallurgical methods result in extremely good
recycling rates of up to 100% [28,31]. They also require a high level of equipment and a
large number of process steps, which usually results in a correspondingly high volume of
polluted wastewater. In order to operate the process economically, it is very important to
separate and concentrate as many metals and impurities as possible in advance. For each
additional metal, at least 1–2 additional process steps would be required, which is only
economical if the metal value or quantity is correspondingly high [15].

Especially with regard to the raw materials contained in LIBs, which are included in
the list of critical raw materials of the European Commission [7], and from an ecological
point of view, a sustainable handling of spent LIBs is essential. According to Elwert
et al. [32], recycling processes specialized in LIBs will gain more and more importance in
the future. This is due to the increasing rate of return of spent LIBs to the waste stream, more
regulations by the authorities and also decreasing amounts of valuable nickel and cobalt
for direct use in nickel and cobalt producing plants. Furthermore, the growing market for
LFP and the increasing interest in lithium recovery also plays a major role. Of particular
importance in terms of regulation is the recently published European Commission proposal
to revise EU Directive 2006/66/EC, which sets recovery rates of up to 70% for Li and 95%
for other valuable metals such as Co, Ni and Cu by 2030 [33], which forces recyclers to
increase recovery rates and their process efficiency.

It can be summarized that there is a multitude of different recycling processes and
methods, which are characterized by their positive properties in certain areas but also have
individual disadvantages. In the field of pyrometallurgy, lithium slagging and in particular
the absence of possibilities to recover from the slag with reasonable effort can be identified
as a bottleneck.

The novel pyrometallurgical recycling process presented in this paper is characterized
by the recovery of an alloy with a simultaneous utilization of lithium and phosphorus
via the gas flow. The following points provide a more detailed insight into the theoretical
considerations and practical implementations for the most efficient recovery of valuable
metals from LIBs using this process. Initially, appropriate analyses were carried out to
better understand the behavior of cathode materials in high-temperature applications
under reducing conditions. To determine the lithium removal rate without the presence
of phosphorus, the cathode material lithium cobalt oxide (LCO) was examined in an
experiment. In addition to the successive optimization of the reactor concept and adaptation
to the waste stream from spent LIBs, another experiment with LCO in a modified setup
was performed and compared to the previous one. To verify the basic suitability of the
pyrometallurgical apparatus for the simultaneous removal of phosphorus and lithium
via the gas flow, experiments were carried out with the cathode material lithium iron
phosphate (LFP).
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2. Process Concept and Methods

2.1. Used Materials

In total, three different experiments were carried out with two types of feedstock. As
Windisch-Kern et al. [34] have already described, experiments with black mass from a pre-
processing step have already shown that lithium could be removed to a considerable extent.
As this has raised additional questions, a detailed investigation of the pure cathode materials,
i.e., LCO, lithium nickel manganese cobalt oxide (NMC—chem., LiNi0.33Mn0.33Co0.33O2),
lithium nickel cobalt aluminum oxide (NCA—chem., LiNi0.8Co0.15Al0.05O2) and LFP, was
indispensable. For the purpose of clarifying the questions dealt with in this paper, the
materials LCO and LFP were used, which were produced by the Chinese company Gelon
Energy Corporation. The appearance of this feedstock can be described as a fine, black
powder. Since this carbo-thermal process requires a reducing agent and the graphite bed in
the reactor is only used for energy input, graphite powder from coke pellets of a steel mill
is added. The graphite cubes with a side length of 2.5 cm come from electrodes of a steel
mill and have an average purity of 99% with an electrical resistance of 4–8 μ Ωm and a
density of 1.55–1.75 g cm−3. [35] The amount of graphite powder required for the reduction
was determined by stoichiometry of the respective cathode material. For this purpose,
the weighed mass of the cathode material was multiplied by the molar ratio of LiCoO2 or
LiFePO4. After determining the moles O by multiplying the mass O by the relative atomic
mass of O, the necessary mass of C was calculated by using the relative mass of C and
assuming that a conversion to CO takes place in the reactor. The corresponding percentage
C requirement is finally obtained by a rule of three of the masses of O and C. Table 1 shows
the composition of the input materials determined from their stoichiometric composition.

Table 1. Composition of the mixture of cathode material and graphite powder in wt.%.

Compound Li Co Fe P C

LCO-C 5.67 48.17 - - 20.00
LFP-C 3.34 - 26.90 14.92 24.00

The products obtained from the experiments were examined by ICP-OES and ICP-MS
by means of aqua regia digestion according to ÖNORM EN 13657:2002-12.

2.2. Material Specific Investigations

Since the behavior of the individual cathode materials at high temperature applications
is hardly or not at all described in the literature, detailed investigations were undertaken
at the Chair of Thermal Processing Technology. These included analyses in a Hesse
Instruments EM 201 with an HR18-1750/30 furnace heating microscope. The results should
be used for planning the process control in the following experiments in the inductively
heated reactor, which is presented in Section 2.3. Furthermore, a better understanding of
the behavior of the cathode materials should be gained. To be able to simulate the planned
process as detailed as possible, graphite powder was added to the cathode material. The
addition of graphite powder was carried out to an extent of 10 wt.% under the assumption
that C is converted to CO2 and transported away via the argon-purged atmosphere. The
mixture of the corresponding cathode material and graphite powder was examined with at
least one reproduction experiment. For better comparability a uniform heating rate was
always set, which corresponds to the maximum possible with the heating microscope used.
This is primarily to ensure the shortest possible residence time in the furnace chamber since
interactions of LCO with the furnace material consisting of Al2O3 have been determined
and damage to this should be prevented as far as possible. Up to a temperature of 1350 ◦C,
a heating rate of 80 ◦C/min was selected, from 1350 to 1450 ◦C 50 ◦C/min and up to
1700 ◦C a heating rate of 10 ◦C/min with a holding time of 15 min at 1700 ◦C was dialed.
To avoid oxidation with the ambient air, the reactor was flushed with argon at a flow rate
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of 2 L/min. A maximum furnace temperature of 1700 ◦C was chosen, which allows for an
approximate sample temperature of 1630 ◦C.

Figure 1 illustrates the standardized sample preparation. The material is centrally
positioned in a cylinder with a diameter of 3.5 mm and a height of 2.5 mm on an Al2O3
platelet with an approximate weight of 0.1 g.

Figure 1. Structure of the sample on the white sample plate made of Al2O3 before the trial.

2.3. Reactor Concept

The novel reactor concept, which was constructed at the Chair of Thermal Processing
Technology of the Montanuniversitaet Leoben, is based on the inductive heating of graphite
pieces in a packed bed reactor. The cornerstone of knowledge generation in this field
was laid at the chair already in 2012, by the EU subsidized project RecoPhos for the
pyrometallurgical treatment of sewage sludge ash for simultaneous recovery of phosphorus
and the contained valuable metals. Its results are described by Schönberg et al. [36] and
Samiei et al. [37]. Based on this and corresponding follow-up projects, also in the field of
basic oxygen furnace slag (BOFS) treatment, a batch operated post-lab-scale plant and a
pilot-scale plant as a continuous process have been developed and built. This knowledge
advantage was used to adapt the mechanism for pyrometallurgical recovery of valuable
metals from processed LIB material in two ways. On the one hand, the theoretical idea of
the continuous reactor, which should be conceptually similar to the set-up from research
work in the field of sewage sludge ash and BOFS utilization, is applied. On the other hand,
the post-lab-scale setup developed in the subject area mentioned above can initially be
used for first experiments without further adaptations. In the long term, the realization
of larger scales and corresponding throughput of recycled material as a continuous unit
is planned. Intensive research activities on a small scale are indispensable for the most
efficient implementation of gradual scale-ups to industrial maturity. In view of the process
development as well as the knowledge gained about the input material, the previously
mentioned apparatus in batch operation, the so-called InduMelt plant, is used for this
purpose. These two process concepts and their respective challenges and developments
are explained in detail below.

2.3.1. Continuous Reactor Concept

In order to treat the expected future waste stream from used LIBs, a technology with
correspondingly high throughput rates is required. The currently pursued approach at
the Chair of Thermal Processing Technology is based on a continuous reactor concept
which currently exists as a pilot plant with a material throughput rate of 10 kg/h. Even if,
according to initial findings from investigations of the LIB black matter, the design must
differ from that used for sewage sludge ash and BOFS, the basic principle remains the
same. Ponak [38] describes the so-called InduRed reactor as an cylindrical arrangement of
refractory materials filled with pieces of electrode graphite which allow a horizontal and
radial homogeneous temperature distribution when heated by the induction coils, as seen
in Figure 2.
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Figure 2. Schematic illustration of the InduRed reactor for the continuous treatment of sewage sludge
ashes and BOFS [39].

The process starts with the material feed from a feed vessel above the reactor via a
screw conveyor and a low volume of argon. Inert gas purging is highly relevant at this
position, especially at higher temperatures, as the graphite bed is protected against oxida-
tion by possible false air and, mainly, to direct small ash or black matter particles directly
onto the graphite surface. In the first zone, the melting zone, the fine-grained material
inserted is heated to melting temperature without reaching the reduction temperature of
the critical component phosphorus. The resulting molten film then moves through the
reactor to the reduction zone. In this zone the corresponding energy is induced so that the
reduction temperature is reached close to the implemented gas flue. At this point, it has
to be mentioned that the graphite pieces are not supposed to participate in the reduction
reactions and serve only as a susceptor material. Added carbon powder functions as a
reductant. Through this reaction process, phosphorus is converted into the gaseous phase
and can be removed directly from the reactor via the gas flue by means of a negative
pressure-generating induced draft fan. Downstream there is a post-combustion chamber
in which external air or oxygen are used to convert elemental phosphorus to P2O5. The
subsequent hydrolysis finally enables the production of phosphoric acid. The remaining
material in the reactor moves on to the discharge zone, where the third and last coil pro-
vides enough energy that the phosphorus-free material does not reach the solidification
temperature and finally leaves the reactor via the reactor floor. The resulting material can
be divided into a metal and a slag fraction, which, however, are not yet separated from each
other in the current expansion stage and are collected in a vessel below the reactor output.

The advantages of this apparatus are manifold. In comparison with an electric arc
furnace (EAF), no molten bath of metal is formed so that the P2 (g)–Fe (l) contact possibility
and in further consequence the formation of iron phosphide can be decreased immensely.
This fact is promoted by a thin molten film, which massively shortens the distance of mass
transport. In this case it is particularly important for the diffusion of P and its removal as
gas. The graphite pieces offer a large surface area for reactions and by coupling into the
induction field, the heat for the endothermic reduction reactions is permanently provided
directly at the respective particle surface. Even if the energy demand is increased, the main
form of the reduction reaction is direct reduction, resulting in a lower carbon demand. [38]
In the course of the reaction processes in the reactor, a very low oxygen partial pressure
and a correspondingly high CO to CO2 ratio is established, which in turn promotes the
reduction reactions [40].

In order to use this process also for the waste stream from spent LIBs, the reactor
design and the corresponding post-treatment of the output streams must be adapted. The
input material for the planned continuous process comes from a pre-treatment plant, which
is a fine fraction as low in Cu and Al as possible consisting of a mixture of cathode and
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anode materials. After being fed into the pyrometallurgical reactor, the material should
react according to the principle described above. The most important difference is that the
idea of the treatment of this material is to remove not only phosphorus but also lithium
from the reactor via the gas flow. An initial concept for the post-treatment of the liquid
fraction, which leaves the reactor chamber via its bottom, provides for an oxygen inlet.
Thus, in accordance with the different oxygen affinities, for example, the input stream of
NMC, LCO, NCA and LFP should result in the purest possible CoNiFe alloy. Oxygen-affine
elements such as Mn and Al, as well as the residues of P and Li that are not removed via
the gas phase, are to be slagged. The resulting products can therefore either be sold on
the market as raw materials as required, or further broken down into their constituent
parts in further post-treatment steps, for example via the hydrometallurgical route. A
further additional important step to be investigated is the post-treatment of the resulting
gas fraction. In particular, it will be necessary to implement a corresponding process
for the separation of Li and P and consequently to treat them further according to the
resulting qualities. As the points just described show, a combination with other processes
should be aimed for. With regard to the overall reactor design, an adaptation of the current
development will be essential. This includes issues such as the optimal refractory material
for the reactor wall or a possible need to expand the gas extraction system.

2.3.2. Batch Reactor Concept

Based on the technology described in Section 2.3.1, the process design shall be adapted
to the requirements of the black matter out of LIBs. For this purpose, in-depth tests were
carried out for a better understanding of the material to be processed, which are partly
described in Windisch-Kern et al. [34]. Since the scale of a continuous pilot plant for
experiments of this kind would firstly be too complex and secondly would not correspond
to the research status at the Chair of Thermal Processing Technology in the LIB field, the
experiments were carried out on a post-laboratory scale. For this purpose, the reactor
concept of the unit operating in batch mode was adopted from the developments in the
field of sewage sludge ash and BOFS, as shown in Figure 3a and hereinafter referred to as
Design 1. The system behind it is similar to the continuous concept, with the difference that
the material to be investigated is already in the reactor at the beginning of the experiment
and there is no material output via the ground. Most of the material melted during the
experiment is accumulated and collected at the bottom of the reactor or adheres to the
cube surface as spherical formations. In addition, the gas outlet is also not subjected to
negative pressure, so that the resulting gases leave the reactor without constraint. For the
construction of the reactor, an Al2O3 ring with a diameter of 20 cm, Al2O3 mortar and
refractory concrete were used. The graphite bed provides a cube surface of 1725 cm2 for
the transfer of the induced heat. An insulation around the reactor has the function of the
protection of the induction coil, to reduce the heat losses and to enable as good a separation
as possible from ambient air.

To enable a qualitative measurement of the exhaust gas flow, a gas scrubber was
additionally installed at the outlet of the gas flue (Figure 3b). This was realized with a
bubbling frit in which the exhaust gas is enriched in a 2.5 molar H2SO4 solution. The
temperature was measured on the outside of the reactor by two category S-thermocouples
and inside the reactor by two category K-thermocouples. Due to the expected breakage of
the second mentioned thermocouples, they are only used to find a correlation between the
outside temperature and the inside temperature.

Preliminary tests have shown that LCO, with its high cobalt content, is highly reactive
to the crucible material of Al2O3. In addition, sampling proved to be particularly difficult
because it was not possible to separate the black mass clearly from the mortar. This makes
it almost impossible to close the mass balance in the future. Another disadvantageous fact
of this reactor concept is that, due to its position, the highest induction of the current takes
place in the upper part of the reactor. Because of the inevitable turbulence in the reactor
during the experiment due to the gases, the material accumulates at the bottom of the
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reactor, so the energy supply position is suboptimal. To take into account the mentioned
disadvantages, a new design was developed, which is shown in Figure 4 and hereinafter
referred to as Design 2.

 
 

(a) (b) 

Figure 3. (a) Schematic representation of the original InduMelt plant (Design 1) [34]; (b) overall setup in test operation.

 

Figure 4. Schematic representation of the new reactor design (Design 2).

This is a cylindrical crucible with a half-arc bottom made of MgO. It was placed
centrally on a refractory concrete structure in a way that only the lower part of the MgO
crucible is within the induction coil. Appropriate insulation made of refractory matting
should reduce the heat loss and thus the energy requirement and protect as far as possible
against the ingress of false air from the environment. To be able to make a qualitative
statement about the escaping gas during the test, an exhaust pipe made of Al2O3 was again
implemented. The temperature was measured by a category S-thermocouple from below
and in the reactor by two category K-thermocouples.

For a direct comparison of the different reactor concepts of the InduMelt plant, the
same feedstock, the mixture LCO-C mentioned in Section 2.1 with a quantity of 550 g, was
examined in both crucible concepts. To ensure that reproducible initial conditions prevailed
in both designs, the charging of the cubes and the sample was also performed uniformly in
all experiments. Thus, at the beginning, 15 cubes were positioned in the reactor and one
third of the sample was charged onto them. After positioning a K-thermocouple, another
10 cubes were performed followed by addition of another third of the sample. This was
repeated a second time to finally fill the reactor with 11 cubes after positioning the second
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K-thermocouple. This filling quantity also represents the maximum possible capacity of
Design 1. The content of Design 2 is approximately 25% larger which, however, was not
utilized due to the aforementioned comparability with Design 1. After the experiment, all
components of the reactor are weighed. The adhesions to the graphite cubes are removed
by light mechanical processing. These adhesions are consequently separated into fractions
larger and smaller than 1 mm by means of a sieve tower, together with the remaining
finer fraction that may be produced. With the aid of a magnet, these are further separated
into magnetic and non-magnetic, with the former finally being assigned to metal and the
latter referred to as slag. Larger pieces of metal are collected together after checking with a
magnet. The same is done with larger non-magnetic pieces, which are again referred to as
slag. The individual fractions are finally weighed and analyzed. The main difference in
sampling between Design 1 and Design 2 is the collection of the diffused areas of the grout
or reactor adhesions, which will be discussed in more detail in Section 3.2.1.

The aim is to determine the interaction between the cathode material respectively the
reaction products of which and the corresponding crucible material and to compare them
with each other. On the other hand, the individual transfer coefficients should provide
information on whether the choice of the crucible material affects the recovery rates of the
individual species.

In a third trial, the basic suitability of the overall reactor concept for the treatment
of LFP with the aim of removing Li and P from the material was investigated. For this
purpose, Design 1 from Figure 3a was selected again in which a quantity of 394.5 g of the
mixture LFP-C from Section 2.1 was charged into the reactor.

3. Results and Discussion

3.1. High-Temperature Properties of the Cathode Materials Used

In a first step to determine the behavior of cathode materials from LIBs at temperatures
above 1600 ◦C and under reducing conditions, experiments were performed in a heating
microscope. Figure 5a provides a picture of the result of the experiment with the mixture
with LCO. A strong dark blue coloration was observed on the platelet. This may be due to
a reaction between the Al2O3 platelet and cobalt to form cobalt aluminate with its typical
blue appearance [41]. The product of the melting process under reducing conditions is
a metal structure, which can be classified as strongly magnetic after examination with a
magnet. This magnetism could also be detected in experiments with LFP, which is shown
in (b). In contrast to the experiment described above, there is no blue coloration, but a
brown to reddish appearance.

 
(a) (b) 

Figure 5. Condition of the sample during examination under the heating microscope: (a) after
analysis for LCO-C; (b) after analysis for LFP-C.

Figure 6 displays the recording of the replication experiment LCO-C via optical
measurement in the heating microscope. In Figure 6 the cross-sectional area of the exper-
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iments with LCO-C (black dotted line) and its repetition LCO-C-Re (green dotted line)
over temperature during the experiment is shown. This cross-sectional area is the size
of the sample cylinder detected by the heating microscope respectively its change with
temperature increase.

 

Figure 6. Results of the heating microscope of LCO-C: trend of the cross-sectional area of the
experiments LCO-C and LCO-C-Re during heating and the median value of the both graphics.

It should be mentioned that by comparing the recorded images with the corresponding
values of the cross-sectional area, faulty measurements caused by incorrect detection of
the baseline by the heating microscope were removed from the data series. Since the basic
behavior at the individual temperatures is nearly identical and differs only by different
cross-sectional areas, a mean value was determined, which represents the red line. When
looking at Figure 6, the first noteworthy surface changes can be observed from 675 ◦C
onwards. From 675 ◦C to 845 ◦C a growth of the cross-sectional area was detected, which
subsequently decreased again to 1054 ◦C with single deflections to about 80% of the original
area. Up to a temperature of 1127 ◦C an increase in magnification was detected, which
remained relatively constant with single deflections up to 1380 ◦C. From this temperature
on, the cross-sectional area decreased continuously with a smaller slope in the range of
1393 ◦C to 1507 ◦C and a significant decrease up to 1525 ◦C. Up to the end there was a
further decrease of the cross-sectional area, which, however, when looking at the single
images from the heating microscope, can be traced back to the continuous distribution of
the molten material on the platelet.

Figure 7 illustrates the results of the experiments in the heating microscope with the
mixture LFP-C. The previously mentioned measurement error was particularly striking
in the first experiment of LFP-C (black dotted line in Figure 7) in the range from 1163 ◦C
to about 1400 ◦C. Nevertheless, a corresponding trend could be determined by correctly
measuring individual values in some cases, which in turn could be confirmed by a repeated
measurement of LFP-C-Re (green dotted line in Figure 7). Again, the mean value is shown
in the red curve.

The results show that up to a temperature of approximately 920 ◦C the cross-sectional
area first rises slightly and then falls back to just below 100% of the initial value. Afterwards,
a pulsating enlargement of the surface takes place which decreases at about 1200 ◦C. After
a further pulsating behavior between 1240 and 1310 ◦C the area is continuous again to
remain relatively constant from about 1410 ◦C on.
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Figure 7. Results of the heating microscope of LFP-C: trend of the cross-sectional area of the experi-
ments LFP-C and LFP-C-Re during heating and the median value of the both graphics.

3.2. InduMelt Experiments: Process Development and Suitability of the Different Reactor Concepts

The main part of the experimental investigation of LIB cathode materials was exam-
ined in the InduMelt plant. For this purpose, three experiments were carried out, which
will be considered separately below according to their purpose. According to the results of
the analyses, as described in Section 3.1, the maximum necessary process temperatures for
the tests in the InduMelt plant were set at 1525 ◦C for LCO-C and 1400 ◦C for LFP-C. This
is due to the fact that the sample material should be completely liquid at this point in time
according to the heating microscope.

3.2.1. Results from Experiments with LCO-C in Both Reactor Designs

The first experiment, which is described in detail below, was carried out in De-
sign 1. The entire experiment lasted nearly 8 h. Figure 8a shows the power input of
the induction unit and the corresponding temperatures over the test time. Two type S-
thermocouples (S-TC 1 and S-TC 2 in Figure 8a) were used on the reactor surface and two
type K-thermocouples inside the reactor. The latter were initially installed at different
heights in the reactor, one in the area of the first cube layer (K-TC bottom) and one in the
upper area (K-TC top). In contrast to the S-thermocouples, the measurement results of the
K-thermocouples are subject to considerable fluctuations due to melting of their insulation,
influences of the material in the reactor, etc. However, an approximate temperature spread
of the different thermocouple types of 500 ◦C could be determined up to the end.

During the process, noticeable anomalies were documented. Starting at 0.95 h and a
K-TC bottom temperature of 450 ◦C a strong formation of condensate in the exhaust pipe
to the gas scrubber was observed. This was attributed to the drying of the mortar. The
temperature spread of the S-thermocouples at 1.75 h (124 ◦C S-TC 1) can be explained by a
slight realignment of S-TC 1. Especially interesting was the continuously increasing white
smoke from the exhaust pipe, which started at 5.10 h and 1180 ◦C internal temperature and
stopped at 1341 ◦C. This resulted in a continuous white deposit in the exhaust pipe of the
scrubber, as shown in Figure 8b. After the white smoke formation stopped, the acid in the
scrubber gradually changed from transparent to a slightly yellow liquid. The assumption
that the white deposits are Li or a corresponding compound could be confirmed after
analysis of the liquid in the scrubber, which are summarized in Table 2.
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(a) (b) 

Figure 8. Experimental performance of LCO-C in Design 1: (a) comparison of power and temperature over time; (b)
deposits in the exhaust pipe of the gas scrubber.

Table 2. Results from the gas scrubber respectively from its frit liquid after suction of the exhaust gas
in Design 1 LCO-C in mg/L.

Fraction Li Co

Frit liquid 1650 0.64

Sampling after the experiment revealed a total of 4 fractions, the results of which are
shown in Table 3.

Table 3. Analysis results of the fractions of the experiment LCO-C in Design 1.

Fraction Weight (g) Li (wt.%) Co (wt.%)

Slag 3.20 5.62 0.12
Mortar 145.60 4.52 0.12
Metal 251.70 0.01 100.00

Powder 37.30 1.49 53.4

The fraction defined therein as slag could be identified as dark to light grey non-
magnetic pieces smaller than 10 mm with minimal metallic inclusions, as illustrated in
Figure 9a. The mortar shown represents the part into which the test material has diffused.
This is optically visible by a dark discoloration of the originally white mortar. In Figure 9b
the reactor is demonstrated from below after the concrete floor has been separated. During
sampling, care was taken to find the clearest possible separation between the white mortar
and the diffused areas, but this proved to be very difficult. The largest product of the
experiment in terms of mass was the metal fraction, which could be obtained in pieces
larger than 10 mm. The metal piece shown in Figure 9c serves as an example. The analysis
showed an impressive purity of 100% Co and an impurity of only 0.01% Li. It should be
noted that there may be some variation in sampling and digestion errors, resulting in the
overall result not reaching exactly 100%. The fourth fraction was a powder with particles
smaller than 1 mm, as can be seen in Figure 9d, which was mostly magnetic. This property
is also confirmed by analyses with a cobalt content of 53.4%.
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(a) (b) (c) (d) 

Figure 9. Products of the experiment LCO-C in Design 1: (a) slag; (b) ceramic ring and mortar seen from the bottom;
(c) metal; (d) powder.

Taking into account the respective weighed masses and the analysis results, the
transfer coefficients of the individual elements of the fractions were calculated. In detail,
the analyses from ICP-MS and ICP-OES of the individual fractions were converted to mass
percent and multiplied by the weighed mass at sampling. By adding the respective element
masses, a total mass per element could be determined. This represents the amount that
was still detectable in the fractions in the reactor after the test. Afterwards, a comparison of
the masses before and after the experiment was carried out. The difference was assumed to
be a transfer into the gas flow leaving the reactor during the experiment or a transfer into
the individual solid fractions. The results of this calculation can be seen in Figure 10.

Figure 10. Transfer coefficients of the elements into the individual fractions in % of the experiment in
Design 1.

At this point it should be mentioned that the transfer coefficients determined must
be seen as initial guide values and internal comparison values and must be confirmed
accordingly by repeated experiments in the optimum reactor setup. Nevertheless, the trend
was also observed in experiments with NMC and NCA, as described in Windisch-Kern
et al. [34]. The result of the transfer coefficients in Figure 10 shows a Li removal rate of over
76% into the gas stream from the cathode material used. Based on the thermokinetic con-
sideration of LCO by Kwon et al. [16] and assuming that most of the Li has left the reactor
during the phase of white smoke (approximately 1160–1340 ◦C), it can be assumed that it is
Li2O. The transfer of over 21% Li into the mortar can be considered as an undesirable result.
The percentage of Li in the slag is not negligible in the analyses (Table 2) with 5.6%, but
due to the small quantity of slag it is insignificant for the total consideration with 0.6%. The
small amount of Li in the metal (0.1%) is a great result with regard to the purest possible
metal fraction. A further potential for improvement can be seen when considering the Li
content of 1.8% in the powder, whereby this value can possibly be lowered with a longer
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holding time of the final temperature. The result of Co can be interpreted as extremely
promising. Only 7.5% is found in the powder and 95.2% in the metal, which can be directly
transferred for further use in the corresponding metal industry. The resulting difference
to 100% can be explained by the extremely difficult sampling, especially the identification
of the individual fractions and the subsequent weighing. At this point, the proportion
in the slag and mortar can also be neglected with less than 0.1%. The comparison of
these results with other processes is difficult at this point because the composition of the
input material differs significantly from a real waste stream of LIB. Nevertheless, by using
pure cathode material, without impurities such as Al or Cu, a value of the theoretically
maximum possible removal rate of Li can be determined. Vest [15] describes a Li2O transfer
rate from the waste stream of LIB of 40.5% in their process based on an electric arc furnace.
Even though a direct comparison with this value is not possible, the gap between Vest’s
result and the theoretically possible value in this method shows an enormous potential.

Much more remarkable in this context is the result of Design 2. The temperature record
of the LCO-C experiment in Design 2, which can be viewed in Figure 11 in combination
with the power input over time with the same naming as in the previous experiment
described above, shows that the temperature is highest in the lower part of the reactor.
Thus, the goal of the reactor design of a more targeted temperature provision in the lower
area could be realized.

 

Figure 11. Experimental performance of LCO-C in Design 2, comparison of power and temperature
over time.

The extreme fluctuations of the K-thermocouples between the test duration of approx-
imately 1 to 3 h could be explained in retrospect in such a way that after the insulation
around the thermocouple wires had melted, they reconnected at a higher point in the
reactor. The initial theory could be confirmed when the reactor was opened after the
experiment, because the thermocouples could be found in the upper part of the reactor
free of cubes and no longer in the cube bed. Again, a white smoke formation with the
same deposits in the exhaust pipe of the gas scrubber could be detected. This phenomenon
occurred at an S-thermocouple temperature range from 1165 to 1340 ◦C. Again, as the
smoke intensity decreased, a successive discoloration of the acid in the scrubber from
transparent to a light yellow was to be determined. The results of the acid analysis from
the gas scrubber can be taken from Table 4. The high value of Li confirms the impression,
as already assumed in the experiment in Design 1, that Li can be removed from the reactor
via the gas flow.
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Table 4. Results from the frit liquid of the gas scrubber after suction of the exhaust gas in Design 2
LCO-C in mg/L.

Fraction Li Co

Frit liquid 1230 1.2

The results of the investigation of the test material LCO-C in Design 2 can be seen
in Table 5. Essentially, the analysis differs from the experiment in Design 1 only in that
there was no mortar due to the construction. When the MgO crucible was weighed after
the experiment, it was found to be 81.2 g heavier than the initial weight. This could be
attributed to adhesions on the crucible, which were mechanically extracted as completely
as possible. The result was a fine powder. Despite considerable mechanical effort, only
3.8 g could be removed from the crucible without damage, which will be referred to as
crucible adhesion in the following.

Table 5. Results from the experiment LCO-C in Design 2.

Material Weight (g) Li (wt.%) Co (wt.%)

Slag 1.3 5.59 3.3
Crucible adhesion 3.8 6.29 27.2

Metal 242.2 0.12 93.9
Powder 35.2 0.69 66.6

The fractions did not differ in their appearance from those in Figure 9a,c,d. Only the
metal pieces were larger, as shown in Figure 12. Analysis of the metal fraction revealed a
purity of Co of 93.9% with a negligible amount of 0.12% Li.

Figure 12. Metal fraction from the LCO-C experiment in Design 2.

The transfer coefficients, which are illustrated in Figure 13, were determined from the
results in Table 5, taking into account the corresponding weight changes of the individual
fractions during the experiment.

This result represents a unique selling point in the pyrometallurgical processing of
cathode material from LIB. Compared to Design 1, even though only 85.9% of the Co was
transferred to an almost pure Co-metal phase, more than 97% of the Li were removed from
the material and the reactor via the gas flow. Thus, a nearly 21% higher Li removal rate
could be achieved in Design 2.
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Figure 13. Transfer coefficients of the elements into the individual fractions in % of the experiment in
Design 2.

Since the attribution of the Co not found to the gas phase is rather questionable to
this extent and cannot be traced back exclusively to errors in sampling and analysis, a
closer look at the results is necessary. In addition to the result display in Figure 13, another
variant is possible. It is assumed that the difference of the weighed crucible adhesion
(81.2 g) to the extracted amount (3.8 g) consists of the same composition as the extracted
fraction. This results in a lithium removal rate of 81.7% with a Co value that was not found
(i.e., attributed to the gas phase) of −3.12%. This variant cannot clarify the difference
to 100%, but by combining the two methods, one obtains a range in which the transfer
coefficients move.

Besides this result, Design 2 also turns out to be a better choice when considering
the interactions between the sample material and the reactor. As shown in Figure 14a, a
massive attack of the reactor wall was observed in Design 1 (Al2O3) with ring diameter
reductions of up to 0.2 mm. On the other hand, Figure 14b shows the reactor in Design 2
(MgO) after the experiment. From the difference between the weighing before and after the
test, it is known that the reactor was over 81 g heavier afterwards. The theory of adhesion
to the reactor can also be seen in the illustration, whose boundary is marked with the
red arrow.

  
(a) (b) 

Figure 14. Visual appearance of the crucibles after the experiments: (a) traces of attack on the Al2O3 crucible wall in Design
1; (b) appearance of the MgO crucible after experiment 2 with obvious adhesions.
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This factor is particularly important for long-term experiments in a continuous set-
up. If the sample material and the Al2O3-ceramics are in contact for a longer period of
time, this attack would lead to a destruction of the reactor. In addition to the advantages
already mentioned, Design 2 also features a much simpler construction and therefore easier
sampling. A drawback of Design 2 is the higher energy input required, which can be seen
in the comparison of the power curve of Figures 8 and 11. However, this can be solved by
an improved positioning of the induction coil. Furthermore, the consequences of adhesions
in continuous operation must be investigated.

Even though the target temperatures were not reached in the experiments with LCO-
C, it can still be assumed that a sufficiently high temperature was reached. Firstly, the
temperature in the reactor was measured in the space between the refractory mat and the
graphite cubes, as mentioned above, which implies that the temperature in the cube bed
must have been even higher due to the heat input in it. In addition, if the temperature was
too low, the appearance of the products would be different. An example of this is the metal
from Co, as shown in Figures 9c and 12, whose melting point is known to be 1495 ◦C.

3.2.2. Results from Experiments with LFP-C

The test with LFP-C was carried out in Design 1. Since the temperature measurement
via the K-thermocouples was already faulty from the beginning of the experiment and
a repair was no longer possible at this point in time, only the curves of the recordings
from the S-thermocouples are visible in Figure 15. However, the delta value to the K-
thermocouples should be similar to that in the LCO-C experiment in Design 1, whereby
approximately 500 ◦C can be added to the value of the S-thermocouples to determine the
internal temperature at higher temperatures.

 
Figure 15. Experimental performance of LFP-C in Design 1, comparison of power and temperature
over time.

During the heating process, smoke development was particularly noticeable at an out-
side temperature of approximately 750 ◦C (approximate internal temperature of 1210 ◦C),
which completely ignited after a short time. This flame, which is an indication of the reac-
tion of phosphorus with oxygen [42], could finally be detected constantly up to an outside
temperature of approximately 860 ◦C (approximate internal temperature of 1310 ◦C) as
shown in Figure 16a. During this time the acid in the gas scrubber changed its color to a
brownish liquid. The results of the exhaust gas analysis can be taken from Table 6.
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(a) (b) (c) (d) 

Figure 16. Products of the experiment LFP-C in Design 1: (a) flame formation in exhaust gas flow; (b) slag; (c) ceramic ring
and mortar seen from the bottom; (d) metal.

Table 6. Results from the frit liquid of the gas scrubber after suction of the exhaust gas in Design 1
for LFP-C in mg/L.

Fraction Li Fe P

Frit liquid 2.0 1.5 200

In the exhaust gas analysis only a small value for P and a very small amount of Li
could be found, which is possibly due to the formation of a flame out of the exhaust pipe.
In order to be able to make a statement about the efficiency of the reactor concept for the
recycling of LFP, the results of the ICP-OES or ICP-MS must be examined more closely.

A total of 5 fractions could be detected during sampling. The appearance of the
fraction classified as non-magnetic slag (Slag 1) differed significantly from that in Figure 9a.
Individual spheres with a diameter of up to 5 mm were detected, as shown in Figure 16b. In
comparison with the appearance of the magnetic metal fraction in Figure 16d, the difficulty
of clearly classifying the individual fractions is obvious. The analysis showed that the Fe
content in the slag was even higher than in the material identified as metal. In addition,
however, a significant amount of Li (3.19%) and P (15.9%) was also analyzed. Slag 2 in
Table 7 is a non-magnetic powder with particles smaller than 1 mm the appearance of
which is the same as in Figure 9d. The same applies to the magnetic material identified as
powder. In this experiment, care was again taken during sampling to separate as much
diffused areas of the sample material from the mortar. These brownish areas are also
visible in Figure 16c, which shows the ceramic ring with the mortar after removal of the
refractory concrete. Analysis of the metal displayed in Figure 16d shows only 51 wt.% Fe
and over 8 wt.% P. This low Fe content suggests that no complete reduction has occurred. A
further indication for the correctness of this assumption is the fact that during mechanical
processing of the fraction with a hammer, the spheres disintegrated into a powder already
with a small amount of force.

Table 7. Results of the individual fractions after the experiment LFP-C in Design 1.

Fraction Weight (g) Li (wt.%) Fe (wt.%) P (wt.%)

Slag 1 36.1 3.19 53.60 15.90
Slag 2 16.3 4.95 0.61 7.89
Mortar 66.0 0.90 3.29 1.66
Metal 96.5 0.89 51.00 8.24

Powder 70.5 1.91 35.90 8.43

Referring to the respective masses of the individual fractions, the transfer coefficients
can be taken from Figure 17.
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Figure 17. Transfer coefficients of the elements into the individual fractions in % of the experiment in
Design 1.

Of particular interest are the removal rates of Li (68.4%) and P (64.5%) over the gas
flow. The remaining amount of Li here is distributed relatively evenly among the other
fractions with a slight concentration on the remaining powder. As already mentioned, it is
reasonable to assume that no complete reduction of Fe has occurred. This is also reflected
in a considerable value of phosphorus in the metal fraction.

A direct comparison of the experiments in Design 1 shows that the Li removal rate
for LFP-C of 68.4% is 8% lower than in the experiment with LCO-C. However, the parallel
removal of phosphorus of 64.5% represents a respectable result. It also can be seen that in
both the LCO-C test with a transfer coefficient of 21.1% (Figure 10) for Li and the LFP-C
test with 6.1% (Figure 17), a significant amount of Li was transferred to the mortar. If the
results of LCO-C in Design 2 are also included, it can be assumed that gasification rates
for LFP-C are better in this construction method. Looking at the transfer coefficients in
Figure 17, a significant portion of the Fe (11.5%) is attributed to the gas flow. De facto, this
is the amount that was not recovered during sampling compared to the input amount. The
correctness or falsification of this classification and the above mentioned assumptions must
be investigated in further experiments. Particular attention must be paid to safety in the
pyrometallurgical removal of phosphorus from LIB, consisting of the cathode material LFP,
in the exhaust gas post-processing. In addition to oxidation in the air, as shown in Figure
16a, the high toxicity [43] is also of particular importance. These factors must be given
special consideration in future developments of the reactor concept presented.

4. Conclusions

Within the scope of this paper, the suitability of a new pyrometallurgical recycling
process associated with materials from LIBs for the recovery of valuable metals was
investigated. With the background of a continuous adaptation of the reactor concept to the
waste stream from spent LIBs, two different reactor designs were used, in each of which
the cathode material LCO with carbon addition was examined for better comparability.
In a third trial, the basic capability of the technology for the treatment of LFP was also
examined. In addition, knowledge about the behavior of the examined cathode materials
used in high-temperature applications was investigated in an upstream step in a heating
microscope.

The transfer coefficients determined in the experiments of the novel pyrometallurgical
recycling process serve exclusively as a comparison of the efficiency of the presented reactor
concepts or as a first benchmark of the basic suitability of the process for the treatment
of LFP.
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From the experiments in the heating microscope the maximum necessary temperatures
for the transformation into a molten phase could be determined. This state of aggregation is
necessary in the long run to meet the requirements of the theoretically determined principle
of a continuous process. For the experiments with LCO a temperature of 1525 ◦C and for
LFP 1400 ◦C could be determined.

In the trial LCO-C in Design 1, 95.2% Co of the original input fraction was converted
into the metal, with a purity of Co of 100%. Due to the high Li content in the mortar,
only 76.4% of the Li could be transferred into the exhaust gas flow. This contrasts with
the result of the experiment with LCO-C in Design 2. Its analysis shows a metal purity
of 93.9% Co and a remarkable lithium removal rate in a range from 81.7% to 97.3%. In
addition to this impressive lithium removal rate, Design 2 has also proven to be the better
choice for future use due to its interaction with the feed material. For example, massive
interactions and attacks on the Al2O3 crucible have been detected in Design 1, whereas
there were no physical damages with the MgO crucible in Design 2. Although the danger
of destruction of the reactor wall during long-term experiments in a future continuous
process has been averted, the effect of the detected adhesions on the MgO crucible still
needs to be investigated in further tests. However, the initially formulated goal of a more
targeted heat supply in the lower part of the crucible was achieved by Design 2.

The experiment with LFP-C was performed in Design 1 and achieved a lithium
removal rate of 68.4% with parallel phosphorus removal of 64.5%. Since the results of the
LCO-C experiments showed that a higher lithium removal could be achieved when using
Design 2, a repetition of the LFP-C experiment in this setup can be expected to result in
a higher removal rate. In addition, since sampling in this experiment has proven to be
particularly difficult due to the appearance of the fractions, and since detailed examination
of the results has revealed questions that need to be clarified, such as the undetectable
amount of Fe, further investigations are indispensable.

Nevertheless, it can be summarized that Design 2 with its MgO crucible has proven to
be a better choice with regard to its suitability for pyrometallurgical treatment of material
from LIBs. This is due to its inertness to the sample material as well as the higher Li removal
rate determined. In addition, it was found that the use of the technology is also suitable for
the cathode material LFP and that considerable P and Li removal rates have already been
achieved. However, in order to be able to treat the fluctuating waste stream from spent
LIBs with an appropriate efficiency, in-depth investigations are needed beforehand to gain
knowledge of the behavior of all common cathode materials. In order to increase efficiency,
the fraction referred to as slag must also be subjected to more detailed investigations in the
future, for example with an XRD analysis. From this, knowledge of the phases present is to
be generated and the formation of these is to be suppressed with targeted measures. In
the current development phase, this has not yet been the focus of research. Furthermore,
it is necessary to identify the influence of additional fractions such as Cu and Al from
conductor foils on the process.

Compared to commercial techniques used today for recycling spent LIBs, the simulta-
neous recovery of lithium and phosphorus via the process presented in this paper is its
most significant advantage. This first potential assessment for pyrometallurgical recovery
of Li would also theoretically meet the requirements of the proposed amendment to the EU
Directive 2006/66/EC of a Li recovery up to 70% by 2030. Aspects such as the economics,
energy efficiency and environmental impact of this intermediate step in the overall recy-
cling chain, as well as possible recovery rates of a waste stream of spent LIBs in the new
reactor design, need to be determined in further studies.
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Abstract: In the frame of global demand for electrical storage based on lithium-ion batteries (LIBs),
their recycling with a focus on the circular economy is a critical topic. In terms of political incentives,
the European legislative is currently under revision. Most industrial recycling processes target
valuable battery components, such as nickel and cobalt, but do not focus on lithium recovery.
Especially in the context of reduced cobalt shares in the battery cathodes, it is important to investigate
environmentally friendly and economic and robust recycling processes to ensure lithium mobilization.
In this study, the method early-stage lithium recovery (“ESLR”) is studied in detail. Its concept
comprises the shifting of lithium recovery to the beginning of the chemo-metallurgical part of the
recycling process chain in comparison to the state-of-the-art. In detail, full NCM (Lithium Nickel
Manganese Cobalt Oxide)-based electric vehicle cells are thermally treated to recover heat-treated
black mass. Then, the heat-treated black mass is subjected to an H2O-leaching step to examine the
share of water-soluble lithium phases. This is compared to a carbonation treatment with supercritical
CO2, where a higher extent of lithium from the heat-treated black mass can be transferred to an
aqueous solution than just by H2O-leaching. Key influencing factors on the lithium yield are the filter
cake purification, the lithium separation method, the solid/liquid ratio, the pyrolysis temperature and
atmosphere, and the setup of autoclave carbonation, which can be performed in an H2O-environment
or in a dry autoclave environment. The carbonation treatments in this study are reached by an
autoclave reactor working with CO2 in a supercritical state. This enables selective leaching of lithium
in H2O followed by a subsequent thermally induced precipitation as lithium carbonate. In this
approach, treatment with supercritical CO2 in an autoclave reactor leads to lithium yields of up
to 79%.

Keywords: battery recycling; lithium-ion batteries; metallurgical recycling; metal recovery; recycling
efficiency; carbonation; lithium phase transformation; autoclave; supercritical CO2

1. Introduction

The need for lithium recovery from LIBs is a crucial topic in terms of increased elec-
tromobility since lithium is and will remain a relevant element also in next-generation
batteries. Lithium is currently industrially, not recycled. Hydrometallurgical research
focuses on recovering lithium at the end of the processes; thus, impurities from process
additives are possible, and moreover, reagents like Na2CO3 are needed for generating
a marketable lithium product. The present study aims to present a method to mobilize
lithium without using expensive or environmentally harmful additives: The early-stage
lithium recovery (“ESLR”) method. This “ESLR” particularly requires a suitable ther-
mal pretreatment, and other elements can then be integrated into existing metal refining
processes. The full “ESLR” process investigated here are shown in Figure 1.

For this research’s purpose, the publication is structured into three parts: first, state-of-
the-art processes for LIBs recycling are contrasted to innovative research for lithium phase
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transformation. Second, our own research results based on experimental studies are pre-
sented and subsequently evaluated in terms of lithium yield and purity. Concludingly, the
obtained results are discussed by showing their scientific findings and process technology
relevance in comparison to the state-of-the-art.

Purifying Hydromet.

LiBs

Thermal Treatment

Heat-treated black mass

Crushing

Extractive Hydromet.

Early-Stage Li-Recovery

Sieving and Sorting

Pyrometallurgy

Li2CO3H2O, CO2

Anticipated benefits of „ESLR“
• No chemicals required
• No carbonation agent impurities like 

Na oder K in Li-product 
• Comparing to hydrometallurgy: Less 

leaching agents due to reduced mass
• Comparing to direct pyrometallurgy 

with purifying hydrometallurgy: Less 
energy needed

Anticipated benefits of “ESLR”

Figure 1. General flowchart of the early stage Li-recovery discussed in this study and the process benefits at a glance.

1.1. State-of-the-Art in Recycling Li-ion Batteries

LIBs recycling comprises different modules and sequences, leading to alternative
process paths. Statements regarding future-dominant process pathways are afflicted with
uncertainties due to location and know-how aspects and also because of the heterogeneous
and changing scrap stream compositions [1]. However, the available processes, until the
point of having generated marketable products, can be divided into preconditioning and
metallurgical extraction [2]. The pretreatment steps, in turn, can be asserted to different
sectors: deactivation/discharging [3], mechanical processing as dismantling of EV modules
and packs to cell level, comminution and sorting by size or physical properties [4] and
finally a thermal treatment [5]. Within the metallurgical techniques, there are mainly
hydro- and pyrometallurgical processes available [6]. They both comprise benefits and
drawbacks; for example, in hydrometallurgy also ignoble elements, like Fe, Al and C,
can be recovered, but on the other hand, the processing goes along with comparatively
slow kinetics [6]. Depending on individual core objectives, the cells can be charged into
a smelter without any pretreatment [3], but regarding a circular economy approach, it
is beneficial to consider pretreatment steps [7] in order to maximize resource efficiency.
Besides conventional industrial treatments, different studies are in place to give an overview
also on innovative emerging recycling paths [8,9] and also approaches to evaluate the
environmental impacts of different paths [10–12]. First, the available processes for recycling
Li-ion batteries are described, and second, innovative processes for CO2-promoted lithium
phase transformations are shown. Therefore, first, indirect carbonation principles and
studies are outlined, second, literature on direct carbonation is presented and third, the
role of CO2 in a supercritical state is pointed out. Goal of this detailed elaboration is a
monitoring of gaps in literature regarding efficient lithium recovery from LIBs.

1.1.1. Thermal Preconditioning

Thermal pretreatments can be carried out, for example, as pyrolysis. Here, the cells
are deactivated in the absence of oxygen at temperatures of typically 600 ◦C [13]. Pyrolysis
(as well as classical incineration) are thermal pretreatments allowing for a safe cell deacti-
vating and facilitating further downstream recycling without risking a so-called thermal
runaway [14,15]. Through chemical cracking and such removal as organic compounds

304



Metals 2021, 11, 177

in gaseous form, which originate primarily from binder, electrolyte, and separator, takes
place [13,16]. A major advantage of thermal treatments comprises a safe cell deactivating,
thus contributing to risk mitigation in the context of fire incidents. This thermal runaway
can occur, for example, during scrap transport, storing, but also by mechanical processing
due to this mechanical, electrical or thermal abuse [17]. Several studies report the second
advantage of thermal pretreatments, namely an improved detaching of black mass from the
cell’s current collector foils [7,16,18–21]. Additionally, suitable mechanical preconditioning
concepts are required for efficient downstream processing, especially for hydrometallurgi-
cal treatments [3]. A mechanical process consists of comminution and sorting for splitting
black mass and other cell components, such as casing and current collector foils. Hence,
by subsequent mechanical postprocessing, aluminum and copper foils, along with the
metallic casing, either aluminum or steel, can be separated as marketable products from
the black mass. Black mass then contains all electrochemical active electrode materials [22].
Due to different battery systems on the market, black mass always has different chemical
compositions [22].

The separation into individual fractions by means of sieving or physical separation
techniques contributes to higher yields of the valuable components and, finally, increases
process recycling efficiency [14]. In this way, copper, aluminum and steel can be integrated
into their specific recycling processes. Regarding the extracted black mass, two processing
alternatives are in place: hydrometallurgical and pyrometallurgical treatments. In the
following, these two methods and their challenges for lithium recycling are compared.

1.1.2. Lithium Behavior in Pyro- and Hydrometallurgical Recycling Steps and Need for
Early-Stage Li-Separation

Smelting of possibly pelletized black mass with the addition of SiO2 as slag additive in
an electric arc furnace has shown that lithium accumulates both in slag and flue dust [23].
Due to its ignoble character, extraction via a metal phase is not possible. As can be seen in
Figure 2, a negligible proportion of approximately 0.35% of lithium is accounted for in the
alloy produced. Depending on the selected slag system and the amount of slag, increased
accumulation in the slag or flying dust can be realized (see Figure 2). Since the slag has a
solubility limit for lithium oxide, according to Vest [24], the evaporation of lithium takes
place when the corresponding concentration is exceeded. Due to re-oxidation processes,
lithium oxide is accumulated in the flue dust (see Figure 2 below, according to Vest [24]).
When operating at the lab-scale, smaller quantities of slag are generated, leading to a larger
proportion of lithium transferred to the flue dust. The two Sankey diagrams in Figure 2
show a broad distribution of lithium between the three phases slag, flue dust and partly
alloy, which is valid for both smelting setups. In order to extract lithium from the produced
slag, energy-intensive crushing, classifying and hydrometallurgical purifying are required,
but the costs for these treatment steps are currently not covered by lithium’s raw material
price [3].
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Figure 2. Lithium distribution after the smelting of black mass in an electric arc furnace. Above:
process design aiming for a lithium enrichment in flue dust, based on [23,24]. Below: process design
aiming for a lithium enrichment in slag [23]. Reproduced with permission from Stallmeister, C.,
Schwich, L. and Friedrich, B., Early-Stage Li-Removal—Vermeidung von Lithiumverlusten im Zuge
der Thermischen und Chemischen Recyclingrouten von Batterien; published by Thomé-Kozmiensky
Verlag GmbH, 2020.

When treating the extracted black mass by hydrometallurgical processing, lithium
is not always enriched in one single product fraction, neither, but can be distributed
during the multi-step precipitation series in all filter cakes [25]. Firstly, a black mass is
typically leached in mineral acid. For this purpose, it is beneficial to conduct the thermal
pretreatment as described easing the dissolution process [26]. Here, Shin et al. report the
binder’s (polyvinylidene fluoride, PVDF) property of not dissolving in acidic solution and
disturbing the filtration process after leaching [27]. Yang et al. have shown a strategy to
separately incinerate and then hydrometallurgically treat spent anode material in order to
purify the C-fraction from lithium impurities, recovering lithium by means of Na2CO3 [28].
When treating the black mass from both cathode and anode, the target products such as
copper, iron and aluminum, cobalt, nickel and manganese are cemented or precipitated one
after the other. Lithium salt recovery, e.g., as carbonate (Li2CO3), is the last process step in
the hydrometallurgical process chain, as suggested by Wang et al. [25]. Wang et al. have
proven a lithium leaching efficiency of 98.5% [25]. For obtaining Li2CO3 in the last process
step, a carbonation additive like sodium carbonate is used. During the precipitation stages,
as can be seen from the data in Figure 3, approx. 27% of lithium remains in other filter
cakes. Thus, the purity of the obtained copper, Fe/Al and Ni-Co products is reduced, and
the yield of recovered lithium suffers. Moreover, a share of lithium remains in wastewater
leading to a complex circuit with continuous neutralization salt removal, again including
lithium losses. This complex processing is up to now industrially only viable by recovering
the valuable metals nickel, copper and cobalt [3].

Figure 3. Lithium distribution after leaching trials of extracted black mass (current trials at IME),
based on [23] (data used in [23] was based on experiments by Wang et al. [25]). Reproduced with
permission from Stallmeister, C., Schwich, L. and Friedrich, B., Early-Stage Li-Removal—Vermeidung
von Lithiumverlusten im Zuge der Thermischen und Chemischen Recyclingrouten von Batterien;
published by Thomé-Kozmiensky Verlag GmbH, 2020.

Hence, the process’s bottleneck lies in lithium extraction as a solid product instead
of lithium leachability (leaching efficiency). A wide range of hydrometallurgical studies
shows high leaching efficiencies using different solvents [29–34], for example, by using
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H2SO4, a lithium leaching efficiency of 96.7% [35], and by HCl 99.2% [36]. In [37], leaching
in citric acid and precipitating lithium by sodium phosphate leads to a leaching efficiency
of 99% Li and a recovery as Li3PO4 of 89%. In [38–41] also a lithium precipitation of solid
Li2CO3 by Na2CO3 is reported, reaching yields of 80% [38], 90% [39] and 99% [40]. In [38],
a corresponding purity of 96.97% is reached; in [39], no purity is given; in [40], the lithium
filter cake consists of 10.13 wt.% Li. With a molar ratio of Li/Li2CO3 = 18.79%, this would
mean a Li2CO3 content of 53.91%, assuming 10.31 wt.% exists as pure Li2CO3. When using
cathode black mass only, a recovery of Li as Li2CO3 of 98.22% with a purity of 99.9% is
reported [41]. This means that reaching both a high Li2CO3 purity with a high yield is not
straightforward but achievable. Nonetheless, lithium recovery always requires additives,
which can be avoided by direct H2O-leaching. Moreover, the volume of required leaching
agents can be lowered by H2O-leaching before entering conventional hydrometallurgy due
to a mass reduction. In this study, H2O-leaching and using supercritical CO2 are assessed
for environmentally friendly and additive-free lithium recovery.

1.1.3. Liquid–Gas Carbonation (Indirect Carbonation)

The hypothesis of this work is a mobilizing of lithium by an “Early-Stage Li-Recovery”.
Different methods may be applied for this phase transformation to Li-carbonate, which are
addressed in the following paragraphs. The use of CO2 for carbonation purposes has been
examined for non-lithium materials in numerous studies, e.g., [42–45], and even treating of
battery materials with CO2 is possible, as shown above by Hu et al. and Zhang et al. [46,47].
Generally, Kunzler et al. investigated the parameters influencing indirect carbonation,
which is understood as a reaction between dissolved elements and CO2. In contrast to
that, direct carbonation is defined as a gas–solid reaction for generating carbonates [48].
Kunzler et al. found a correlation between extraction efficiency and grain size of the target
metals, solid to liquid ratio, concentration and hence pH value of the leaching agent, and
temperature [48].

When aiming for indirect CO2-driven reactions, Hu et al. have conducted a combina-
tion of a reductive thermal treatment and H2O-leaching in combination with CO2-gas [46].
Here, only cathode material from NMC (Lithium Nickel Manganese Cobalt Oxide)-cells
was mixed with lignite as a reducing agent. According to the maximum reported leaching
efficiency of 85% for Li, the optimal thermal-treatment temperature is at 650 ◦C, and the
optimal s/l ratio is 10 mL/g (1:10 (g/mL)). Zhang et al. have developed this study further
using the same parameters but also investigating optimal CO2 flow rate and leaching time,
leading to a Li-recovery of 85% [47]. In summary, when treating the cathode mass only and
adding reducing agents like lignite or carbon black to the thermal treatment, lithium yields
of 85% [46,47]. However, if not applying CO2 during leaching, the leaching efficiency of
lithium is 40% [46,47]. This indicates that the mechanism of indirect carbonation is decisive,
but in [46,47], no CO2 atmosphere was used during the thermal treatment; instead, a solid
C-carrier was added.

A similar approach is pursued by Jandová et al., where a lithium-containing solution,
not stemming from batteries, is treated with CO2 [49]. Then, the solution is heated until
the lithium concentration reaches 12–13 g/L, and afterward treated with CO2-gas at a
temperature of 40 ◦C for 2 h to generate LiHCO3. Lithium hydrogen carbonate provides a
higher solubility in comparison to the first, formed Li2CO3. Finally, the lithium solution
is boiled to produce Li2CO3 [46,47,49]. Moreover, an indirect carbonation approach for
non-battery materials gives insights into general mechanisms when purging CO2 into
aqueous solutions [45]. Within these aqueous treatments, CO2 dissolves as [45,50]:

CO2+ H2O ↔ H2CO3 ↔ H++ HCO−
3 ↔ CO2−

3 + 2 H+ (1)

The more H-cations are released, the stronger is the resulting acidification [50]. These
reactions are to be understood as a function of temperature, pressure and pH [45]. With
increasing pH, the dominantly existing phases alternate in the following sequence: H2CO3,
HCO−

3 and CO2−
3 , hence the higher the pH-value, the more H+-ions are released, contribut-
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ing to a lowered pH. Especially, CO2−
3 is dominant in a pH-area of 10 onwards, whereas

HCO−
3 is dominant in an area from 6 to 9, as can be seen in Figure 4:

Figure 4. Available CO2-based phases in aqueous solution over the pH [45]. Reproduced with permis-
sion from Haug, T. A., Dissolution and carbonation of mechanically activated olivine—Investigating
CO2 sequestration possibilities; published by Haug, T.A., 2010.

A reaction between HCO−
3 /CO2−

3 and lithium requires the presence of Li+ in the
solution. In Table 1, possible lithium phases and their solubility is presented. Connected
to that, the chemical reaction formula is presented describing the dissolution of lithium
phases in an aqueous solution, without and with CO2-gas purging.

Table 1. Solubility of selected lithium phases at 20 and 100 ◦C.

Phase Solubility at 20 ◦C Solubility at 100 ◦C

LiOH 110 g/L 1 161 g/L 1

LiF 1.2 g/L 1 1.34 g/L 1

LiHCO3 55 g/L 2 57.4 g/L 1

Li2CO3 13.3 g/L 1 7.2 g/L 1

1 [51], 2 [52] at 18 ◦C.

Yi et al. have also reported the conversion from Li2CO3 in aqueous solution into
LiHCO3 by CO2-based carbonation, followed by a chemical purification of the solution
and subsequent crystallization of Li2CO3 from a LiHCO3 solution by boiling [53].

If lithium is present as Li2CO3, it decomposes according to Equation (2) [54]:

Li2CO3 ↔Li+(aq) + CO3
2−

(aq) (2)

The carbonate ion (CO3
2−

(aq)) is the conjugate base of a weak acid (carbonic acid) [55].
Hence, H+-ions are attracted at neutral or acidic areas and consumed from H2O, which
generally is present in the ionic form [55–57]. This chemical behavior equals the property
of Li2CO3 to be alkaline (see Equation (7)) [58]. In combination with CO2-gas, Yi et al.
also report the chemical steps between Li2CO3 dissolution consuming H+-ions from the
H2CO3-decomposition (see Equation (3)) [53] and precipitation of solid Li2CO3 according
to Equation (4) to Equation (7) [53]:

CO2 + H2O + Li2CO3 ↔ 2 LiHCO3 (3)

LiHCO3 ↔HCO−
3 + Li+ (4)

HCO−
3 ↔CO2−

3 + H+ (5)

HCO2−
3 + H+ ↔ H2O + CO2 (6)
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Li2CO3 ↔Li+ + CO3
2− (7)

Hereby, the possible recombinations between aqueous CO2-phases and lithium ions in
aqueous phases are shown. These combinations can be transferred to other lithium phases,
liberating lithium cations in aqueous solution, too:

If lithium is present as LiF is a black mass, it dissolves in aqueous media according to
Equation (8) [59]:

LiF + H2O ↔ HF + LiOH (8)

According to the definition of strong acids and bases [60], HF (pKS = 3.17 [61]) is a
strong acid, whereas LiOH (pKb = −0.36 [62]) is very strong base. As a resulting pH-value
for dissolving 0.26 g/L at 25 ◦C pH = 7–8.5 is reported [63].

If lithium is formed as LiOH in a black mass, it dissociates in an aqueous solution
according to Equation (9) [64–66]:

LiOH + H2O ↔ Li+ + OH− + H2O ↔ LiOH·H2O (9)

the following reaction can take place if CO2 is applied to the system [67]:

2 LiOH·H2O + CO2 ↔Li2CO3 + 3 H2O (10)

If lithium is present as Li2O in a black mass, it dissociates to LiOH in aqueous solu-
tions according to Equation (11) [68]. LiOH(aq) is generally stable as lithium hydroxide
octahydrate (LiOH · 8H2O) [61].

Li2O + H2O ↔ 2 LiOH (11)

This passage has shown that no study on indirect carbonation by CO2 using whole
LIBs black mass, meaning anode and cathode material, is in place. In contrast to that, in the
study, real industrial heat-treated black mass from anode and cathode was used without
adding a reducing agent. Moreover, this gives the first-time overview of all possible lithium
reactions when considering battery materials, which is crucial to extract hypotheses on
ongoing mechanisms.

1.1.4. Solid–Gas Carbonation (Direct Thermal Carbonation)

Direct carbonation describes solid–gas reactions for generating a carbonate phase [48].
In this study, it will be investigated by using SCO2. There are different studies in literature
optimizing a reductive thermal treatment of black mass for mobilizing lithium via subse-
quent H2O-leaching [46,47,69–74]. It should be recalled that in [46,47], which were already
discussed in chapter 1.1.3, a combination of direct carbonation and indirect carbonation was
performed: On one hand, a reductive thermal treatment with adding a carbon-reducing
agent like lignite or carbon black contributes to the formation of Li2CO3, hence direct
carbonation. On the other hand, CO2 was added during leaching or Na2CO3 was used
after a first filtration, both representing indirect carbonation. Therefore, a classification into
studies with direct and indirect carbonation is not always straightforward.

However, in all reported studies [46,47,69–74], first, the battery cells are shredded, and,
after extracting, a black mass is thermally treated. Battery systems used are LCO-cathode
based [69,72,74], LMO-cathode based [71,74], or NMC-cathode based [73,74]. In [73], the
only cathode material is used. Most studies focus on a thermal treatment in an inert
atmosphere, like a vacuum, Ar or N2 [69,71,72,74,75] or in the air [70] instead of CO2. CO2
was only used in [73]. The performed reductive roasting reportedly also contributes to the
carbonation of lithium by precipitating it from the black mass matrix [19,70,72,74,76].

Since the focus of this study is the use of NMC-cathode based black mass, the matching
studies are reported in detail: CO2-gas purging at 600, 700 and 800 ◦C (direct carbonation)
of NMC-cathode material was performed by Wang et al. for 120 min., but lithium yields
are not given. Instead, it is stated that 1.735 g lithium of 1.95 g lithium was transferred to
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a solution after water leaching [73]. However, no optimal temperature for carbonation is
given; instead, a spectrum of 650–800 ◦C is reported, and no discussion on lithium purity
is in place. Xiao et al. treated black mass from NMC-cathode based cells. According to the
best-case scenario for pyrolysis and H2O-leaching, 66% of the lithium is recovered. The best-
case scenario here implies vacuum pyrolysis at 700 ◦C for 30 min. in combination with H2O-
leaching for 30 min. and an s/l ratio of 1:40 (g/mL) (25 g/L) [74]. Nevertheless, no details
on the procedure of NCM-black mass are given, especially regarding lithium recovery.

Since [73] is the only study in place using CO2 for direct carbonation, no detailed
yields are quoted from the literature.

In terms of chemical reactions involving lithium phases, only a few data are given,
mostly based on thermodynamic simulations [76–78]. Nonetheless, gas–solid reactions are
known, e.g., from CO2 absorbing for air purification. Here, a reaction between LiOH and
CO2 for generating lithium carbonate is targeted [67].

2 LiOH + CO2 → Li2CO3 + H2O (12)

A similar reaction is possible if Li2O is present [79]:

Li2O + CO2 → Li2CO3 (13)

The reaction is rather a surface reaction, after which CO2 diffuses into the inner part of
the Li2O particles. This diffusive process is temperature-supported. For example, at 600 ◦C,
the diffusion takes place 10 times faster than at 500 ◦C [79]. In addition, once lithium
carbonate is formed, it remains stable in the CO2 atmosphere, even though being in a
liquid state, until 1611 ◦C, before decomposing into Li2O [80]. This passage has shown that
there is a lack of process details in terms of direct carbonation LIBs black mass by CO2-gas
purging. Moreover, the available studies focus on shredding before thermal treatment. In
this study, the thermal treatment is performed before a mechanical treatment.

Finally, at this point, no study has reported investigating the influence of solid/gas
mechanisms (direct thermal carbonation) in contrast to liquid/gas mechanisms (indirect
carbonation) in terms of carbonation either by using supercritical or ambient pressure CO2
and by keeping the process parameters equal. The present research aims to give answers
to this question.

1.1.5. The Role of Supercritical CO2 (SCCO2)

When using CO2 for phase transformations, the combination of the liquid and gaseous
phase properties is advantageous. For CO2, the supercritical state is reached at a tempera-
ture of at least 31 ◦C and a pressure of 73.8 bar [81]. Here, the physical properties of CO2
can be described by a density according to the liquid state and as viscosity equally to the
gaseous state, enabling a high efficiency [82]. Chen et al. report on using supercritical
CO2 (SCCO2) for carbonating spodumene-based lithium; thus, this study refers to primary
lithium production [83]. In their study, also sodium carbonate (Na2CO3) is used as a car-
bonation agent, and CO2 is added, aiming for a higher carbonate dissolution. It is reported
to precipitate as Li2CO3 when reducing the liquid volume, according to Equation (14) [83]:

2 LiHCO3(aq) ↔ Li2CO3(s) + {CO2} + H2O(aq) (14)

Bertau et al. have dealt with a similar research topic: They suggested a treatment of
Zinnwaldite, a lithium ore located in Germany, with SCCO2. It is a promising solution
for primary lithium recovery as carbonate [84]. Specific benefits comprise the avoidance
of additional chemicals, such as Na2CO3, and significant lithium losses, the economic
viability due to the low CO2 price, and the high selectivity by transforming only alkali
metal compounds [84]. Moreover, Liu et al. investigated the possibilities of recover-
ing LIB-electrolyte components by means of SCCO2 [85]. Grützke et al. also aimed for
LIB-electrolyte recycling using SCCO2, but in contrast to Liu et al., who used synthetic
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electrolyte components, whole end-of-life NMC-cells were discharged, deep-frozen and
manually opened to extract the electrolyte by supercritical CO2 [86,87]. SCCO2, at, e.g.,
40 ◦C and 80 bar in flow-through mode, is used for extracting the electrolyte along with
the CO2-stream in a cryogenic trap. A patented technique by Sloop describes a treatment
of full batteries with SCCO2, where lithium carbonate from the electrolyte is recovered in
the frame of electrolyte removal. The electrolyte removal is reached by dissolving it in the
stream of CO2 [81,88].

Rothermel et al. rather focused on graphite recycling options and the achievable
graphite purity by making use of supercritical CO2-supported electrolyte recovery (SCCO2) [89].
In 2019, Bertau et al. also reported options to recover lithium from battery black mass [90].
The so-called COOL process, consisting of discharging, mechanical extraction of black
mass and a SCCO2 treatment, obtained lithium carbonate with a purity of >99.5% and yield
of 60%, but the yield is referring to primary ore treatments, so no information on lithium
from black mass is in place [90]. In this context, another benefit is highlighted: consuming
CO2 instead of producing CO2 in the context of rising industrial, environmentally harmful
CO2-emissions [90]. However, no details about the best-case treatment parameters and the
resulting lithium yields in terms of black mass carbonation are given. An earlier patent by
Bertau et al. describes lithium recovery from so-called lithium-containing battery residues
by SCCO2 for obtaining lithium carbonate [91]. For this material, lithium yields of >90%
are reported by using electrodialysis and subsequent addition of carbonates like Na2CO3 or
K2CO3, but facts on the corresponding treatment details and parameters are not given. An
exemplary process with s/l = 1:40 (g/mL) (50 g/2 L), 4 h at 230 ◦C and 100 bar is described,
reporting on a leaching efficiency of 95%. The lithium extraction via electrodialysis takes
place in a Li2SO4-solution recovering 98% of the lithium in solution [91]. A lithium yield
based on the final, solid product is not given.

This passage has shown that supercritical CO2 plays a role in lithium recovery from
different materials, but for LIB-black mass, there is a lack of knowledge regarding decisive
process details. This article focuses on lithium carbonation from black mass by means of
supercritical CO2.

2. Materials and Methods

2.1. Recycling Concept with Integrated Early-Stage Li-Recovery

Under the view of the current process-related drawbacks in conventional recycling
processes, and especially in terms of the need for lithium recovery, this study suggests
the strategy of an early-stage Li-recovery (“ESLR”) process. The method “early-stage” is
studied here, describing lithium carbonation before entering acidic leaching or smelting,
hence at an earlier position in the recycling chain. This treatment prevents lithium distri-
bution, the further use of additives needed for hydrometallurgical treatments, and costly
refining from a slag. The “ESLR” process comprises the following steps, as presented in
Figure 5b: After the cells have been deactivated by means of a thermal treatment followed
by mechanical processing (shredding and sieving to <1 mm), lithium is enriched in the
heat-treated black mass, along with other electrode elements, such as Co, Ni, Mn, and
C and partly Al- and Cu foil fragments. This heat-treated black mass is then leached in
H2O- to transform and extract the lithium phases and, thus, separated them from the other
electrode elements.

311



Metals 2021, 11, 177

 

(a) (b) 

Leaching in H2O

Filtration

Boiling

Black mass 
without Li

Li-bearing solution

Full boiling 
(drying in beaker)Filtration

Li2CO3

CO2

Heat-treated black mass

Figure 5. (a) Recycling strategy for lithium-ion batteries (LIBs) at IME with a focus on alternative processing using “ESLR”,
(b) detailed process steps of the “ESLR” process by autoclave/supercritical CO2-carbonation.

As mentioned in Section 1, this phase transformation can be realized by treatment
with supercritical CO2 as indirect or direct carbonation. Lithium in the heat-treated black
mass is converted into water-soluble lithium hydrogen carbonate (LiHCO3) and lithium
carbonate (Li2CO3). Indirect carbonation and H2O-leaching occur simultaneously because
the heat-treated black mass is fed in the reactor along with deionized water. In direct
carbonation, the heat-treated black mass is subjected to neutral leaching in deionized H2O
after the phase transformation of lithium compounds. In both cases, lithium dissolves into
an aqueous solution, and the Li-reduced, heat-treated black mass is separated by a first
filtration. The first filtration’s products comprise:

1. A filter cake with mainly carbon, nickel, cobalt, manganese, aluminum and copper
fragments and a share of lithium (→ C-filter cake);

2. A lithium-bearing filtrate (solution)

The Li-containing filtrate must finally be boiled since lithium’s solubility decreases
from 13.3 g/L at 20 ◦C to 7.2 g/L by heating to 100 ◦C [25]. Moreover, thus, the carbonate
precipitation is supported. Either a second filtration step separates the solid carbonate
(filter cake) from the residual solution, or the solution is further boiled and is left in the air
to dry the carbonate.

2.2. Material Characterization

The black mass used in the present study to validate the “ESLR” process has been
generated by thermal treatment of whole NCM-traction cells. Therefore, a real industrial
heat-treated black mass was obtained by thermal treatment at different atmospheres: Ar,
95% Ar + 5% O2 and CO2. For Ar-pyrolysis, the temperatures targeted are 509 ◦C and
603 ◦C. For Ar + O2-pyrolysis, the temperature targeted is 501 ◦C. For CO2-pyrolysis,
the targeted temperature is 466 ◦C. These atmospheres have been generated by dynamic
pyrolysis in a sealed reactor. It should be noted that due to the experimental setup, not all
thermal treatment temperatures have been identical. The thermally treated cells were then
subjected to a shredding and sieving process for extracting the heat-treated black mass.
The composition of the heat-treated black mass is shown below (see Table 2):

Table 2. Chemical composition of the heat-treated black mass used for the autoclave trials pyrolyzed
in Ar-atmosphere.

Al Co Cu F Fe Li Mn P C Ni

wt.%

2.10 11.7 0.88 4.10 0.00 3.69 8.91 0.44 33.9 11.5
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Dynamic particle analysis with QICPIC/L02 (Sympatec GmbH, Clausthal-Zellerfeld,
Germany) of the heat-treated black mass reveals that according to the distribution sum
(Q3), the d99.3 -value is 101.74 μm. This means that 99.3% of the heat-treated black mass has
a grain size smaller than 101.74 μm (see Figure 6). Here, the material’s distribution density
(q3*), see Equation (15), can also be extracted, reaching a global maximum at ~95 μm.
According to DIN ISO 9276-1, the distribution density is defined as the first derivation of
the distribution sum:

q3∗ = qr (x) =
dQr(x)

dx
(15)

Furthermore, the distribution sum of the particles represents the number of all particles
and not their volume share in the powder. Hence, there are many small particles in the
heat-treated black mass, but in contrast to that, the volume of big particles (>101.74 μm)
could take up more than 99.3%. Moreover, the largest particle detected in the heat-treated
black mass comprises a diameter (EQPC) of 653.74 μm with a FERET_MAX value of even
748.13 μm. EQPC is defined as

xEQPC =
2

√
A
π

(16)

Hence, it describes the diameter of a circle whose projection surface (shadow) is
identical to the particle. FERET_MAX, on the other hand, detects the maximum diameter
of a particle by analyzing it from 20 different perspectives between 0 and 180◦. This
value deviates from the EQPC, especially in terms of irregularly shaped particles; hence,
FERET_MAX takes bigger values, especially when being distinct from a circular form. The
maximum detectable particle size with this method comprises 1252 μm.
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Figure 6. Dynamic particle analysis of CO2-pyrolyzed black mass. A total of 32,650 particles were
counted and hence considered for the evaluation. The distribution sum and distribution density
in this diagram is based on the heat-treated black mass comprises a diameter (EQPC)-value of the
particles, which is indicated as particle size x.

More details on the quantitative grain size detected are shown in Figure 7 and can
be extracted from the chemical composition of the particles. EDS analyses were carried
out for elemental mapping, as well as for point analysis on the black powder, using a
ZeissGemini-FE-SEM, equipped with an Oxford UltimMax170 detector (Carl Zeiss AG,
Oberkochen, Germany). In Figure 7a,b, the results of the elemental mapping (EDX-layered
image) are depicted. Here, the appearance of metallic Al-flakes is shown in Figure 7a;
second, a heat-treated black mass particle and a graphite particle are shown in Figure 7b.
Moreover, third, Figure 7c is a 1 mm-scale distance shot showing the heterogeneity of the
heat-treated black mass in terms of metallic aluminum fragments, heat-treated black mass
particles and graphite powder. It should be noted that lithium cannot be displayed by this
method. In addition, Figure 7c reveals that the liberation of heat-treated black mass from
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the aluminum current collectors could be realized since the particles do not show direct
physical contact.

 
(a) (b) (c) 
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Figure 7. EDS analysis of CO2-pyrolyzed EV-battery black mass. (a) results of the elemental mapping (EDX-layered image)
of an aluminum particle, (b) results of the elemental mapping (EDX-layered image) of both an NMC-and-graphite particle,
(c) Distance shot of the heat-treated black mass from elemental mapping (EDX-layered image).

The following Table 3 shows the chemical composition of the taken spectra. Here,
the chemical composition of the Al-flake can be seen by Spectrum 38. However, there are
some oxide-graphite-mix particles visible, which results in the chemical composition of
just 58.28 wt.%. Moreover, spectrum 16 shows that the dominant particle composition
is a Ni-Mn-Co-Oxide, hence, heat-treated black mass particles. Spectrum 33 reflects a
graphite particle (C = 46.46 wt.%), which also shows a high amount of oxygen. This may be
explained by lithium oxides, hydroxides or carbonates, which cannot be shown here. This
theory can be supported by the lithium intercalation in the graphite matrix due to charging.

Table 3. Chemical composition of the heat-treated black mass spectra taken by EDS-analysis. Only
elements >1 wt.% are shown quantitatively.

Element C O F P Mn Co Ni Al

Unit wt.%

Spectrum 38 31.9 7.35 <1 wt.% <1 wt.% <1 wt.% <1 wt.% <1 wt.% 58.28

Spectrum 16 32.83 12.1 21.9 1.81 8.59 11.38 10.62 <1 wt.%

Spectrum 33 46.46 33.51 1.47 <1 wt.% <1 wt.% <1 wt.% <1 wt.% 17.95

These findings are essential to understand the properties of NCM-heat-treated black
mass: An important result is the revelation of the material’s heterogeneity. Hence, each
sample taken shows different chemical compositions. Considering the colorful mixture of
relatively big Al-particles, cathode material particles and smaller graphite/soot particles,
this statement is supported. Moreover, it can be seen that the Al-foils are liberated from the
cathode material. Hence, a thermal pretreatment removes binders and therefore loosens
adhesions. This enhances the subsequent leaching efficiency, as indicated before. Moreover,
it is shown that fluorine enriches the cathode material particles.

2.3. Neutral Leaching Reference Tests in Deionized H2O

Neutral leaching comprises reference trials to evaluate the carbonation success. It
was performed in a 1 L glassware beaker filled with deionized water. Here, 20 g of the
heat-treated black mass is inserted and magnetically stirred at 350 rpm for the defined
leaching time. After H2O-leaching, a first filtration obtains a C-filter cake and a Li-bearing
solution, then boiled to recover lithium as Li2CO3 (→ Li-filter cake). Neutral leaching is
performed at room temperature to increase lithium dissolution. Lithium contents in both
filter cakes and solutions are measured by ICP-OES (inductively coupled plasma optical
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emission spectrometry). Li is the crucial indicator for carbonation success, and hence,
lithium yields are calculated as follows:

nLi=
LiLi2CO3 − fc(g)

Litotal (g)
(17)

where Litotal is the lithium mass in the input, and Li-Li2CO3-fc is the lithium mass in the
lithium carbonate filter cake. Since the input material shows deviations in terms of its
chemical composition, the Litotal value does not equal the share of the original input
analysis. For this reason, the lithium values in the input are calculated as follows:

Litotal(g) = LiC−fc (g) + Lisolution (g) (18)

Here, C-fc represents the carbon filter cake, also indicated as “heat-treated black mass
without lithium,” and “Lisolution” corresponds to “Li-bearing solution”. This calculation
is to be contrasted to the leaching efficiency (LE). When calculating nLi based on Lisolution
[g], the yields in this study were ~10% higher. For example, in one trial with a yield of
79% based on Equation (17), the LE was 88%. The reason for this inaccuracy cannot be
determined at this point, but since the deviation was systematic, the authors decided to
use the lower values for conservative result interpretation.

2.4. Carbonation by Supercritical CO2

The unit operation used is a batch 1 l Büchi autoclave reactor operated with deionized
water (indirect carbonation) or without any liquid (direct carbonation). The maximum
operating temperature is 250 ◦C, and the maximum applicable pressure is 200 bar. After
sealing, a stirrer constantly mixes the powder (50 g heat-treated black mass per trial (T0–T9)
and 20 g heat-treated black mass per trial (T10–T22) or the suspension in the reactor. The
gas flows into the reactor occurs via a valve into H2O if the trial is conducted with an
aqueous medium. As soon as the supercritical conditions are reached, a processing time of
120 min is started. The defined holding time of 120 min can be attributed to preliminary
studies using autoclave-induced carbonation [92]. The general parameters for the autoclave
trials can be seen in Figure 8a. Moreover, Figure 8b shows pictures of the unit operation.

Pressurestart 50 bar 

Heating rate 10 °C/min. 

Tmax 230 °C 

Pmax (spectrum of 
trials) 

95.4–138.3 bar 

Holding time 120 min. 

 
(a) (b) 

Figure 8. (a). Fixed process parameters and reached pressures for an autoclave trial (combination of heat-treated black mass
with deionized H2O and CO2 gas) in case of trials T1–T9. After the starting pressure of 50 bar, the reactor is heated until
reaching 230 ◦C, resulting in different Pmax. (b): Used autoclave reactor at IME, RWTH Aachen University.

After leaching, either during autoclave treatment, if H2O is used in the autoclave or
after the autoclave, if no H2O is used in the autoclave, a first filtration is performed. The
experimental procedure is identical to the procedure described in Section 2.3: Boiling is
performed to reduce the volume of liquid and to precipitate Li from the solution. Lithium
is obtained in the form of solid Li2CO3 in a subsequent (second) filtration step or by full
boiling until obtaining a solid Li2CO3 product within the beaker. The (second) filtration
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step is performed as follows: The Li-bearing solution is boiled until reaching 100 mL and
then is filtrated, obtaining Li2CO3. The Li2CO3-filter cake is then washed with pure ethanol
since lithium carbonate does not show solubility in ethanol. It is dried for at least 24 h
and then weighed. The full boiling (indicated as “drying in a beaker”) is performed as
follows: The Li-bearing solution is boiled until no liquid is left, why the weight of the
empty beaker is to be measured before and after performing full boiling. In addition,
weighing is done after a drying time of at least 24 h, too. The difference in weight equals
the solid carbonate obtained.

An overview of the experimental series described in Sections 2.3 and 2.4 is given in
Table 4. Parameter set 1.A, 1.O and 1.C (reference trials) represents H2O-leaching without
CO2 addition. Hereby, insights into the mass of water-soluble Li-phases already present in
the heat-treated black mass are provided. Enhanced leaching efficiencies are obtained by
combining neutral leaching with CO2-carbonation. (see experimental series 2.A, 2.O and
2.C). Moreover, carbonation trials were conducted in the autoclave as well by using argon
(Ar) as process gas aiming for the same excess pressures as needed for the supercritical
state (73.8 bar) (see Table 4, Parameter set 3.A). Ar as inert gas can deliver knowledge
on the main mechanism for ongoing phase transformations: Either the presence of CO2
or the extreme pressure. Parameter set 4.A detects the influence of an autoclave setup
without H2O and with CO2 to find out whether gas–solid or gas–liquid reactions dominate
in carbonation.

Table 4. Parameter matrix for combining pyrolysis conditions with autoclave conditions in this study.
Reference trials represent H2O-leaching without autoclave or CO2-incorporation.

Pyrolysis Conditions

Ar-
Atmosphere

95 % Ar + 5 %
O2-Atmosphere

CO2-
Atmosphere

H2O-leaching
(reference trials)

1.A 1.O 1.C

SCCO2 + H2O 2.A 2.O 2.C
Ar + H2O 3.A n/a n/a

Autoclave
conditions

CO2 + dry autoclave 4.A n/a n/a

The labels of the trials are to be understood as follows: “number.letter”, where the
number stands for an experimental series: 1 = neutral leaching in H2O without an auto-
clave, 2 = autoclave operated with SCCO2 + H2O, 3 = autoclave operated with Ar + H2O,
4 = autoclave operated with SCCO2 and without H2O. The letter stands for the pyrolysis
atmosphere: A = Ar-pyrolysis, O = 95 vol % Ar + 5 vol % O2-pyrolysis, C = CO2-pyrolysis.
In this study, only experimental series 1 and 2 take different pyrolysis atmospheres into ac-
count. Hence, the fields of experimental series 3.O/3.C and 4.O/4.C are not experimentally
conducted yet (n/a).

3. Results

In this Section, the results of the trial series 1.A—4.A, 1.O/2.O and 1.C/2.C are
discussed by lithium yields. Moreover, Sankey diagrams of the lithium distribution and
bar charts on the impurities of the lithium filter cake are shown for trials 1.A.1 and T2 (2.A).
The evaluation calculations are performed, as described in Section 2.3.

3.1. Neutral Leaching in Deionized H2O

For a profound understanding of water-soluble lithium phases already present in the
heat-treated black mass, the following results can be obtained. In total, 40 experiments
were conducted in experimental series 1.A, 1.O, and 1.C. The amount per parameter set
comprises one trial, except for trials 1.A.2-1.A.4, 1.A.5-1.A.7, 1.A.28 and 1.A.40. Since the
results are in good accordance, the other trials have not been repeated. All trials have in
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common that when charging heat-treated black mass in H2O, the pH value of the solution
has become alkaline (pH = 11–12).

Figure 9 accordingly reveals how lithium yields from leaching heat-treated black mass
in H2O (neutral leaching) depend on six main parameters:

1. Washing of C-filter cake with deionized water: if this parameter is performed, it is
important to keep the washing volume constant. In this study, 200 mL of deionized
water are used;

2. Filtration of Li-filter cake or full boiling: full boiling describes the removal of H2O
in the laboratory beaker. Filtration stands for filtering the precipitating Li2CO3 at
a minimum liquid volume. Hence, there are losses in the residual filtrate. Filtra-
tion is conventionally used after acidic leaching to avoid a co-precipitation of acid
components and chemical additives;

3. Leaching time: 5, 30, 90 and 120 min;
4. Particle size of heat-treated black mass: <1 mm vs. <90 μm. The particles <90 μm

are obtained by additional grinding of the heat-treated black mass;
5. Solid/liquid ratio (g/mL): 1:10, 1:15, 1:22.5 and 1:30;
6. Pyrolysis temperature: 501 vs. 603 ◦C in Ar-pyrolysis
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Figure 9. Lithium yields when applying no carbonation (neutral leaching) dependent on the parameters used. Trials 1.A.26
and 1.A.34 are left out of this overview since they comprise kinetic trials, for which a yield calculation is not possible due to
heat-treated black mass losses during sampling.

Here, a variation of the selected parameters has an impact on the lithium yield. To
evaluate the key influencing factors, representative trials are extracted and shown in detail.
For efficiency reasons, only the results of experimental series 1.A are depicted for the
evaluation according to the parameters selected. In terms of these influencing factors, the
following conclusions are possible:

1. Washing of C-filter cake with deionized water:

The detailed observation of trials whose parameter combination was equal apart
from the washing of the C-filter cake shows that washing is highly beneficial. During the
filtration of the C-filter cake, there are physical depositions of the Li-bearing solution left
in the C-filter cake. Hence, washing with deionized water liberates the C-filter cake from
remaining lithium ions (see Figure 10a).
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Washed
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100%

1.O.1 1.O.37 1.C.1 1.C.38 1.A.1 1.A.39 1.A.17 1.A.32

Parameter 1: Washing of C-FC
(after 30 Minutes)

37%
46% 47%

54%

0%

20%

40%

60%

80%

100%

1.A.1 1.A.17 1.A.39 1.A.32

Parameter 2: Filtration of Li-filter cake
(after 30 Minutes)

Filtrated

Not filtrated (full
boiling)

1:10, <1mm 1:10, <1mm

Not washed Washed

Figure 10. Detailed observation on achievable lithium yields by neutral leaching (H2O) of heat-treated black mass.
(a) Parameter 1: washing of C-filter cake. (b) Parameter 2: filtration of Li-filter cake or full boiling.

2. Filtration of Li-filter cake or full boiling:

Filtration is, according to Figure 10b, not an adequate tool when applying neutral
leaching in H2O. However, this analysis only focuses on lithium distribution. Hence, no
information on filter cake impurities, e.g., F is given here.

3. Leaching time:

The optimal leaching time cannot be extracted from the performed trials, as can be
seen in the range between 5 and 90 min (see Figure 11a) and between 30 and 120 min
(see Figure 11b). Here, no significant improvement of dissolved lithium is achieved when
comparing trials with constant parameters except for the leaching time.

 
(a) (b) 

38%
46% 45%

0%

20%

40%

60%

80%

100%

1.A.11 1.A.17 1.A.15

Parameter 3: Leaching time

5 min. 30 min. 90 min.

1:10, <1mm, not filtrated, not washed

55% 54% 52%

0%

20%

40%

60%

80%

100%

1.A.33 1.A.35 1.A.27

Parameter 3: Leaching time

30 min. 90 min. 120 min.

1:15, <1mm, not filtrated, washed

Figure 11. Detailed observation on achievable lithium yields by neutral leaching (H2O) of black mass. The considered
parameter is parameter 3: leaching time. (a) Dissolution and lithium recovery by comparing trials with a leaching time
between 5 and 90 min. (b) Dissolution and lithium recovery by comparing trials with a leaching time between 30 and
120 min.

Reduced lithium shares over time can be explained by slight deviations in the chemical
composition. Hence, deviations in lithium yields are also possible, also due to different
lithium phases in the heat-treated black mass. Therefore, a kinetic trial can be found in
Figure 12. It can be seen that lithium compounds in the heat-treated black mass of the
Ar-pyrolyzed battery cells dissolve as ions instantly. Although the lithium yield can be
found below Figure 12, it cannot be directly transferred to the other neutral leaching trials
since the amount of heat-treated black mass, and therefore the lithium-bearing input is
reduced each time a sample is taken. Samples were taken from the leaching liquor by
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using a particle filter, why redirecting the lost particles to the liquid was not possible. In
an upscale setup, this mass reduction would show a lower impact. The calculation of
lithium yields is based on a reduced leaching liquor volume by sample extraction. The
last sample is taken, at 125 min, shows increased lithium mass, which can be explained by
analytical deviations.
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Figure 12. Kinetic trial for lithium dissolution in deionized H2O at an s/l ratio of 1:30.

4. Particle size of heat-treated black mass:

As already reported, 99.3% of black mass particles have a grain size below 101.74 μm.
In order to reduce the grain size of the few particles above this threshold, the heat-treated
black mass was ground in a planetary mill. The aim of this approach was to detect the
correlation between smaller grain size and an eased liberation of lithium compounds in
neutral leaching. In Figure 13a, no difference with or without grinding is detected. In
Figure 13b, this trend shows slightly irregular behavior when comparing trial 1.A.19 to trial
1.A.20. However, in no parameter combination and hence, trial pair compared, grinding
to <90 μm has shown an improved lithium yield. This can be explained by the grain size
distribution shown before: The majority of the particles shows grain sizes below 100 μm.
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57% 54% 53% 52% 57% 53%

0%
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100%

1.A.2 1.A.3 1.A.4 1.A.5 1.A.6 1.A.7

Parameter 4: Particle size
(1:22.5)

30 min., 1:22.5, no filtration, not washed

<90μm <1mm

45% 45% 39% 46%
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1.A.8 1.A.9 1.A.19 1.A.20

Parameter 4: Particle size
(1:15)

90 min., 1:15, no
filtration, not 

washed

30 min., 1:15, no
filtration, washed

<90μm <1mm <90μm <1mm

Figure 13. Detailed observation on achievable lithium yields by neutral leaching (H2O) of heat-treated black mass. The
considered parameter is parameter 4: particle size. (a) Dissolution and lithium recovery by comparing trials with a
solid/liquid ratio of 1:22.5. (b) Dissolution and lithium recovery by comparing trials with solid/liquid ratio of 1:15.

Comparing trials 1.A.2-1.A.4 with trials 1.A.5-1.A.7 and trial 1.A.8 with trial 1.A.20
reveals that the grain size of the heat-treated black mass does not influence lithium yields.
This is particularly interesting for residual lithiation in the anode. It proves that the degree
of liberation of lithium is not enhanced by grain size reduction to <90 μm.
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5. Solid/liquid ratio (g/mL):

At a constant grain size and leaching time, higher lithium yields are obtained at a
solid/liquid ratio of 1:30 in comparison to 1:10 and 1:15 (see Figure 14a). In addition, an
improved lithium recovery is possible when comparing a solid/liquid ratio of 1:30 and
1:22.5 (see Figure 14b). Although the leaching time has not shown an impact, the highest
yield is reached with a solid/liquid ratio of 1:30 for 120 min. (see trial 1.A.25). When
considering the solubility product of lithium carbonate in the water at 20 ◦C (13.3 g/L),
and a lithium share of 3.7 wt%, a liquid volume of 294 mL is required for full dissolution,
assuming an inserted heat-treated black mass weight of 20 g. Thus, if all lithium is present
as lithium carbonate, a solid/liquid ratio of 1:15 g/mL is needed. Since the input material
(heat-treated black mass) shows deviations in lithium shares and phases, the findings of a
1:30 solid/liquid ratio are supported. This means that an excess of H2O is needed for high
lithium dissolution. In Figure 14, examples of the solid/liquid ratio’s impact on lithium
yields are given. More trial comparisons would be 1.A.11 with a yield of 38% at a ratio
of 1:10, and 1.A.10 with a yield of 44% at a ratio of 1:15. There are also trial combinations
where an increase of the solid/liquid ratio leads to equal lithium yields (e.g., 1.A.15 with
1.A.9, leading to 45% lithium yield), but generally, yields of >60% can be reached only
when having 20 g/600 mL (1:30).
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Figure 14. Detailed observation on achievable lithium yields by neutral leaching (H2O) of heat-treated black mass. The
considered parameter is parameter 5: particle size. (a) Dissolution and lithium recovery by comparing trials with a
solid/liquid ratio of 1:22.5. (b) Dissolution and lithium recovery by comparing trials with solid/liquid ratio of 1:15.

6. Pyrolysis temperature:

The pyrolysis temperature plays an important role in lithium recovery, as can be seen
in Figure 15. Here, the difference between a 501 and a 603 ◦C pyrolyzed material is pointed
out. Reaching higher temperatures leads to different phase transformations within the
battery cells. The impact on lithium leaching efficiency and lithium yield as solid lithium
carbonate is proven by different scenarios:

Here, both grain size and leaching time do not show a significant impact on the yield.
The solid/liquid ratio, along with the washing of the C-filter cake and the solid–liquid-
separation method (filtration vs. full boiling), seems to play an important role in this
context. Up to 64% of lithium can be recovered as lithium carbonate. In addition, the
parameter pyrolysis temperature has an impact on the lithium yield. Lithium yields by
leaching heat-treated black mass without preliminary pyrolysis were not satisfying; hence,
these first trials are not shown in this manuscript. It must be recalled that the pyrolysis
trials at Ar-atmosphere were operated at higher temperatures than the CO2 and Ar + O2
pyrolysis trials.
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Figure 15. Detailed observation on achievable lithium yields by neutral leaching (H2O) of heat-treated black mass. The
considered parameter is parameter 6: particle size. (a) Dissolution and lithium recovery by comparing trials with a
solid/liquid ratio of 1:22.5. (b) Dissolution and lithium recovery by comparing trials with solid/liquid ratio of 1:15.

For evaluating autoclave trials in terms of lithium mobilization, the lithium yields
from neutral leaching are to be contrasted to the lithium yields from autoclave trials using
the same parameters (see Figure 16). Since the autoclave trials were operated at a holding
time of 120 min, the following diagram points out the achievable maximum lithium yields
dependent on the pyrolysis temperature/atmosphere and solid/liquid ratio examined in
the autoclave trials. Hereby, a direct comparison between neutral leaching (experimental
series 1.A, 1.O and 1.C) and autoclave carbonation (2.A) can be performed.
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treatment

509 °C 603 °C 501 °C 466 °C

Not filtrated, 
washed, 1:10, 

30 min.

Not filtrated, 
washed, 1:30, 

120 min.

Not filtrated, 
washed, 1:10, 

120 min.

Filtrated, 
washed, 1:10, 

120 min.

Filtrated, 
washed, 1:10, 

30 min.

Filtrated, 
washed, 1:10, 

120 min.

52%
64%

53%
37%

29% 29%

0%

20%

40%

60%

80%

100%

1.A.36 1.A.25 1.A.28 1.A.30 1.A.38 1.A.29

Li
-y

ie
ld

 [%
]

Parameter 2: Best of Pyrolysis atmosphere

Figure 16. Best of lithium yields dependent on the pyrolysis atmospheres and temperatures. 1.A.36 has not been leached for
120 min, yet.

Since the focus of this study was the Ar-pyrolyzed material since showing the best
neutral leaching results, only for this material the solid/liquid ratios were examined in
the autoclave trials (1:10, 1:15, 1:30) (series 2.A, 2.O and 2.C). The CO2- and Ar + O2
-the pyrolyzed black mass was only treated in the autoclave carbonation set up with a
solid/liquid ratio of 1:10 (2.O and 2.C). Hence, Figure 17 sums up the maximum yields of
neutral leaching dependent on the pyrolysis parameters examined so far:
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Figure 17. Lithium yields obtained by autoclave carbonation with a solid/liquid ratio of 1:10 for
trials series 2.A (T0–T3, blue), 2.O (T4–T6, orange) and 2.C (T7-9, violet). Trial T0 2.A stands for an
Ar-pyrolysis at 509 ◦C, whereas T1–T3 2.A stands for an Ar-pyrolysis at 603 ◦C.

3.2. Carbonation by Supercritical CO2

Finally, the obtained lithium yields when using autoclave treatments with an s/l ratio
of 1:10 for lithium carbonation can be derived from Figure 17.

Hence, a direct comparison between the atmospheres of the thermal treatments shows
the following results: The 509 ◦C Ar-pyrolysis, that the autoclave can make a 12% difference
in lithium yield. In comparison to the 603 ◦C Ar-pyrolysis, this difference can reach up to
24% with the correct parameter combination (120 min.). For the Ar + O2-pyrolysis, which is
here indicated as thermolysis since comprising O2 in the atmosphere, the increased lithium
yield comprises up to 27%. For the CO2-pyrolysis, the obtained difference in lithium
yield comprises up to 37%. This indicates higher lithium yields for reductive pyrolysis
atmosphere (CO2 vs. Ar-atmosphere at ~500 ◦C) and a stronger impact of autoclave
carbonation when dealing with a not fully decomposed heat-treated black mass. This
correlation needs further investigations in the future.

The elemental lithium distribution and the lithium carbonate impurities are shown
exemplarily for the trial series 1.A with a solid/liquid ratio of 1:10. In Figure 18, the largest
part of lithium remains in the heat-treated black mass after leaching. Moreover, the main
impurity of the recovered lithium carbonate is fluorine, followed by phosphorous. This
can be explained by the presence of LiF in the heat-treated black mass. It should be noted
that the value “Li in filtrate” does only occur within neutral leaching and autoclave trials
T0–T9 and T21 and T22, which have conducted a filtration.
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Figure 18. Lithium distribution without autoclave carbonation as exemplary data from the parameter
set 1.A.1 by ICP-OES. (Above): Ar-pyrolysis in combination with neutral leaching at a solid/liquid
ratio of 1:10. (Below): Matching impurities within the lithium filter cake by ICP-OES and lithium
carbonate impurities.
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Figure 19 shows the improvement in Li distribution when applying autoclave carbon-
ation. Trials series 2.A was selected since the neutral leaching trials of Ar-pyrolyzed active
mass at 600 ◦C has shown the best yields. Trial series 2.A represents Ar-pyrolysis, with a
CO2 + H2O autoclave-reaction, and also a solid/liquid ratio of 1:10 in the autoclave. In
this case, the share in the residual heat-treated black mass filter cake is significantly lower,
which is a proof-of-concept of the carbonation mechanism within the autoclave.

Figure 19. Lithium distribution with autoclave carbonation as exemplary data from the parameter
set 2.A (T2 2.A) by ICP-OES. (Above): Ar-pyrolysis in combination with neutral leaching with
carbonation by supercritical CO2 + aqueous medium at a solid/liquid ratio of 1:10). (Below):
matching impurities within the lithium filter cake.

Hence, impurities in the range of 2–4 wt.% can be derived. An XRD-evaluation gives
more information on the arising phases within the heat-treated black mass, the C-filter cake
and the lithium carbonate filter cake (see Figure 20). This is represented here exemplarily
by the 603 ◦C-Ar-pyrolyzed samples, thus for trial series 2.A, also with a solid/liquid ratio
of 1:10. One main finding is the removal of Li2CO3, present in the heat-treated black mass,
from the C-filter cake. This is an indicator for the removal of water-soluble compounds. In
contrast to Figure 20, XRD-evaluations of CO2-pyrolyzed black mass at 466 ◦C and Ar +
O2-pyrolyzed black mass at 501 ◦C also detect LiNiMnO- and the NiO, which stands for an
incomplete decomposition of transition metal oxides.

Small amounts of fluorine can be found in the Li-filter cake in the form of LiF. It can
be seen that especially fluorine removal is crucial for reaching high lithium carbonate
purities fluorine. Figure 20 shows the diffractogram of the heat-treated black mass and
the C-and Li-filter cakes (T3 2.A.). X-ray diffraction was performed at room temperature
using a STADI P (STOE Darmstadt) powder diffractometer using an IPPSD detector and
monochromatic Cu-Kα1 radiation (λ = 1.54059 Å; flat sample; 1.5 ≤ 2θ ≤ 116◦ step rate
0.015◦ in 2θ) with a measuring time of 2 h.

LiF was still present in the C-filter cake; hence, the solid/liquid ratio was optimized.
In order to prove influencing factors on the lithium yield by an adjusted solid/liquid ratio,
the parameter 1:15 (solubility of 13.3 g/L lithium carbonate at 20 ◦C) and 1:30 (solubility of
7.2 g/L lithium carbonate at 100 ◦C) were tested. Moreover, to prove the mechanism of
autoclave carbonation, two parameters were examined additionally: autoclave carbonation
by Ar-excess pressure (3.A) and direct and dry autoclave carbonation by CO2-excess
pressure (4.A). Again, since the Ar-pyrolyzed black mass has shown the highest yields in
terms of neutral leaching and in terms of autoclave carbonation, only Ar-pyrolyzed black
mass is chosen for the parameter improvements.

Table 5 sums up the parameters for the second autoclave carbonation with solid/liquid
ratios of 1:15 and 1:30.
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(a) (b) 

 
(c) 

Figure 20. Graphic pattern of the Ar-pyrolyzed black mass at 603 ◦C (a), and the corresponding C-filter cake (b) and Li-filter
cake (c) from trial T3 2.A. The XRD-evaluation was performed using the “match!” Software and the COD Inorganics database.

Table 5. Detailed list of parameters examined for autoclave trials T10–T13 (3.A), T14–T16, T18, T19, T21 and T22 (2.A), and
T17 and T20 (4.A) with a solid/liquid ratio of 1:15 and 1:30. In T17/20 s/l ratio refers to leaching after autoclave treatment.

Solid/Liquid Ratio (s/l) (g/mL) H2O in Autoclave Autoclave Gas Washing C-Filter Cake with H2O

T10 1:15 yes Ar no
T11 1:15 yes Ar no
T12 1:15 yes Ar no
T13 1:15 yes Ar no
T14 1:15 yes CO2 no
T15 1:15 yes CO2 yes
T16 1:15 yes CO2 no
T17 1:30 no CO2 no
T18 1:30 yes CO2 yes
T19 1:30 yes CO2 yes
T20 1:30 no CO2 yes
T21 1:15 yes CO2 no
T22 1:30 yes CO2 no

The following illustration (see Figure 21) shows the results of autoclave carbonation
with solid/liquid ratios of 1:15 and 1:30:
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Li-yields by autoclave carbonation

Figure 21. Lithium yields obtained by autoclave carbonation with a solid/liquid ratio of 1:15 (T10–T16, and T21) or 1:30
(T17–T20, and T22). The C-filter-cakes of T15, T18 and T19 were washed, T17 was leached for 5 min and T20 for 90 min. T21
and T22 were filtrated instead of fully boiled.

Thus, the only process window leading to satisfying yields of 79% is an s/l ratio of 1:30
in combination with CO2 carbonation in an aquatic medium. The underlying mechanism
seems to be indirect carbonation.

This can be supported by the detected pH value of all trials. Whereas 1.A.1—1.A.40,
T10–T13, and T20 (without CO2 purging in the liquid) showed a pH value of 11–12 after
charging heat-treated black mass in H2O, the trials T0–T9. T14–T16, T18/T19 and T21/T22
(with CO2 purging in the liquid) showed a pH value of 7–8 after charging heat-treated
black mass in H2O. Hence, CO2 was dissolved in the liquid. The generally higher yields in
T10–T20 can also be attributed to the avoidance of a second filtration step for recovering
lithium. Instead, the solution was boiled until reaching a slurry-state and then was dried
in a beaker. Hereby, lithium losses in the residual filtrate are avoided. In addition, when
comparing T17 to T20, the advantage of a longer leaching time and washing of the carbon
filter cake with deionized H2O is shown. The washing of the carbon filter cake generally
leads to higher yields since dissolved lithium remaining in the filter cakes in the solution
can leave the system just by washing. However, comparing T15 to T14 and T16 in terms of
C-filter cake washing reveals a rather small impact on the lithium yields (max. 2%). When
comparing T21 to T14 and to T16, it can be seen that filtrating of the lithium solution is not
expedient. This can be explained by the residual lithium dissolution in the filtrate. The
comparison between T22 and T18–T19 confirms this relation. T21 and T22 show very low
yields. Although the lithium filter cake was filtrated instead of full boiling and the C-filter
cake was not washed, their lithium yield shows disproportionally low yields, which can
only be explained by heterogeneity in the heat-treated black mass.

4. Discussion

This study proves the concept of indirect carbonation for treating lithium-ion battery
heat-treated black mass with supercritical CO2. The involvement of supercritical CO2
in terms of lithium carbonate generation is supported by yields comparing Ar-excess
pressure and CO2-excess pressure. Moreover, indirect carbonation is shown by comparing
a dry autoclave process to a liquid-based autoclave process. The lower pH-value of
pH = 7–8 when applying CO2 in comparison to H2O-leaching (pH = 11–12) can lead to the
following statements:

1. When leaching heat-treated black mass in H2O, the solution is basic. This can be
attributed to the dissolution of basic phases in the liquid. → LiF and Li2CO3 could be
detected in the heat-treated black mass by XRD; both phases are slightly soluble and
therefore are responsible for the elevated pH-value. Although LiOH and Li2O could
not be detected via XRD-analysis in the heat-treated black mass, they may be present
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in small amounts since the SEI-layers consist of Li2CO3, LiF, LiOH and Li2O [93].
However, it was shown that LiF decomposes to HF and LiOH in aqueous solutions,
which indicates Li+ + OH− in the solution.

2. When leaching heat-treated black mass in H2O and adding CO2-gas, the pH value of
the solution decreases to 7–8. Mechanisms are in place, which can be attributed to
CO2 and which are leading to a higher lithium leaching efficiency. In the following,
hypotheses for the underlying mechanisms are stated:

a. The formation of carbonic acid and thus the formation of CO3
2− and HCO3

−
as acidic leaching agents. CO2 is added to a basic solution; it reacts acidic
by the release of H+ ions. This pH-value decrease can be responsible for a
higher leaching efficiency by creating quasi-acidic leaching conditions similar
to conventional hydrometallurgy.

b. Recombination of Li+, stemming from non-lithium carbonate phases like LiF,
with present CO3

2− or HCO3
−. This would entail the following suggested

equations (see Equations (19) and (20), schematically shown in Figure 22):

Li+ + CO3
2− → Li2CO3 (19)

Li+ + HCO3
− → LiHCO3 (20)

c. A combination of both mentioned mechanisms. In this way, the dissolution
of lithium phases in the heat-treated black mass is promoted by CO2, more
lithium ions can be formed to Li2CO3, and this effect is also promoted by the
increased operating temperatures and arising excess pressure.

  
(a) (b) 

Figure 22. Schematic process visualization of indirect carbonation promoted by supercritical CO2 based on CO3
2− (a)

and HCO3
− (b) in terms of leaching lithium-ion battery heat-treated black mass in deionized water. When increasing the

solution’s temperature, lithium carbonate is precipitated as a solid lithium salt.

5. Conclusions

The presented “ESLR” process, consisting of thermal treatment, mechanical com-
minution and a sorting step, followed by a subsequent carbonation process, results in the
following scientific findings:

Carbonation by supercritical CO2 shows an increased lithium yield of around 15%.
This value stems from the difference between a maximum lithium yield in neutral leaching
of 64% and a maximum lithium yield in autoclave carbonation of 79%. When expressing
the yield as leaching efficiency, 88% were reached. The different pyrolysis atmospheres and
temperatures show a direct influence on the lithium yield. Further key influencing factors
for both H2O-leaching with and without CO2 are solid/liquid ratio, filter cake washing
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and the lithium extraction method (filtration vs. full boiling). It can be concluded that the
“ESLR” process shows benefits in comparison to simple H2O-leaching and that the mecha-
nism for indirect carbonation is beneficial. Moreover, the “ESLR” process is a separate step
to ease Ni/Co/Mn recovery and to enhance the degree of lithium mobilization. Hence, the
resulting lithium-reduced filter cake (C-filter cake) can be integrated into existing hydro-
or pyrometallurgical steps.

The process of technology relevance is shown by the following specific benefits in
contrast to the state-of-the-art:

• Conventional lithium carbonation, e.g., by Na2CO3, is avoided, and no further chemi-
cals are required, making lithium recovery more environmentally friendly;

• Subsequent treating the C-filter cake hydrometallurgically for metal extraction (Ni,
Co, . . . ) requires fewer leaching agents because the input mass is reduced, and hence,
fewer additives for pH-adjustments are needed;

• Moreover, in comparison to conventional hydrometallurgical lithium recovery, the
liquid volume can be fully evaporated (filtration vs. full boiling). Hereby, no lithium
remains in the solution. This is possible since no enhancement of salinity is caused
in “ESLR”;

• Lithium losses in various byproducts of chemical solution purification and metal
winning steps are avoided;

• Costly lithium extraction from a pyrometallurgy treatment and hydrometallurgical
purifying of slags is also avoided.

In contrast to other studies, the sequence of thermal and mechanical treatment is
inverted. In this study, battery cells are first thermally treated and then shredded to
extract heat-treated black mass. This procedure is safer due to the avoidance of ignition
during shredding.

Comparing lithium yields by H2O-leaching in this study to literature, the following
statements can be given: In [74], 66% of lithium from NMC black mass are obtained by
shredding, then thermal treating and H2O-leaching. Here, the authors rather focus on
LMO-cells and report on one trial, only reaching 66% [74]. However, in this paper, 64%
could be recovered by thermal treatment with subsequent shredding and H2O-leaching at
a thermal treatment by 100 ◦C lower than Xiao et al. and without costly vacuum operations.
In comparison to [46,47], where 40% of lithium could be recovered by shredding, thermal
treatment and H2O-leaching of cathode black mass, the yield in this study are up to
24% higher.

A comparison of lithium yields by H2O-leaching in combination with CO2 (indirect
carbonation) is not straightforward since there is no study in place using the whole black
mass from NMC-cells for this process. However, by using cathode black mass with
lignite, 85% is reached, whereas, in this study, 79% are reached. This difference might be
attributable to the neglection of anode material and/or the use of lignite instead in [46,47].
In comparison to [90], the yields in this study are 19% higher (60% vs. 79%), but yield and
matching parameters are given based on a lithium ore treatment. Only the transferability to
black mass is mentioned. However, this study also uses heat-treated black mass in contrast
to [90]. In comparison to [91], and avoidance of electrodialysis in a Li2SO4-solution and of
carbonation reagents could be reached.

A comparison of lithium yields by a thermal CO2-treatment with subsequent H2O-
leaching (direct carbonation) is hardly possible since the autoclave process in this study
worked at Tmax = 230 ◦C, whereas literature focuses on elevated temperatures (~650–800 ◦C [73])
with CO2 as purging instead of excess pressure; moreover, no yield calculation is given [73].

In this study, a proof-of-concept regarding the indirect carbonation using supercritical
CO2 in an autoclave could be shown.

The most important follow-up research comprises a further enhancement of lithium
yields to a value of >90%, which is necessary to make the “ESLR” a competitive process
option. Then, CO2-driven carbonation without supercritical CO2, but by CO2-gas purging
instead. This is crucial because the combination of thermal pretreatment and an autoclave
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treatment comprise high energy requirements. However, as reported in Section 1.1.1, ther-
mal conditioning is also beneficial for hydrometallurgical treatment. Hence, the connected
energy demands cannot particularly and only be counted for the “ESLR” process. First
trials with CO2-gas instead of SCCO2 have shown lithium yields around 70%. Hereby,
insights into the role of excess pressure (73.8 bar) and high temperatures (150 ◦C) are
possible. Moreover, this setup would imply economic benefits due to the avoidance of
high-pressure operations. This will be one topic of “Early-Stage Recovery of Lithium
from Tailored Thermal Conditioned Black Mass Part II: Mobilizing Lithium via gaseous
CO2-Carbonation”. Moreover, a refining of the C-filter cake by flotation or acidic leaching
should be tested. Upscaling is planned for future research to test possible scale effects
due to losses on equipment surfaces, for example, on beakers after boiling the lithium
filtrate. In addition, a suitable development for removing fluorine from the heat-treated
black mass, filtrates and filter cakes would be an important tool for hazardous-free pro-
cessing, which would not harm the used equipment by developing HF-gas. Moreover,
experimental series 3.O/3.C and 4.O/4.C are to be performed. Moreover, the heat-treated
black mass-producing pyrolysis was conducted with a holding time of 60 min. This may
be optimized as well to find the perfect match in terms of temperature and holding time.
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Abstract: Lithium aluminum oxide has previously been identified to be a suitable compound to
recover lithium (Li) from Li-ion battery recycling slags. Its formation is hampered in the presence
of high concentrations of manganese (9 wt.% MnO2). In this study, mock-up slags of the system
Li2O-CaO-SiO2-Al2O3-MgO-MnOx with up to 17 mol% MnO2-content were prepared. The man-
ganese (Mn)-bearing phases were characterized with inductively coupled plasma optical emission
spectrometry (ICP-OES), X-ray diffraction (XRD), electron probe microanalysis (EPMA), and X-ray
absorption near edge structure analysis (XANES). The XRD results confirm the decrease of LiAlO2

phases from Mn-poor slags (7 mol% MnO2) to Mn-rich slags (17 mol% MnO2). The Mn-rich grains
are predominantly present as idiomorphic and relatively large (>50 μm) crystals. XRD, EPMA and
XANES suggest that manganese is present in the form of a spinel solid solution. The absence of light
elements besides Li and O allowed to estimate the Li content in the Mn-rich grain, and to determine
a generic stoichiometry of the spinel solid solution, i.e., (Li(2x)Mn2+

(1−x))1+x(Al(2−z),Mn3+
z)O4. The

coefficients x and z were determined at several locations of the grain. It is shown that the aluminum
concentration decreases, while the manganese concentration increases from the start (x: 0.27; z: 0.54)
to the end (x: 0.34; z: 1.55) of the crystallization.

Keywords: lithium; engineered artificial minerals (EnAM); X-ray absorption near edge structure
(XANES); powder X-ray diffraction (PXRD); electron probe microanalysis (EPMA); melt experiments

1. Introduction

Modern technologies, such as renewable energy and e-mobility, demand a new port-
folio of technology-critical elements and materials. Limited resources, national policies or
monopolies threaten the supply of some technology-critical elements. Hence, the recovery
of these elements from waste is crucial. On the one hand, demand for lithium (Li) has
increased rapidly due to the popularity and extraordinary performance of Li-ion batteries.
On the other hand, Li is produced by mainly two countries, Australia (ca. 55%) and Chile
(ca. 23%) [1]. The recycling of some components from Li-ion batteries is already put into
practice, e.g., cobalt, in a pyrometallurgical process [2,3]. Pyrometallurgical recycling has
the benefit of being adaptable to many waste streams; additionally, the emission of toxic
compounds like HF is prevented. Due to its ignoble character, Li is driven into the slag and
is usually not recovered.The recovery of Li from pyrometallurgical recycling slags can be
accomplished by the targeted formation of “engineered artificial minerals” (EnAM).

The strategy of EnAM formation is to concentrate the elements of interest in a few
phases, with a structure and size that allows an efficient separation. Figure 1 shows a

Metals 2021, 11, 188. https://doi.org/10.3390/met11020188 https://www.mdpi.com/journal/metals333
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scheme of EnAM formation. The target element (yellow triangle) spreads over several
different phases (red and green forms) and the matrix (blue) in the unmodified slag (top
picture). The target element will be difficult to isolate due to its occurrence in many
different phases. The goal in EnAM is to concentrate the target element in a single phase
(red pentagon, bottom picture) that differs physically and chemically from the other phases
(green hexagon), and allows for efficient separation and further treatment.

Figure 1. Sketch of engineered artificial minerals (EnAM) formation. On the left, different elements are shown in the liquid
slag-matrix: target element (yellow triangle), phase for EnAM (red) and other phases (green). The upper route refers to an
unmodified slag–the target element is spread over several different phases and the matrix (blue). The target element is not
recovered. The bottom picture illustrates the formation of EnAM. The target element is concentrated in a single phase (red
pentagon) that differs physically and chemically from the other phases (green hexagon), and allows for efficient separation
and further treatment.

Separation of artificial minerals, enriched in valuable elements from remaining slag
components, might be carried out by flotation processes. Here, the composition and struc-
ture of phases are crucial. It can be expected that none of the artificially produced minerals
will show hydrophobic behavior by nature. Thus, the mineral-collector-interaction has to
be studied, and this interaction relies strongly on crystal structure and ions, responsible for
the adsorption of the active group of collector molecules.

The recovery of Li from slags has been subject to several studies. Elwert et al. [2] found
that Li reacts with aluminum to form predominately large lithium aluminate (LiAlO2)
crystals. The aluminum binds Li from the melt uniformly in one phase at an early state of
solidifying phase of the molten slag. The idiomorphic to hypidiomorphic lithium aluminate
crystals can easily be separated from the matrix by flotation. Hence, lithium aluminate is a
promising EnAM candidate. The recovery of Li from LiAlO2 was successfully conducted
by Haas et al. [4]. Elwert et al. [5] investigated a hydrometallurgical process to recover
Li from slags with low aluminum compared to [2] and enriched in silicone. However, it
was found that the formation of LiAlO2 is suppressed in manganese (Mn)-rich slags [2].
In these slags, Li is distributed over several phases of low crystallinity. Elements like Mn
seem to have a significant influence on the formation of compounds and grain size during
the formation of the slag. Due to the increasing amount of Li-ion batteries with Mn-based
cathode materials, i.e., Li-NixMnyCozO2 (NMC), it must be assumed that the Mn content
in battery waste streams will increase soon. Accordingly, it is necessary to understand the
role of the redox-active Mn on the genesis of crystalline, and especially amorphous grains
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from the ionic melts. A careful characterization of the Mn-bearing grains will give insight
into these processes. The first survey with mineralogical and thermodynamic methods
on the formation of Li-EnAMs was conducted by Schirmer et al. [6] on a similar system,
but without Mn. Their study shows that formation of spinel solid solutions is a favorable
reaction with a thermodynamically proved potential to scavange Li from the slag in an
early stage of the solidification. Adding Mn to this system would result in more complex
solidification reactions with Mn-containing spinel solid solutions in particular, as numerous
spinel-like oxides of Li and Mn are already described [7].

Therefore, in this study, Li- and Mn-bearing phases from a synthetic slag, in the
following termed mock-up slag (MUS), of the system Li2O-CaO-SiO2-Al2O3-MgO-MnOx,
with up to 17 mol% MnO2-content, are studied. The crystalline components are determined
by powder X-ray diffraction (PXRD). The main Mn-containing phase could be identified as
an oxide solid solution of spinel-type using electron probe microanalysis (EPMA). From
a combination of the virtual compounds LiMnO2, Mn0.5AlO2 (1/2 galaxite spinel) and
Mn0.5MnO2 (1/2 hausmannite), the formula (Li(2x)Mn2+

(1−x))1+x(Al(2−z),Mn3+
z)O4 was

calculated. This matches with the PXRD results, as all main reflections of the oxides
are located between those of LiAl5O8 and MnAl2O4. The EPMA and PXRD analysis
showed that a high amount of grains are amorphous or of low crystallinity. The PXRD
falls short of giving insight into the Mn species in amorphous phases. EPMA allows
recognizing individual crystalline and amorphous phases. For amorphous phases, however,
stoichiometric information can usually not be extracted from the data. Hence, laboratory-
based X-ray absorption near edge structure (XANES) is applied here to determine the bulk
Mn species of the crystalline and the amorphous components of the slag. The findings
from this independent method confirmed the Mn oxidation state as being between +2 and
+3, as well as the presence of Mn spinel structures.

2. Background

The following section gives a short introduction to the relevant binary subsystems of
the Al2O3-MnOx-Li2O ternary system, which itself is not yet published. This will allow
putting the presented results into the mineralogical context. In addition, the methods used
to investigate the oxidation state of Mn are briefly described.

2.1. The System Li2O-MnOx with Focus on Spinel Structures

The stoichiometric spinel LiMn2O4 and several other spinel phases of Li-Mn-O are
known in the Li2O-MnOx system. Paulsen and Dahn [7] created a binary phase diagram
of Li-Mn-O in air. They described a spinel with the formula Li(1+x)Mn(2−x)O4 to be stable
between 400 and 880 ◦C. With the rising temperature, x decreases from 1/3 at 400 ◦C to
0 at 880 ◦C. Below 400 ◦C, the only stable spinel phases are Li4Mn5O12 and LiMn1.75O4.
Raising the temperature above 880 ◦C leads to the replacement of Li by Mn and tetragonal
spinel [Li(1−x)Mnx]MnO4 [7].

2.2. The System Li2O-Al2O3

The binary system Li2O-Al2O3 exhibits several phases. Konar et al. [8] described
LiAl5O8 spinel, LiAl11O17, LiAlO2 and Li5AlO4.

LiAl5O8 is described as an inverse spinel structure with Al3+ on tetrahedral sites and
Li+ and the remaining Al3+ on octahedral sites. A polymorphic transition to this spinel
structure occurs from the stoichiometric phase. LiAl11O17 is a high-temperature phase,
only stable above 1537 ◦C. For LiAlO2, a polymorphic transition from α- to γ-phase occurs.

Li5AlO4 crystallizes below 50 mol% Al2O3, in a mixture either with LiAlO2 or with
LiO2 [8].

2.3. The System Al2O3-MnOx

Solid solutions of spinel oxide type (XY2O4) with a cubic and tetragonal crystal system
are described by Chatterjee et al. [9] to form in the Al2O3-MnO-Mn2O3 system. Besides
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the cubic MnAl2O4 (galaxite), additionally, MnMn2O4 (hausmannite) with a tetragonal
and cubic crystal system (transformation tetragonal -> cubic: 1172 ◦C in the air) can occur.
While the tetragonal form of hausmannite incorporates only a small amount of galaxite,
the cubic variety forms a solid solution.

2.4. Speciation of Oxidation States in Spinel Systems

Recycling slags are usually complex elemental mixtures comprising various compo-
nents and phases. Due to uncontrolled and–in geological terms–fast cooling conditions,
only a few components in these slags are crystalline. Crystalline phases are easily accessible
by established methods like PXRD.

The amorphous components, however, elude the identification by PXRD. Wet chemical
methods like inductively coupled plasma atomic emission spectroscopy (ICP-OES) yield in-
formation on the stoichiometric composition, but fall short for the speciation. EPMA allows
studying crystalline and amorphous phases. Stoichiometric information can be obtained
for crystalline phases with reasonable certainty. Structure predictions on non-crystalline
phases, however, are merely estimations. XANES is a convenient method to analyze the
species of 3d-elements in crystalline, as well as amorphous materials. Asaoka et al. deter-
mined the oxidation state of Mn in granulated coal ash via XANES [10], while Kim et al.
used XANES for Mn speciation in steel-making slags [11]. In general, the oxidation state, the
coordination sphere, and in some cases the actual compound can be determined. Usually,
this method is exclusively available at synchrotron sources (Sy). Here, a laboratory-based
XANES spectrometer was used, which allows everyday access to measure several routine
samples or improve sample preparation. The set-up is described by Seidler et al. [12,13].
Laboratory-based XANES has been used successfully in catalysis research, as well as for
the determination of vanadium oxidation state in catalysts and vanadium redox flow
batteries [14–16].

3. Materials and Methods

3.1. Synthesis of the Mock-Up Slag

The chemicals used for producing the mock-up slags are lithium carbonate (Merck
KGaA purum, Darmstadt, Germany), calcium carbonate (Sigma-Aldrich, reagent grade, St.
Louis, MO, USA), silicon dioxide (Sigma-Aldrich, purum p.a., St. Louis, MO, USA), alu-
minum oxide (Merck KGaA, Darmstadt, Germany), magnesium oxide (98%, Roth, Karlsruhe,
Germany) and manganese dioxide (Merck KGaA, reagent grade, Darmstadt, Germany).

The concentrations of the reactants of the slag synthesis are the following: For V-1
32 mol% Al2O3 were mixed with 16 mol% CaO, 21 mol% Li2O, 3 mol% MgO, 7.4 mol%
MnO2, and 22 mol% SiO2. For V-2, 29 mol% Al2O3 were mixed with 14 mol% CaO,
19 mol% Li2O, 3 mol% MgO, 13 mol% MnO2, and 21 mol% SiO2. For V-3, 28 mol%
Al2O3 were mixed with 14 mol% CaO, 18 mol% Li2O, 3 mol% MgO, 17 mol% MnO2, and
20 mol% SiO2. The chemicals were manually mixed in a mortar and ground in a disc
mill for 5 min. Each sample was placed in a Pt-Rh crucible and heated in a chamber
furnace (Nabertherm HT16/17, Nabertherm GmbH, Lilienthal, Germany) in an ambient air
atmosphere. The temperature program is shown in Figure 2. A heating rate of 2.89 ◦C/min
was initially employed to reach 720 ◦C, which is the melting temperature of Li2CO3.
Subsequently, a heating rate of 1.54 ◦C/min was used to decompose Li2CO3 and reach
the target temperature of 1600 ◦C. Finally, the obtained MUS were kept at 1600 ◦C for two
hours. After that, the samples were cooled to 500 ◦C at a cooling rate of 0.38 ◦C/min, and
quenched in water. Three MUS V-1-3 were obtained. For PXRD and XANES measurements,
parts of the obtained slag were ground for five minutes in a disc mill (Siebtechnik GmbH,
Mühlheim an der Ruhr, Germany).
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Figure 2. Temperature program of the chamber furnace. A heating rate of 2.89 ◦C/min was employed
to reach the melting temperature of Li2CO3 at 720 ◦C, followed by a heating rate of 1.54 ◦C to the
target temperature of 1600 ◦C. The temperature was held for 120 min, and afterward, a cooling rate
of 0.38 ◦C/min was employed to reach a temperature of 500 ◦C.

The elemental content was determined by ICP-OES (ICP-OES 5100, Agilent, Agilent
Technologies Germany GmbH & Co. KG, Waldbronn, Germany). The samples were fused
with sodium tetraborate in a platinum crucible at 1050 ◦C, and then leached with diluted
hydrochloric acid to determine Al, Ca, Li, Mg, Ti and Si. To determine other elements, the
samples were suspended in nitric acid and digested at 250 ◦C and under a pressure of
80 bar in an autoclave (TurboWAVE, MLS, Leutkirch im Allgäu, Germany).

3.2. Synthesis of Galaxite via Solution Combustion Synthesis

Artificial galaxite was prepared via solution combustion synthesis. Aluminum nitrate
nonahydrate (VWR chemicals, Darmstadt, Germany, analytical reagent, min. 98%) and
manganese (II) nitrate tetrahydrate (Merck, KGaA, Darmstadt, Germany, pro analysi, min
98.5%) were used as oxidizers and mixed in stoichiometric ratio 1:2. Aluminum nitrate
nonahydrate (7.5 g) was mixed with manganese (II) nitrate tetrahydrate (2.5 g). As a
fuel, urea (Merck KGaA, Darmstadt, Germany, pro analysi, min. 99.5%) was added in
excess (5 g). All components were dissolved in water. The solution was heated with a
Bunsen burner until near dryness. The mixture was ignited with a second Bunsen burner.
Purity was verified by PXRD (STOE STADI P, STOE & Cie GmbH, Hilpertstraße 10, 64295
Darmstadt, Germany).

3.3. Powder X-ray Diffraction

The analysis of the bulk mineralogical composition was provided by PXRD, using
a PANalytical X-Pert Pro diffractometer, equipped with a Co-X-ray tube (Malvern Pan-
alytical GmbH, Nürnberger Str. 113, 34123 Kassel, Germany). For identification of the
compounds, the PDF-2 ICDD XRD database [17], the American Mineralogist Crystal Struc-
ture Database [18] and the RRUFF-Structure database [19] were evaluated.
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3.4. Electron Probe Microanalysis

The analysis of single crystals and grains was performed with EPMA. EPMA is a
standard method to characterize the chemical composition in terms of single spot analysis
or element distribution patterns, accompanied by electron backscattered Z (ordinal num-
ber) contrast (BSE(Z)) or secondary electron (SE) micrographs. The EPMA measurements
were performed on samples, which were embedded in epoxy resin, polished and coated
with carbon. They were characterized using a Cameca SXFIVE FE (Field Emission) electron
probe, equipped with five wavelength dispersive (WDX) spectrometers (CAMECA SAS,
29, quai des Grésillons, 92230 Gennevielliers, Cedex, France). To calibrate the wavelength
dispersive X-ray fluorescence spectrometers (WDXRF), an appropriate suite of standards
and analyzing crystals was used. The reference materials were provided by P&H Develop-
ments (The Shire 85A Simmondley village, Glossop, Derbyshire SK13 9LS, UK and Astimex
Standards Ltd., 72 Milicent St, Toronto, ON, M6H 1W4, Canada). The beam size was set
to zero, leading to a beam diameter of substantially below 1 μm (100–600 nm with field
emitters of Schottky-type, e.g., [20]). To evaluate the measured intensities, the X-PHI-Model
was applied [21].

Li, one of the key elements in this study, cannot be directly analyzed, since EPMA uses
X-ray emission to detect the elements in the sample, and the extremely low fluorescence
yield and long wavelength of the Li Kα render the direct determination of this element
merely impossible. With the reasonable assumption that other refractory light elements like
Be and B are not present in the investigated material and volatile elements and compounds
like F, H2O, CO2 or NO3

− are effectively eliminated during the melt experiment, Li can
be calculated using virtual compounds. Where necessary, the balanced Li concentration
was included in the matrix correction calculation. To access the analytical accuracy with
respect to the determination of Li, the international reference material spodumene (Astimex
Standards Ltd., Toronto, ON, Canada) and the in-house standard LiAlO2 were analyzed
(Table 1).

Table 1. Recovery of Li-compounds. Spod: spodumene, % StdDev: Relative standard deviation in
percent, Repeats: N = 5, R: Recovery, LiAl: LiAlO2.

Wt.%
Average
Spod.

%StDev.,
Spod.

Ref.
Spod.

R (%)
Average

LiAl
%StDev.,

LiAl
Ref.
LiAl

R (%)

Al 15.04 0.35 14.4 104 41.24 0.22 40.9 101
Mg 0.00 n.a. 0.0 n.a. 0.01 n.a. 0.0 n.a.
Ti 0.00 n.a. 0.0 n.a. 0.00 n.a. 0.0 n.a.

Mn 0.05 n.a. 0.0 n.a. 0.00 n.a. 0.0 n.a.
Fe 0.02 n.a. 0.0 n.a. 0.03 n.a. 0.0 n.a.
Ca 0.01 n.a. 0.0 n.a. 0.01 n.a. 0.0 n.a.
K 0.00 n.a. 0.0 n.a. 0.00 n.a. 0.0 n.a.
Si 28.71 0.56 30.0 96 0.01 n.a. 0.0 n.a.
Na 0.10 2.83 0.09 112 0.00 n.a. 0.0 n.a.

3.5. X-ray Absorption near Edge Structure

The Mn speciation was achieved with XANES. Other than usual, XANES was not
conducted at a synchrotron facility but using a laboratory-based device, the easyXES100-
extended (short: easyXES100; easyXAFS LLC, Renton, WA, USA). To enable these measure-
ments with high energy resolution comparable to that obtained at synchrotron facilities, a
Rowland circle Johann-type monochromator is used, see Figure 3. The instrument com-
prises an X-ray tube (100 W, air-cooled tube with W/Pd anode, 35 kV maximum acceler-
ating potential), a spherically bent crystal analyzer (SBCA, Si 110) and an SDD detector
(AXAS-M1, KETEK, Munich, Germany). The components are positioned on scissor drives.
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Figure 3. Scheme of the Rowland circle monochromator. The outer circle represents the curvature of
the SBCA. The inner circle has a diameter matching the radius of the curvature circle. On this inner
circle, the X-ray source and the detector are positioned. The sample is positioned right in front of the
detector. The components are set on a scissor drive, allowing fine energy scanning.

This enables energy scanning by synchronously and symmetrically moving the de-
tector and the source. The SBCA sits on a passively driven slider in the Rowland circle,
which is coupled to the X-ray source stage. This way, the proper positioning of all three
components is elegantly achieved. A helium-filled box is installed in the beam path, to
lower background absorption and scattering by air. This set-up allows energy scanning
with a resolution of about 1 eV. Further information about the set-up is published by
Seidler et al. and Jahrman et al. [12,13,22]. At every energy step, an energy-dispersive X-ray
spectrum (EDX) is acquired. The area of interest is automatically integrated by the software
based on labVIEW2017 [23]. This way, a file with the relevant information on the energy
and counts per lifetime is created and used together with the I0 measurement to obtain
the XANES.

Spectra of manganese dioxide (Merck AG, Darmstadt, Germany, for synthesis) were
recorded, validated with spectra from the literature, i.e., spectra from Hokkaido University,
Japan [24,25] and subsequently used as reference for energy calibration. The scans in the
θ-angle space are converted to the energy space (see Appendix A).

The XANES of references and samples were recorded and processed as follows: The
Mn K-edge was scanned from 6482 eV to 6800 eV (SBCA, Si 110, n = 4; see Appendix A),
with a step width of 0.25 eV. At each step, an EDX spectrum with a 10 s live time was
obtained, resulting in a total measurement time of approx. 3.5 h per spectrum. Three
samples of MUS V-3 were prepared in parallel by mixing the finely ground slag with
Vaseline (ISANA; Dirk Rossmann GmbH, Burgwedel, Germany) in a weight ratio of 2/3
Vaseline and 1/3 MUS powder. The mixtures were placed in washers with a height of
0.1 mm to adjust the thickness of the samples. The washer was sealed from both sides
with adhesive tape (tesapack, tesa SE, Norderstedt, Germany) to hold the sample inside,
and protect it from environmental influences. Each replicate was analyzed three times.
The following Mn species were used as references: manganese (II) oxide (oxidation state
of manganese: +2; alfa aesar, Thermo fisher (Kandel) GmbH, Kandel, Germany, 99%);
synthetic galaxite (Mn2+Al23+O4; oxidation state of manganese: +2), manganese (II, III) oxide
(average oxidation state of manganese: +2.67; Sigma-Aldrich Chemie GmbH, Steinheim,
Germany, 97%); braunite (Mn2+Mn3+

6[O8|SiO4]; formal oxidation state of manganese: +2.85;
Friedrichroda, Thuringia, Germany; obtained from Geo collection, Clausthal University
of Technology); bixbyite (Mn2O3; oxidation state of manganese: +3; Paling Mine, Republic
of South Africa; obtained from Geo collection, Clausthal university of technology); and
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manganese (IV) oxide (oxidation state of manganese: +4; Merck AG, Darmstadt, Germany, for
synthesis). They were prepared in the same way as the actual sample.

An additional I0 spectrum of an empty washer sealed with adhesive tape was sepa-
rately acquired for every measurement to calculate the absorption coefficient μ(E) according
to the equation: μ(E) = − ln I·I−1

0 . The average post-edge absorption μ(E) (post edge line)
in each spectrum was normalized to unity using ATHENA software [26]. Spectra from the
same Mn species were merged in ATHENA and used for further analysis.

4. Results

The results of the characterization of the MUS V-1-3, which are supposed to match
Li-ion battery recycling slags, are presented in this section. The composition was chosen to
be similar to recycling slags characterized previously by Elwert et al. [2]. The methodology
applied to study the MUS chemistry comprises ICP-OES, PXRD, EPMA and XANES.

Initially, the composition of the reactants and the products was determined by ICP-
OES. The suppression of the formation of LiAlO2 EnAM in MUS with increasing Mn
content was studied by PXRD. The microstructure and microscopic elemental composition
of the MUS with the highest Mn-content (MUS V-3; MnO2: 17 mol%) were studied by
BSE(Z) micrographs, as well as detailed spatially resolved quantitative point measurements
and element distribution profiles, recorded with EPMA. From these results, a hypothesis
for the genesis of the Mn-rich grains was established. This hypothesis is discussed in detail
in Section 4.3. Finally, it was evaluated by studying the Mn species using XANES.

4.1. Bulk Chemistry

The elemental composition of the reactants and the product slags were determined by
digestion, followed by ICP-OES. The Mn-content increases from MUS V-1 to V-3, resulting
in a concentration of MnO2 of 7 mol%, 13 mol%, and 17 mol% in the final products. The
results are given in Table 2. A loss of about 5% of Li and 0–18% Mn occurred during the
melting and cooling of the material. The MUS are therefore close in composition to the
actual recycling slags studied by Elwert et al. [2].

Table 2. Comparison of the bulk chemical composition of the three melt experiments, given in mole percent.

Raw Mix (Mole Fraction) Product (Mole Fraction) Recovery %

V-1 V-2 V-3 V-1 V-2 V-3 V-1 V-2 V-3

Al2O3 32 29 28 33 31 29 103 107 104
CaO 16 14 14 15 15 14 94 107 100
Li2O 21 19 18 20 18 17 95 95 94
MgO 3 3 3 3 3 3 100 100 100
MnO2 7.4 13 17 6.1 12 17 82 92 100
SiO2 22 21 20 23 22 21 105 105 105

4.2. Powder X-ray Diffraction

The crystalline composition of the MUS V-1-3 was studied by PXRD and compared to
an Mn-free material with comparable LiAlO2-content. The compounds gehlenite, spinel
and LiAlO2 were present in all three slags (Figure 4a). The Li-Al-Oxide reflections are best
explained with the diffraction pattern of LiAlO2 (ICDD PDF2 no. 00-038-1464 [17]). A
comparison of the reflection height of three mixtures with increasing Mn-concentration
shows a negative correlation with the intensity of the LiAlO2 main reflection. A comparison
with an Mn-free material with comparable Li2O content (Figure 4c) indicates a strong
negative influence of the Mn-concentration on the formation of LiAlO2. The low intensities
of the reflection and the comparable high background imply a high amount of amorphous
material being present.
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Figure 4. (a) Powder X-ray diffraction (PXRD) of the solidified melt. G: Gehlenite, S: Spinel, L: LiAlO2. (b): Enlarged section
of the main spinel peak. * 1: the position of the main peak of MnAl2O4 from the ICDD-PDF2 no. 00-029-0880 [17], * 2:
the position of the main peak of the Li(1−x)Mn2O4 spinel from the ICDD-PDF2 no. 00-038-07891 [17], * 3: the position of
the main peak of the Li2Mn2O4 spinel from the ICDD-PDF2 no. 01-084-1524 [17], * 4: the position of the main peak of the
LiAl5O8 spinel from the ICDD-PDF2 no. 00-038-1425 [17], (c): Enlarged sections of the first two main LiAlO2 peaks. In (c):
for comparison, the LiAlO2 main reflection of an Mn-free solidified melt with comparable Li2O content is presented.

The enlarged section of the two-theta region of the main spinel reflections gives an
indication of the changing composition of the spinel with the change of the Mn-content
(Figure 4b). The main spinel reflections (311) of all three MUS lie between those of galaxite
spinel MnAl2O4 and LiAl5O8. In this range, two reflections of Li/Mn-spinel are located
(Li1−xMn2O4 and Li2Mn2O4) [17]. This indicates the presence of a complex solid solution of
a spinel-like oxide with the general formula (Li(2x)Mn2+

(1−x))1+x(Al(2−z),Mn3+
z)O4, which

was derived by EPMA, as discussed below.
In conclusion, the PXRD results show the decrease of crystalline LiAlO2 content with

an increasing Mn-concentration. They also indicate the presence of a Li/Al/Mn spinel-
like solid solution. The findings are consistent with the results of the microscopic EPMA
analysis, which are presented in the following section.
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4.3. Electron Probe Microanalysis

The MUS with the highest MnO2-content (MUS V-3, 17 mol%) was subjected to EPMA.
From the PXRD results, it was expected that the microstructure of this sample would
be most conclusive on the processes, resulting in a LiAlO2-depleted material. The main
compounds of the melt experiment V-3, determined with EPMA, were: a spinel phase
(Li(2x)Mn2+

(1−x))1+x(Al(2−z),Mn3+
z)O4; lithium aluminate (LiAl) with the stoichiometric

formula Li1−x(Al(1−x)Six)O2; a gehlenite-like calcium-alumosilicate (GCAS) with the stoi-
chiometric formula Ca2Al2SiO7 and with minute amounts of Mg and Na (max. ~0.2 wt.%);
and amorphous phases (APh) with various amounts of Al, Si, Ca, Mn, small amounts of Na
(<0.3 wt.%), and sometimes with unusual elements like Ba and K (contaminants enriched
in the eutectic residual melt).

The LiAl and the GCAS have already been described by Schirmer et al. [6] in a MUS
not containing Mn but Li, Ca, Si, Al and Mg. There is strong evidence that the presence of
Mn in the slag has an influence on the formation of Li and Al compounds. In particular,
the formation of spinel solid solutions suggested by the PXRD is expected to influence the
formation of LiAlO2. Accordingly, the EPMA focused on elucidating the genesis of the Mn-
rich grains. Overall, it was found that besides negligible amounts in amorphous phases, the
Mn is almost exclusively incorporated into pure oxide (spinel) structures. For this reason,
a detailed examination of a representative grain of Mn-containing oxide is presented in
the following. Early crystallites of this type are predominantly found throughout the
whole sample.

The BSE(Z) micrograph (Figure 5) shows a large grain of predominantly idiomorphic
Mn-enriched oxide (spinel) surrounded by idiomorphic/hypidiomorphic grains of LiAl in
a matrix of GCAS and accompanied by a grain of an APh enriched in unusual elements
(contaminants), e.g., Ti and K probably representing the last eutectic melt composition.

Figure 5. Electron micrograph (BSE(Z)) of the solidified melt. Light grey grain: spinel; dark gray sections, and dendrites:
LiAl, surrounded by Ca-alumosilicate (GCAS, light grey sections); amorphous phases (APh): amorphous grain with unusual
elements (K, Ba, Ti): contamination; black: pores or preparation damage. The chemical analysis of the points marked in red
(P294–P383) is presented in Table 3.
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Table 3. Elemental concentrations (wt.%) at the locations depicted in Figure 5, sorted in ascending order according to the Al
concentration. For a close-up of the lamellae region, see Appendix C. The distance from the lamellae region points to the
nearest rim is given. Regarding the point scans, a virtual line is drawn through all points to the left rim. The distances are
given from each point to the intersection of this line with the rim.

Location Lamellae Region Point Scan

No. 379 382 383 380 381 374 378 377 294

Distance from
rim in μm

2.6 2.2 6.9 5.6 10.4 10.1 46.5 81.8 101.2

Al 0.7 0.7 1.5 1.5 3.1 6.0 11.9 16.7 22.3
Mg 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.5
Ti 0.4 0.4 0.3 0.2 0.1 0.0 0.0 0.0 0.0

Mn 69.7 64.4 62.9 64.0 62.2 60.0 52.3 46.9 39.0
Fe 0.3 0.4 0.5 0.5 0.5 0.4 0.3 0.3 0.3
Ca 0.2 0.1 0.1 0.2 0.1 0.2 0.0 0.0 0.0
Si 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.0 0.0

The gradient of the grey shade of the Mn-oxide grain indicates an increase of the mean
atomic number from the center to the rim. At the outer edge, segregation lamellae can
be observed. The brighter grey shade of these lamellae indicates a higher mean atomic
number than in the surrounding grain. To investigate the changing composition from
the inner part of the grain to the rim, several points were analyzed. Due to the relatively
small features (<1–2 μm) of the segregation lamellae, the emphasis was on the precise
determination of the whiskers. Therefore, the recording of a line scan was omitted. Table 3
contains the original data.

The concentrations found for Al and Mn were used to calculate normalized con-
tents of Al and Mn2+, Mn3+ as well as the fractions of LiMnO2, Mn0.5AlO2 (1/2 galax-
ite spinel), and Mn0.5MnO2 (1/2 hausmannite) fitting the three spinel components to
the elemental amounts (Table 4). The Li-concentration was subsequently obtained from
the calculated amount of LiMnO2. The general formula obtained from the fittings is
(Li(2x)Mn2+

(1−x))1+x(Al(2−z),Mn3+
z)O4. The minute concentrations of the other elements are

omitted in this calculation. The results show that the Al content in the grain decreases
during crystallization. The result of this calculation gives an indication that a solid solution
of Li-Al-Mn spinel is formed.

Table 4. Spinel formulas, calculated with the Al and Mn concentrations of Table 3, sorted in ascending order according to
the Al concentration. The Mn2+/Mn3+-ratio was calculated using the total measured Mn concentration in Table 3. The Li
concentration is derived from the calculated fraction of LiMnO2. In the first section of the table, the concentrations of the
elements are given in weight percent. In the second section, the calculated fractions of the different virtual components in
percent are presented. In the last section, the stoichiometric ratio of the formula (Li(2x)Mn2+

(1−x))1+x(Al(2−z),Mn3+
z)O4 is

presented. The distance from the lamellae region points to the nearest rim is given. Regarding the point scans, a virtual line is
drawn through all points to the left rim. The distances are given from each point to the intersection of this line with the rim.

Location Lamellae Region Point Scan

No. 379 382 383 380 381 374 378 377 294

Distance from rim in μm 2.6 2.2 6.9 5.6 10.4 10.1 46.5 81.8 101.2
Concentrations (wt.%)

Al 0.7 0.7 1.5 1.5 3.1 6.0 11.9 16.7 22.3
Mn2+ 21.5 12.2 11.5 13.6 14.5 17.9 19.3 21.8 22.7
Mn3+ 48.2 52.2 51.4 50.4 47.7 42.1 33.0 25.1 16.7

Li 0.8 3.7 4.0 3.3 3.2 2.4 2.4 2.0 2.1
Calculated fractions (%)

Mn0.5AlO2 2.1 2.2 4.7 4.9 10.0 19.2 38.2 53.5 71.5
LiMnO2 11.0 49.9 53.6 45.1 42.7 31.8 31.9 26.7 28.5

Mn0.5MnO2 86.9 47.9 41.7 50.0 47.3 48.9 29.9 19.9 0.0

Stoichiometric factors (Li2xMn2+
(1−x))(1+x)(Al(2−z),Mn3+

z)O4
x 0.13 0.54 0.58 0.49 0.46 0.34 0.33 0.26 0.27
z 1.95 1.95 1.89 1.88 1.76 1.55 1.15 0.85 0.54
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4.4. X-ray Absorption near Edge Structure

To verify the structures suggested from EPMA analysis, XANES was conducted on the
sample MUS V-3. For comparison, the spectra of known Mn oxidation states were recorded
as well. In Figure 6, Mn K-edge XANES spectra of compounds representing oxidation
states from Mn2+ to Mn4+ are displayed for comparison with the spectrum of the MUS.

Figure 6. Spectra of Mn samples of different oxidation states. The spectra are compared to the spectrum of the mock-up
slag (MUS). A shift of the edge accompanies the increase in the oxidation state which is indicated by the arrow. The mean
oxidation states of Mn in the compounds are as follows: MnO: +2; galaxite: +2, hausmannite: +2.67; braunite: +2.85; bixbyite:
+3; and MnO2: +4.

A shift of the edge to higher energies with increasing oxidation state is observed
(Figure 6); this is a well-known effect [27]. From the edge shift and the shape of the curve,
it can be concluded that the oxidation state of Mn in the MUS is a mixture of +2 and +3. A
mixture of +4 and +2 is unlikely. A combination of both would result in a relatively flat
curve, which is not observed in the MUS spectrum. For a better overview of the correlation
with oxidation states ranging from +2 to +3, see Appendix B.

According to the results of the Mn K-edge XANES of the reference samples, the
average oxidation state of Mn has to be between +2 and +3. Additionally, the analysis
via EPMA and PXRD strongly supports the presence of spinel structures involving Mn
und Al. The XANES spectra show that Mn is not present in the pure form of any of the
analyzed oxides. The same is concluded from the EPMA, which in addition has shown
that the Al-percentage in these Mn phases is lower than in pure galaxite.
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Accordingly, linear combinations of the spinels galaxite and hausmannite, as well
as of galaxite and bixbyite, were calculated. From these linear combinations, the model
XANES spectra in Figures 7 and 8 were obtained. These mixtures present a lower Al-
content than galaxite, but still have a spinel structure. The results obtained from these
linear combinations can be seen in Figures 7 and 8. A linear combination of hausmannite
with bixbyite was also calculated. These results are shown in Appendix D.

Figure 7. Linear combination of hausmannite (H) and galaxite (G). At the edge jump, the MUS spectrum fits the spectrum
of hausmannite, whereas after the jump, the spectrum is more similar to galaxite.

The linear combinations (Figures 7 and 8) of a 50:50 (mass) mixture of both galaxite
and bixbyite, as well as galaxite and hausmannite, are quite similar to the measured
spectrum of the MUS V-3. A combination of bixbyite and hausmannite is excluded from
further investigation, as the shape is significantly different (see Appendix D). Accordingly,
the experimental XANES data was obtained from a 50:50 (mass) mixture of galaxite and
bixbyite, as well as galaxite and hausmannite. The obtained spectra are shown in Figures 9
and 10. Figure 10 shows a close-up of the edge-jump.

The spectra displayed in Figures 9 and 10 show that the pre-edge, the edge jump and
the region after the edge of the MUS and both references are similar. The results suggest
that the slag contains a mixture of Mn2+ and Mn3+, confirming the EPMA analysis. The
combinations of galaxite and bixbyite with an average Mn oxidation state of 2.69—as well
as of galaxite and hausmannite, with an average oxidation state of 2.46—mostly match the
MUS spectrum. In conclusion, galaxite is present in the MUS.
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Figure 8. Linear combination of bixbyite (B) and galaxite (G). The spectrum of the MUS is similar to the linear combination.
At the edge jump, the MUS spectrum fits the middle of the linear combination, whereas in the region after the edge, the
spectrum is more similar to that of galaxite.

Figure 9. Experimentally derived X-ray absorption near edge structure analysis (XANES) spectra of a 50 wt.% mixture of
galaxite and bixbyite, respective of galaxite and hausmannite compared to the spectrum obtained from the MUS V-3. The
pre-edge peak, edge jump and course of the spectrum are very similar for all three spectra.
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Figure 10. Close-up to the edge jump from Figure 9.

5. Discussion

The experimental investigation of the influence of Mn on the solidification, and
especially on the formation of the EnAM LiAlO2 in slags of the six-component oxide
system (Li, Mg, Al, Si, Ca and Mn) is crucial to understand. This is also indispensable for
the phase relations, as well as the reactions in this complex system. It will also help to
predict the slag composition and improve thermodynamic modeling. Slags, unlike most
geological features, are formed on a short timescale and with high cooling rates. Hence,
non-equilibrium thermodynamic modeling will have to be consulted to develop a route to
create the desired EnAM.

In contrast to the other elements in this system, Mn is redox-sensitive, occurring in
several oxidation states ranging from +2 to +7. Due to the moderate to high oxygen fugacity
in the slag, the expected oxidation numbers are +2, +3 and +4, and mixtures thereof. The
purpose of this research was to study the suppression of LiAlO2 formation in Mn-rich
Li-ion battery recycling slags. The determination of the Mn-species, including the oxidation
state formed in slags, is key to understanding this phenomenon.

Investigations with PXRD and EPMA on Mn-rich MUS reveal that besides LiAl and
GCAS, the melt contains large grains of Al/Mn-rich oxides. The PXRD results show that
these oxides can be best described as spinel-like compounds. The diffractograms exhibit
reflections in the range of the main (311) diffraction line of the spinel-structures MnAl2O4
(galaxite), Li1−xMn2O4, Li2Mn2O4 and LiAl5O8 (Figure 4). Due to the non-direct matching
of these diffraction lines, the best explanation is a spinel solid solution with the elements
Li, Al and Mn. With increasing Mn concentration within the melt experiments MUS V-1 to
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V-3, there is a shift of the diffraction reflection towards galaxite, indicating that the galaxite
component is increasing.

The amount of LiAlO2 seems to be suppressed compared to an Mn-free melt with
similar Li-concentration (Figure 4c, black line). Due to the high peak to background ratio, a
comparable high amount of amorphous phase can be assumed.

The BSE(Z) micrograph observations show large idiomorphous Mn-rich grains (exam-
ple see: Figure 5), suggesting an early and complex crystallization scenario. EPMA point
scan analyses (Table 3) show a distinct decrease in the aluminum concentration from the
center to the rim of the predominant Mn-rich crystals. At the edge, the aluminum concentra-
tion drops nearly to zero. Additionally, there is a split into two components, one relatively
Mn-enriched and one relatively Mn-depleted. If the composition of all measurements
is calculated as fractions of the virtual compounds Mn0.5AlO2 ( 1

2 galaxite), LiMnO2 and
Mn0.5MnO2 ( 1

2 hausmannite) a general formula (Li(2x)Mn2+
(1−x))1+x(Al(2−z),Mn3+

z)O4 can
be calculated. From this calculation, a Li-content is derived and used to assess a gradient of
the Li-bearing compounds. In accordance with the elemental gradients, a constant decrease
of the galaxite fraction from the center to the rim is observed. In contrast, the hausmannite
fraction is increasing. The Li-Mn compound fraction stays more or less constant except for
a steep increase at the last ~10 μm from the rim. Directly at the rim, a split into a “normal”
and a Mn0.5MnO2-dominated region can be observed. The increase and decrease of the
individual species over the point scans are shown in Figure 11.

 
Figure 11. Fractions of the virtual compounds Mn0.5AlO2 ( 1

2 galaxite, Gal), LiMnO2 (Li-Mn), and
Mn0.5MnO2 ( 1

2 hausmannite, Hsm) in the grain presented in Figure 5.

This observation indicates that from the beginning to the end of the crystallization, Li is
incorporated into the spinel structure. The spinel composition itself changes from a galaxite-
dominated to hausmannite-dominated chemistry. Directly at the rim, the oversaturation
of the melt with Mn is such that the spinel solid solution segregates (most probably
during cooling down to room temperature) to form two different (most probably spinel-
like) oxides.

In this respect, it is interesting that at lower temperatures, the hausmannite converts
to the tetragonal crystal system with low solubility of the spinel compound galaxite as
reported by Chatterjee et al. [9]. This could indicate an exsolution of the hausmannite
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component due to crystal lattice incompatibility. The hypothesis is backed by the results
from the Mn K-edge analysis, which suggests a mixture of galaxite and Mn2+, Mn3+ oxide
spinels. The virtual Li compound would mix into the cubic galaxite-like spinel phase.

By combining the above results, a scenario of the large crystal genesis is established.
The crystallization starts with a high aluminum galaxite-like composition that is subse-
quently enriched in Mn during the crystal growth. At the end of the crystallization, the
solid solution becomes unstable, indicated by exsolution whiskers with a higher mean
atomic number, surrounded by the massive crystal.

6. Conclusions

In this study, Mn-rich grains in mock-up slags (system: Li2O-CaO-SiO2-Al2O3-MgO-
MnOx) were characterized to understand the suppression of the LiAlO2 formation in
Mn-rich Li-ion battery recycling slags. The PXRD, EPMA and XANES data suggest that
Mn-rich grains crystallize early on as a spinel solid solution. A generic stoichiometry,
i.e., (Li(2x)Mn2+

(1−x))1+x(Al(2−z),Mn3+
z)O4 of the solid solution was determined assuming a

combination of the virtual components Mn0.5AlO2, LiMnO2 and Mn0.5MnO2. From the
spatially resolved data, it was concluded that the solid solution is relatively Al-rich at the
beginning of the crystallization and becomes depleted during the process. The formation
of spinel solid solution with Mn and Al seems to scavenge Li from the melt before the
LiAlO2 crystallization can begin.

In conclusion, the experimental evaluation of mock-up slags has provided valuable
insights into the Li, Mg, Al, Si, Ca, Mn and O system, and emphasized the benefit to study
model melts and slags. In the future, however, an approach allowing for a faster synthesis
of variable composition would be desirable. This approach will help to design suitable
EnAM. The extraction of the EnAM from the slag and further processing will be part of
subsequent studies.

In addition, it is not clear how these early crystals form on a molecular level. The
solid solution could be a product of a solid phase process. It could also be driven by
the ion-pair formation in the melt. In this respect, it is crucial to evaluate the primary
crystallization fields in the system Li2O-Al2O3-MnOx in the presence of the other slag
compounds Mg, Si and Ca. Despite this, the influence of the viscosity and the oxygen
concentration on the early formation of Mn-rich compounds needs to be studied. The
impact of viscosity changes, and pair formation in the ionic melt could be accessed by
molecular dynamic modeling.
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Appendix A

The conversion from θ-angle to energy space is done by following Bragg’s law, with
the order of diffraction (n), Planck constant (h), speed of light (c), interplanar distance (d).

E =
n·h·c

2·d· sin(θ)
(A1)

For a cubic system, d is defined as: d =
a0√

h2 + k2 + l2
, with lattice spacing (a0) and

Miller indices (h, k, l). Therefore, the term
n·h·c

2d
is dependent on the chosen crystal and the

order of diffraction.

Appendix B

Figure A1. Spectra of Mn samples of different oxidation states. The spectra are compared to the measurement of the MUS.
Oxidation states ranging for a better overview in contrast to Figure 6 from +2 to +3.

Appendix C

 

Figure A2. Close-up of Figure 4 showing the lamellae region.
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Appendix D

Figure A3. Linear combination of hausmannite (H) and bixbyite (B).
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Abstract: The global market of lithium-ion batteries (LIB) has been growing in recent years, mainly
owed to electromobility. The global LIB market is forecasted to amount to $129.3 billion in 2027.
Considering the global reserves needed to produce these batteries and their limited lifetime, efficient
recycling processes for secondary sources are mandatory. A selective process for Li recycling from LIB
black mass is described. Depending on the process parameters Li was recovered almost quantitatively
by the COOL-Process making use of the selective leaching properties of supercritical CO2/water.
Optimization of this direct carbonization process was carried out by a design of experiments (DOE)
using a 33 Box-Behnken design. Optimal reaction conditions were 230 ◦C, 4 h, and a water:black
mass ratio of 90 mL/g, yielding 98.6 ± 0.19 wt.% Li. Almost quantitative yield (99.05 ± 0.64 wt.%),
yet at the expense of higher energy consumption, was obtained with 230 ◦C, 4 h, and a water:black
mass ratio of 120 mL/g. Mainly Li and Al were mobilized, which allows for selectively precipitating
Li2CO3 in battery grade-quality (>99.8 wt.%) without the need for further refining. Valuable metals,
such as Co, Cu, Fe, Ni, and Mn, remained in the solid residue (97.7 wt.%), from where they are
recovered by established processes. Housing materials were separated mechanically, thus recycling
LIB without residues. This holistic zero waste-approach allows for recovering the critical raw material
Li from both primary and secondary sources.

Keywords: lithium recycling; circular economy; lithium batteries; supercritical CO2; black mass

1. Introduction

Since the market launch in 1991, the global market of lithium-ion batteries (LIBs) has
been growing steadily. The global LIB market was valued at $36.7 billion in 2019 and is
expected to reach $129.3 billion by 2027 [1]. One reason for this strong growth is the rising
market for electric mobility. In 2018, 5.12 million electric passenger cars were registered
worldwide, which corresponds to an increase of 63% compared to the previous year [2].
Furthermore, rechargeable LIBs are used extensively in the growing market of cableless
electronic devices and applied in electric tools and grid storage applications [3]. Since
the global reserves required to produce LIBs, as well as the lifetime of LIBs, are limited,
efficient recycling approaches are necessary. The chemistry and technology of LIBs are
still in development, resulting in a wide variety of different battery types, which in turn
makes recycling more sophisticated. Battery recycling is also supported by the directive
2006/66/EC of the European Union, which requires a recycling rate of spent batteries of at
least 50 wt.% of whole spent battery [4].

Despite structural diversity, the basic structure of all LIBs is mostly the same [5].
Usually, the cathode is an aluminum foil with an intercalated Li compound, and the anode
a copper foil with a graphite coating. The anode and cathode compartments are separated
by a porous polyolefin and the electrolyte is a mixture of an organic solvent and a lithium
salt. These cells are enclosed by a sealed container made of aluminum, steel, special plastics,
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or highly refined aluminum composite foils [6]. Depending on the used cathode materials
current commercial LIBs can be categorized into five types [7]:

(1) LiCoO2 (LCO),
(2) LiNixCoyMnzO2 (NCM, x + y + z = 1),
(3) LiMn2O4 (LMO),
(4) LiNixCoyAlzO2 (NCA, x + y + z = 1), and
(5) LiFePO4 (LFP) series.

To simplify the battery recycling the process should be independent of the type of the
spent LIBs and should be applicable for mixtures of different LIBs.

Most of the already developed recycling processes are pyrometallurgical and/or
hydrometallurgical approaches. Pyrometallurgical processes are associated with high
energy consumption, high capital costs, and potential hazardous gas emission, as well
as complex extraction procedures [8,9]. Furthermore, the selective recovery of lithium is
very difficult [8]. Moreover, recycling of plastics and electrolyte is not possible. As both
components make up 40–50 wt.% of the spent battery, it is difficult to meet the required
recycling rate of 50 wt.% [9]. Hydrometallurgical approaches allow for recycling lithium,
as well as cobalt and nickel with high purity [7]. Leaching procedures with inorganic
or organic acids followed by precipitation and/or solvent extraction obtain the desired
products with high recycling efficiencies [10–12]. However, the high recycling rates can only
be achieved by using high quantities of acid which in turn not only produce high amounts
of wastewater [7]. Already the costs of the chemicals for acidic digestion and subsequent
neutralization exceed the intrinsic metal value by far. Furthermore, the low leaching
selectivity, especially in the case of inorganic acids, necessitates extensive purification
steps, which render the entire process complex and costly. A promising alternative is the
COOL-Process (CO2-leching), the core step of which is leaching with supercritical CO2
(sc CO2).

Supercritical fluids are interesting alternatives to conventional solvents for metal
extraction. There are more than 100 plants worldwide that extract using supercritical
solvents, thus creating a broad field of application for these processes [13]. Probably the
best-known process is the decaffeination of coffee [14]. A study by Rentsch et al. was able
to show that the higher investment costs compared to conventional processes are already
compensated by low operating costs after about two years. The low operating costs are
due to a low chemical requirement and less complex wastewater treatment [15].

In the field of battery recycling, sc CO2 currently plays only a minor role, but this
is incomprehensible. Only for the recycling of the electrolyte of the LIBs have several
studies [14,16–19] been published. The application of sc CO2 for the extraction of metals
has only been published in one paper on cobalt extraction [20]. The recovery of the
electrolyte is a challenging task, especially regarding the different compositions of the LIBs.
Several studies have shown that extraction with sc CO2 is an efficient way to recycle the
electrolyte [14,16–19], but this requires LIBs with the same composition, which is associated
with a high sorting effort and therefore does not appear economical. Supercritical CO2 has
also been employed for metal extraction from several materials, like ores, resins, and foils.
For instance, Bertuol et al. developed a process that allows the recovery of cobalt from
LIBs using sc CO2 and H2O2 (4% v/v) as co-solvent. This process allows the extraction of
more than 95 wt.% cobalt in a very short time (5 min) [20]. Other metals, such as nickel,
manganese, and lithium, are not considered in this study. Research on the recovery of
lithium from LIB by means of sc CO2 is not published yet.

Originally, the COOL-Process was developed for the production of Li2CO3 from
lithium containing ores, like zinnwaldite and spodumene (Figure 1) [21].
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Figure 1. Flowsheet for the production of Li2CO3 from Lepidolite, Petalite, Spodumene, and Zinnwaldite minerals by direct
carbonation [21].

Considering that this direct-carbonation process promises a selective leaching of Li
with subsequent precipitation and separation of Li2CO3 without the addition of further
chemicals [21,22], the COOL-Process has been applied to recover Li from black mass in the
current work as depicted (Figure 2).

 
Figure 2. Recycling process scheme of lithium-ion batteries (LIB) black mass.
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2. Materials and Methods

2.1. LIB Black Mass Pre-Treatment and Characterization

LIB black mass sample, type battery Li-NMC, was kindly supplied by the Institute of
Mechanical Process Engineering and Mineral Processing from TU Bergakademie Freiberg
and pre-treated before carrying out the optimization process by multi-stage crushing using
a planetary ball mill PM 100 (Retsch GmbH, Haan, Germany) and subsequent milling by a
vibrating cup mill (AS 200, Retsch GmbH, Haan, Germany) for grinding the black mass
sample to a particle size of <63 μm (d90: 61.18 μm).

The elemental composition of the LIB black mass was determined by atomic emission
spectrometry with inductively coupled plasma (ICP-OES, Optima 4300 DV, Perkin Elmer,
Waltham, MA, USA) and atomic absorption spectroscopy (AAS, ContrAA 700, Analytik
Jena, Jena, Germany). The LIB black mass sample was treated with aqua regia in a liq-
uid:solid ratio (L:S) of 100 at 180 ± 2 ◦C for 30 min using a Microwave MARS 6 (CEM
Corporation, London, UK). The procedure was repeated three times.

Carbon measurement was carried out with the vario EL MICRO cube system made
by Elementar Analysensysteme GmbH, Langenselbold, Germany, based on a combustion
method.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were
conducted by using TGA/DSC (Differential scanning calorimetry) 1 with a DSC sensor and
mass-flow controller GC 200 (Mettler Toledo, Gießen, Germany) to examine the thermal
behavior of the LIB black mass. TGA/DTA was carried out placing 22.36 mg of the black
mass in a 150 μL alumina crucible heated from 25 up to 1000 ◦C with a heating rate of
10 K/min under pure oxygen or nitrogen flow of 40 mL/min.

2.2. Optimization

The aim was to determine the reaction conditions at which the highest yield of the
target value can be obtained. However, processes reported in the literature are usually
conducted using the one-factor-at-a-time method. The influence of different factors is
evaluated by varying one after another, keeping the other ones constant. This method
often fails to determine the global optimum because the correlation between different
factors is not in consideration. Hence, the obtained optimum is a local instead of a global
one, and the process efficiency from an economic and environmental point of view is not
properly evaluated. Furthermore, the optimization cannot be considered accurate, because
the influence of some factors (binary correlations) on the target yield is often significant,
yet not determined. Therefore, the current work employs a statistical experimental design
by considering both binary correlations and squared effect in order to determine the global
optimum.

2.2.1. 33 Box-Behnken Design

To optimize Li recovery from the LIB black mass sample, a 33 Box-Behnken design
was used to determine the global optimum by consideration of all the factor combinations.
This design of experiment (DOE) requires tests on every half of the edges and in the
center, which was conducted threefold to determine the experimental error. The factors
investigated were: temperature T [◦C], residence time t [h], and water:black mass ratio L:S
ratio [mL/g] in a range comprising three levels (Table 1).

Table 1. Factors and levels in the 33 Box-Behnken experimental design.

Factors
Factor Levels

−1 0 +1

Temperature T [◦C] 150 190 230
Residence time t [h] 2 3 4

water:black mass
ratio L:S ratio [mL/g] 30 60 90
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Statgraphics v.18 (Statpoint Technologies Inc., Warrenton, VA, USA) was used as the
evaluation statistical software to determine the global optimum, as well as the model
equation which describes how Liyield depends on each nine effects (linear, squared, and
binary correlations). The model equation was obtained using Equation (1) via multi-linear
regression.

y = b0 + ∑N
i=1 bixi + ∑N

1≤i≤j bijxixj + ∑N
i=1 biixi

2 , (1)

where:

y: Target value: Liyield [wt.%];
xi: Factors: T [◦C], t [h], L:S ratio [mL/g];
N: Number of factors (3);
b0: Ordinate section; and
bi, bij, bii: Regression parameters of linear, squared and cross effects.

2.2.2. Experimental Procedure

Digestion experiments of the LIB black mass, using the conditions in random or-
der, were performed under elevated pressure (100 bar) using the autoclave Hastelloy
C4 (Berghof Products + Instruments GmbH, Eningen unter Achalm, Germany) and are
depicted in Figure 3.

 

Figure 3. Hastelloy C4 autoclave used to carry out the COOL-Process.

Digestion experiments by the COOL-process, which uses CO2 as a reagent, were
carried out adding the LIB black mass sample (d50 = 9.1 μm) in the BR-300 autoclave to a
volume of distilled water of 400 mL in accordance with the operating conditions depicted
in Table 2. The suspension was heated to a range of temperature of 150–230 ◦C at a heating
rate of 5 K/min and 500 rpm. CO2 was added and a pressure of 100 bar was set after
reaching the target temperature. The digestion time varied between 2–4 h. Afterward,
the reaction mixture was cooled down to T < 30 ◦C under pressure and subsequently
decompressed to normal pressure. The suspension was filled up with distilled water to
1 L and the residue was separated by vacuum filtration using an ash-free paper filter MN
640 dd (Macherey-Nagel, Düren, Germany). The leachates were analyzed by ICP-OES to
determine the Al, Cu, Co, Fe, Ni, and Mn content and AAS for the Li content.

Table 2. Composition of LIB black mass in wt.% analyzed by ICP-OES, AAS, and combustion.

Composition [wt.%]

Al Co Cu Fe Li Mn Ni C

Mean 1.89 2.37 2.21 0.29 3.18 23.89 8.31 26.04
Std. Dev. 0.29 0.10 0.06 0.09 0.02 0.69 0.34 0.01
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2.3. Li2CO3 Precipitation

The leachate (100 mL) obtained at T = 230 ◦C, t = 3 h, and L:S ratio = 30 mL/g was
heated T = 100 ◦C. Li2CO3 precipitation was complete at V = 2.5 mL. The solid product
was separated by filtration and washed with deionized water (5 mL). The liquid fractions
were combined and recirculated for the next run in order to not loose residual Li. Product
purity was determined as 99.8% by ICP-OES and AAS after dissolving with HNO2 1 vol.%.

3. Results and Discussion

3.1. LIB Black Mass Characterization

After discharging the LIB, a black mass was obtained by mechanical treatment in-
volving crushing and magnetic separation. Housing material, polyethylene, aluminum,
and copper were separated as initial products. The resulting black mass is a powder
consisting of anode and cathode material, coating material, electrode foils, and small parts
of aluminum, copper, and polyethylene from the separator foil. During mechanical com-
minution, the release of highly volatile compounds of the electrolyte (dimethyl carbonate,
diethyl carbonate) also occurs. Table 2 shows the mean value of black mass analysis and
the standard deviation of the sample set (Std. Dev.).

The Li content was 3.18 wt.% and the main metals were Co (2.37 wt.%), Cu (2.21 wt.%),
Mn (23.89%), and Ni (8.31 wt.%). The high Mn content compared to Co and Ni is noticeable,
from which was evident that the LIB was a (LiNixMnyCozO2, x + y + z = 1) type battery
(Li-NMC). Iron was introduced into the sample through the mechanical processing of the
LIB. However, due to the low concentration (0.29 wt.%), no negative impact on the process
was to be expected.

To be able to exclude the possibility of toxic fluorine compounds formed during the
digestion, a thermogravimetric analysis (TGA) was carried out. TGA under nitrogen and
oxygen showed a mass loss of 20.42 wt.% and 33.34 wt.% (Figure 4). The mean value of
both measurements (26.88 wt.%) was in accordance with the carbon content measured
by the elemental analysis (26.04 wt.%). Under oxygen atmosphere differential thermal
analysis (DTA) showed, as expected, an exothermic peak in the range between 450 and
750 ◦C, which correlates with the combustion of the contained carbon. However, heat
formation occurring here is only of minor importance for the process, which works at
T ≤ 230 ◦C. Only at T > 800 ◦C a slight release of fluorine compounds was observed.
Therefore, it is not expected that volatile fluorine compounds will form during digestion,
which means that no additional safety measures or special materials are required to operate
the COOL-Process safely.

Figure 4. Thermogravimetric (TG) curve (black) and differential thermal analysis (DTA) curve (blue)
of black mass heating under O2 (dashed line) and N2 (continuous line) atmosphere from 25 to 1000 ◦C
at 10 K/min.
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3.2. Optimization
3.2.1. Significant Influences on Lithium Yield

The Li leaching efficiency of each experiment obtained experimentally following the
DOE was determined and listed in Table 3 as Li yield. To evaluate which of the nine effects:
linear (A, B, C), squared (AA, BB, CC), and binary correlation (AB, BC, AC) contribute
significantly to Li yield, an analysis of Variance called ANOVA was conducted. The results
are depicted in Table 4. Terms that are insignificant for the target value were removed by
the stepwise method.

Table 3. Li yield in each experiment obtained experimentally following the 33 Box-Behnken experi-
mental design (A: T [◦C], B: t [h], C: L:S ratio [mL/g]). The experiments shaded in grey correspond to
the replicated central point.

Factors
Li yield [wt.%]

A: T [◦C] B: t [h] C: L:S ratio [mL/g]

1 190 3 60 75.2
2 190 2 30 66.8
3 150 2 60 52.1
4 230 4 60 91.5
5 190 4 30 66.3
6 190 4 90 80.2
7 150 3 30 52.7
8 190 3 60 72.5
9 230 3 90 93.1
10 190 2 90 74.6
11 230 2 60 87.0
12 150 3 90 58.2
13 150 4 60 57.8
14 230 3 30 71.3
15 190 3 60 72.8

Table 4. ANOVA results for Li yield from the 33 Box-Behnken design with three central points.

Source
Sum of
Squares

DF *
Mean

Square
F-Value p-Value

A: Temperature 1264.5 1 1264.5 158.87 0.0001
B: Residence time 13.2914 1 13.2914 1.67 0.2528

C: Ratio 242.857 1 242.857 30.51 0.0027
AA 18.9075 1 18.9075 2.38 0.1839
AB 0.403225 1 0.403225 0.05 0.8308
AC 66.1782 1 66.1782 8.31 0.0344
BB 2.71234 1 2.71234 0.34 0.5847
BC 9.09023 1 9.09023 1.14 0.3341
CC 21.0541 1 21.0541 2.65 0.1648

Total error 39.7955 5 7.9591 - -
Total (corr.) 2349.67 14 - - -

R2 98.3063 - - - -
R2 adjusted for DF 95.2577 - - - -

* Degrees of freedom.

According to the Pareto diagram depicted in Figure 5, the temperature in terms of a
linear effect takes the most pronounced effect on Li yield. The water:black mass ratio (L:S
ratio) showed the second highest effect, whereas the influence of residence time was rather
poor. Consequently, leaching is almost fully completed after 2 h, as Li yield was affected
only minorly within the residence time range studied (Table 3). This observation indicates
that supercritical CO2 is an efficient leaching agent for Li. The fact that residence time has
only a slight impact on leaching black mass for Li mobilization has been observed in other
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studies, too: For inorganic (e.g., HCl, H2SO4, H2O2), as well as organic (e.g., oxalic acid,
tartaric acid, citric acid) leaching agents, residence times between 30 and 240 min were
reported [10]. Hence, Li is only weakly bound in the matrix of the black mass and it can
therefore be easily extracted. This is also supported by the excellent extraction properties of
supercritical (sc) CO2. In previous studies, it was shown that the optimal residence time for
Li mobilization from zinnwaldite through leaching with sc-CO2/H2O is 3 h [21], whereas
leaching with HCl takes 7 h [22].

 
Figure 5. Pareto diagram with the significant effects on Li yield.

Furthermore, the AC correlation contributes to increasing the Li yield, too. It repre-
sents an interaction between temperature and water:black mass ratio. After Urbańska et al.
had observed the same trend when leaching black mass with H2SO4 and H2O2 [23], this
interaction was not unexpected.

The three squared correlations (AA, BB, and CC), as well as AB and BC as binary
interactions were removed from Equation (1) by the stepwise method because of their
insignificant effect to the Li yield optimization.

3.2.2. Model Equation and Optimum

In accordance with the experimental obtained results from the DOE, a mathematical
model equation was determined considering all significant effects on Li yield. This equation
allows for predicting the Li yield at any desired point within the investigated factors levels
range. Equation (2) predicts that Li yield reaches its all-time maximum with 98.8 wt.%
using the following reaction conditions: T = 230 ◦C, t = 4 h and L:S ratio = 90 mL/g.

Liyield(wt.%) = 19.6125 + 0.178·A + 1.9275·B − 0.43977·C + 0.00339·A·C (2)

where:

A: Temperature (◦C);
B: Residence time (h); and
C: L:S ratio (mLwater/gblack mass).

To validate the mathematical model, a twofold experiment involving these optimized
parameters was carried out. Both experiments provided a Li yield of 94.5 ± 0.33 wt.%.
With a difference of <5 wt.%, one may consider the calculated model by employing a 33

Box-Behnken design in accordance with the experimental data. However, bearing in mind
that only three of the nine effects studied took effect on Li yield, together with the optimum
being in a corner of the DOE, an evaluation of the statistical design will be carried out in
follow-up work. For instance, by employing a full factorial design, an improvement of the
statistical experimental design can be achieved, thus obtaining a better mathematical model
that describes how Li yield depends on the three chosen factors: temperature, residence
time, and water:black mass ratio.
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The model in terms of surface response is shown in Figure 6, where the bold points
correspond to the experimental data and the star to the two replicates which were carried
out using the optimal reaction conditions (T = 230 ◦C, t = 4 h and L:S ratio = 90 mL/g).

Figure 6. Li yield determined by the mathematical model equation varying the temperature and L:S
ratio, maintaining the residence time constant at 4 h. Bold points correspond to the experimental
data and the star point to the optimum obtained experimentally.

The Li yield (94.5 ± 0.33 wt.%) obtained under the optimal reaction conditions is
roughly in line with several studies using inorganic and organic acids. For instance,
Takacova et al. achieved a quantitative Li mobilization from the black mass with 2 M HCl
(60–80 ◦C, 90 min, L:S ratio = 50) with simultaneous quantitative cobalt mobilization [24].
Similar results were described by Urbańska et al. using 1.5 M H2SO4 and 30% H2O2
(90 ◦C, 120 min, L:S ratio = 10). In their study up to 99.91 wt.% Li was leached and
87.85 wt.% cobalt and 91.46 wt.% nickel were co-extracted [23]. A high Li (<90 wt.%)
and <30 wt.% Mn yield were obtained by Li et al. with 1 M oxalic acid (95 ◦C, 12 h,
L:S ratio = 10) [25]. In other words, Co, Ni, and Mn were co-mobilized. All published
results have in common, though, that their Li selectivity is poor, thus requiring additional
purification and consumption of chemicals, not to speak of process costs. In contrast, the
current work exhibits not only a high Li selectivity but also a high degree of Li mobilization.
Under optimal reaction conditions, only Al was co-extracted (Table 5), but the presence of
this metal has no influence on the further process of the Li2CO3 precipitation. The reason
is for the insensitivity of the COOL-Process towards Al is the inability of Al to form neither
carbonates nor hydrogen carbonates under this condition. Precipitation of Al salts with
CO2 only occurs from pH 9 and not in the acetic range [26]. With CO2/water being a
weak acid only, any other acidic leachate reagent will consequently co-mobilize Co, Ni,
and/or Mn, the interaction of which with Al3+ and Fe3+ inevitably requires tedious and
complex separation of these metals prior to Li2CO3 precipitation. The latter step is gaining
further complexity through the mutually interacting chemistry of these metal cations with
hydroxide, thus severely taking effect on the process economy of these approaches. A
further advantage of the COOL-Process is the effect that, in contrast to other carbonates, the
solubility of Li2CO3 decreases with increasing temperature. For this reason, the digestion
solution is heated to 90 to 95 ◦C and the target product is precipitated in the process.
The precipitation behavior of Li2CO3 in such digestion solutions has been extensively
investigated in previous studies, so it was omitted here [15,21,22,27].
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Table 5. Co-mobilization of selected elements at 230 ◦C, 4 h, and L:S ratio = 90 mL/g.

Element Mobilization [%]

Al 52.34
Co 0.52
Cu 0.08
Fe 2.27
Mn 0.66
Ni 0.66

Direct carbonation (COOL-Process) of black mass has the advantage of leaving other
valuable metals, such as Co, Mn, and Ni, in the leaching residue from where they can
be recycled with ease according to established techniques. There exist pyrometallurgical
processes for this purpose, so that the COOL-Process can be understood in terms of an
enabling technology, which gives way to isolate lithium prior to known pyrometallurgy in
a preliminary stage. The CO2 released during the pyrometallurgical recovery of Co, Ni,
and Mn can, in turn, be used for carbonization, this way contributing to both a zero-waste
approach and circular economy.

Another advantage of the COOL-Process is its efficiency in terms of Li recovery
regardless of the composition of the raw material. Particularly in the field of LIB recycling,
a broad and robust feedstock variability is a prerequisite to operate the process economically,
which in turn is mandatory in terms of successfully establishing a circular economy. Each
battery manufacturer uses different compositions, for which reason there are a plethora of
different battery types on the market. Most processes for recycling LIBs are specialized in
certain compositions, which entails complex sorting processes. This is usually only possible
by hand, which renders these processes highly cost intensive. The flammability of damaged
LIB is susceptible to danger, what is an issue when hand-sorting. In the COOL-Process,
LIB can be processed regardless of their composition. Moreover, previous studies have
already shown that this process is suitable for extracting Li from ores, like zinnwaldite, too.
The optimum reaction conditions determined in these studies were 230 ◦C, 3 h, and a L:S
ratio of 30 and are thus comparable to the conditions determined in the current work [21].
Therefore, it can be concluded that the COOL-Process probably allows for recovering Li
from both primary and secondary sources. It is a textbook example of circular resources
chemistry, which comprises origin-independent processes for the production of chemical
raw materials that do not differentiate between primary and secondary raw materials [28].

However, the maximum is placed in a corner, which raises the question of whether
another factor (e.g., pressure) needs to be explored to ensure that the optimization covers
all effective factors. From the viewpoint of process engineering, temperature increase
appears as the factor of choice to check for higher Li mobilization. This is not possible,
though, which is one of the limitations of the materials in contemporary LIB. Conventional
sealing material (polytetrafluoroethylene, PTFE) is only stable up to 230 ◦C, so special
materials, such as perfluoro rubber (FFKM), would be necessary. Particularly, on an
industrial scale, these special sealing materials, together with the energy input required
to reach temperatures >230 ◦C, are associated with considerable additional costs. Since a
high Li mobilization was already achieved at 230 ◦C, only a small yield increase can be
expected from a further temperature increase, which, however, is not justified in terms
of additional energy and raw material demand which is in sharp contrast to the plus of
Li to be expected. For these reasons, this factor remained unaltered and the maximum
level was set to 230 ◦C. Since the second highest effect on the Li yield was provided by
water:black mass ratio, the highest factor level was increased to 120 mL/g to evaluate how
much the target value can be increased (Figure 7). 98.6 ± 0.19 wt.% Li was recovered by
the COOL-Process at 230 ◦C, 4 h, and 120 mL/g. Considering the increase of 4.6 wt.% on
the target value using 120 instead of 90 mL/g, the DOE could be improved by redefining
the factor levels considering this enhancement on the Li yield. However, the small increase
in yield represents a 22 wt.% reduced Li concentration in the digestion solution, which in
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turn will necessitate a higher energy input for its concentration prior to precipitating the
target product Li2CO3. Again, this additional energy costs, in combination with resulting
CO2 emissions for energy generation, may hardly be compensated for the rather small plus
in lithium yield.

Figure 7. Effect of L:S ratio on the Li yield carrying out the COOL-Process at 230 ◦C for 2 or 4 h as
residence time.

With this in mind, the 4.6 wt.% higher Li yield obtained from varying the water:black
mass ratio cannot compensate for the lower energy efficiency. This latter issue can be
equalized by reducing residence time t. Although the theoretical optimum is placed in a
corner of the 33 box, the obtained information is sufficient to recognize the potential that
lies in reducing t without investing in further optimization work. If sc-CO2-leaching is done
at 230 ◦C, 120 mL/g, and 2 h instead of 4 h, 99.05 ± 0.64 wt.% Li was recovered. As can
be seen in Figure 7, the differences between the Li yields (~1%) when the COOL-Process
was carried out at 230 ◦C for 2 or 4 h are not significant when using 120 mL/g. Hence,
almost quantitative lithium recovery was reached by simply increasing the L:S ratio from
90 to 120 mL/g and conducting the leaching for 2 h. As pointed out before, the economic
impact on the entire Li recycling process is an essential factor to be considered. Process
performance depends not only on maximizing target values but also on economic efficiency.

It appears evident from these considerations that in general quantitative metal re-
covery from whatever feedstock may technologically be feasible, yet the bill is paid in
terms of higher energy consumption, higher CO2 emissions, and lacking economy. Applied
to the circular economy, where the intrinsic metal value of the secondary raw material
should exceed process costs, it is obvious that real-world processes always will constitute a
compromise between what is desirable, what is feasible, and what is realizable. A way out
of this situation is integrated processes, where the (secondary) raw material is converted
into marketable products to the most possible extent. This is given here, since Co, Ni, and
Mn, as well as housing material, are products, too, and CO2 is re-circulated. A follow-up
economical assessment will be conducted to provide the essential information to which
extent additional efforts towards quantitative recovery are justified.

3.3. Li2CO3 as a Final Product

Black mass leaching under the conditions identified optimal in the optimisation study
(Section 3.2) to reach the highest Li concentration (T = 230 ◦C, t = 3 h, L:S ratio = 30 mL/g)
yielded an aqueous solution of LiHCO3. The final product, Li2CO3, was obtained making
use of its solubility anomaly. The carbonate’s solubility in water is 13.3 g/L at T = 20 ◦C,
while it is 7.2 g/L at T = 100 ◦C. Heating the solution to T = 100 ◦C not only decomposes
LiHCO3 to give Li2CO3, it also serves to reduce the solution volume in order to obtain best
possible precipitation results. Filtration of the solid product gave pure X which was washed
with deionised water with twice the amount of the volume of the residual precipitation
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solution (Figure 8). After drying, Li2CO3 was dissolved in HNO3 1 vol.%. Product purity
was 99.8% as determined by ICP-OES and AAS.

 

Figure 8. Li2CO3 as a product after precipitation of LiHCO3 by heating up at 100 ◦C.

The concentration of all other cations, such as Al, Mn, Fe, Co, Ni, and Cu, in sum
accounted to <0.17 wt.%. With Li2CO3 purity >99.8 wt.% it was shown that the COOL-
Process is capable of producing battery grade Li2CO3 as crude product, which needs no
further purification.

The remaining liquid fractions from product precipitation and washing were combined
and recirculated. They serve as aqueous phase for the next run. Although this way no
lithium is lost, Li2CO3 precipitation remains an issue, since precipitation efficiency in our
experiments ranged widely between 43 and 85 wt.%. Optimizing product precipitation
is therefore matter of follow-up studies. The same applies for Al, which under the given
conditions is not susceptible for precipitation from carbonatic solutions. Upon recirculating
the aqueous solutions, Al will accumulate and may interfere with the process. Exploratory
experiments showed that Al can be eliminated as oxalate. If, however, aluminium oxalate
precipitation interferes with Li leaching beyond what is tolerable, purging the solution is
an option.

3.4. Industrial Application Feasibility

The COOL-Process has been successfully tested on a lab-scale and the high Li yield ob-
tained using LIB as secondary sources demonstrates the efficiency of the direct-carbonation
process.

The purpose of realizing holistic research approaches with practical relevance that can
be carried out by using different raw materials is challenging. According to the obtained
results, it can be affirmed that the goal has been reached because COOL-Process has been
used for recovering Li from primary [21], as well as secondary raw material. This success
essentially contributes to safeguarding the raw material base of the European industry for
LIB production.

Furthermore, considering the lack of Li recycling from secondary sources due to the
uneconomic methods, this new approach offers selective leaching where Li can be recovered
and subsequently precipitated to obtain Li2CO3. Present pyro- and hydrometallurgical
processes developed for LIB recycling are focused on the recovery from other valuable
metals, such as Co, Mn, and Ni, among others. Li remains in the solid residue and its
recovery is cost intensive (if feasible at all). The current alternative allows for efficiently
recovering Li and offers the possibility of recycling other metals, such as Co, Cu, Mn, and Ni,
since they are not affected by the COOL-Process. Their selective separation can be carried
out using different techniques, such as solvent extraction, membrane technologies, and
precipitation [10,11,29,30]. Therefore, the developed process shown in Figure 2 contributes
to a zero-waste concept, as well as the development of sustainable recycling processes.
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4. Conclusions

The current work shows a selective process to mobilize Li from LIB black mass by
leaching with supercritical CO2. Process parameter optimization was done by using a 33

Box-Behnken design as DOE. The maximum Li yield of 94.5 wt.% was reached at 230 ◦C,
4 h, and a water:black mass ratio of 90 mL/g. With a water:black mass ratio of 120 mL/g
Li yield was almost quantitative (99.05 ± 0.64 wt.%), yet requiring higher energy input. In
contrast to all other studies, only Li and Al were mobilized, which allows for selectively
precipitating Li2CO3 in high purity without much effort, yielding battery grade-quality
(>99.5 wt.%) as the crude product. There is no further refining required. Other valuable
metals, such as Co, Cu, Ni, and Mn, remained in the solid residue, which can be separated
selectively and recovered by established processes. The CO2 released in these processes
can be fed back to the COOL-Process. Therefore, this holistic approach for LIB recycling
comes very close to the goals of zero-waste. Last but not least, this approach allows for
simultaneously treating primary and secondary raw materials for Li recycling.
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Abstract: The global use of lithium-ion batteries of all types has been increasing at a rapid pace
for many years. In order to achieve the goal of an economical and sustainable battery industry,
the recycling and recirculation of materials is a central element on this path. As the achievement of
high 95% recovery rates demanded by the European Union for some metals from today’s lithium
ion batteries is already very challenging, the question arises of how the process chains and safety of
battery recycling as well as the achievement of closed material cycles are affected by the new lithium
battery generations, which are supposed to enter the market in the next 5 to 10 years. Based on a
survey of the potential development of battery technology in the next years, where a diversification
between high-performance and cost-efficient batteries is expected, and today’s knowledge on re-
cycling, the challenges and chances of the new battery generations regarding the development of
recycling processes, hazards in battery dismantling and recycling, as well as establishing a circular
economy are discussed. It becomes clear that the diversification and new developments demand a
proper separation of battery types before recycling, for example by a transnational network of dis-
mantling and sorting locations, and flexible and high sophisticated recycling processes with case-wise
higher safety standards than today. Moreover, for the low-cost batteries, recycling of the batteries
becomes economically unattractive, so legal stipulations become important. However, in general,
it must be still secured that closing the material cycle for all battery types with suitable processes is
achieved to secure the supply of raw materials and also to further advance new developments.

Keywords: lithium-ion battery; LIB; battery recycling; mechanical recycling processes; hydrometal-
lurgy; pyrometallurgy; battery generation; circular economy; solid state batteries

1. Introduction

The goal of economical and sustainable battery cell production remains a key ele-
ment on the way to establishing electromobility as a green technology of the future [1].
Sustainable process management and development also includes the economic recycling
and recirculation of materials used in cell production with a simultaneously low energy
input, which leads to a reduction of the ecological CO2 footprint in battery cell produc-
tion [2–5]. Therefore, the establishment and sustainable further development of an inter-
nationally leading, competitive battery cell production must go hand in hand with the
development of appropriate recycling technologies [6–9]. The recycling technologies must
be flexible and adaptable to future production technologies and especially materials that
are processed in the future with regard to new battery generations [10].

Moreover, closing the material cycles for batteries on the basis of scalable production
and recycling technologies is a central component for a CO2-reduced or CO2-neutral battery
cell production and thus for electromobility (e.g., achieving the “Green Deal” goal of the
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European Union (EU)). Only closed material cycles in batteries can enable a conversion
from carbon-based energy sources to sustainably produced electrical energy in ecological,
economic, and social terms [7,11,12]. To achieve closed loop material cycles, appropriate
recycling technologies must be developed. For example, according to the new battery
directive proposal of the EU Nr. 2019/1020, 95% of cobalt (Co), copper (Cu), and nickel
(Ni) as well as 70% of lithium (Li) have to be recovered from spent lithium-ion traction
batteries by 1 January 2030 [13]. Moreover, according to the report on the circular economy
of traction batteries published by the Circular Economy Initiative Deutschland of acatech
(National Academy of Science and Engineering in Germany) 90% of Co, Ni, and Cu as well
as 85% of Li should be recycled from spent lithium battery systems by 2030. In addition,
a recycling rate of 70% of the entire battery should be aimed for [14]. In a worldwide
comparison, the EU sets very high requirements with the Battery Directive. In the USA,
there are no generally applicable requirements for the return of lithium ion batteries (LIBs).
However, voluntary consortia (e.g., the End of Live Vehicle (ELV) Solutions consortium)
work together here to close material cycles. China follows a similar approach to the EU.
Producers are encouraged to take back batteries that have been put into the market and to
return them to the materials cycle [15]. Other countries in Asia (South Korea, Japan) are
pursuing similar goals as the EU (South Korean RoHS/ELV/WEEE Act, 2007 and Japan’s
End-of-Life Vehicle Recycling Law).

For the recycling of lithium-ion batteries today, usually at first, a deactivation of the
battery system is realized, which is followed often (but not compulsory) by a disman-
tling of the battery system down to the cell modules (or more seldom individual cells).
The deactivation can be achieved by full electrical discharge and subsequent short cir-
cuiting, by treatment in a saline solution, or by pyrolysis (high heat treatment) of the
battery systems at temperatures of more than 200 ◦C [16,17]. Afterwards, in general,
three types of process technologies are used, which are combined in a different manner:
mechanical, hydrometallurgical, and pyrometallurgical processes [7,17–22]. Figure 1 gives
an overview of different possibilities to combine the different process types. The different
process steps can be applied in different sequences and above all in different processing
depths [19,23]. One lean way is deactivation by pyrolysis, pyrometallurgical processing,
and slagging. Pyrometallurgical processes are well established for processing primary mate-
rials and can achieve high recovery yields concerning the metals cobalt, nickel, and copper,
but they show challenges regarding the recovery of lithium. Therefore, to recover lithium
and manganese, pyrometallurgical processes have to be combined with hydrometallurgical
processes for processing the slag. Overall, a relatively small overall recovery of the batteries
material can be expected in this case due to graphite, polymers, and electrolyte being
burned, although a very high recovery of Ni, Co, and Cu is possible [24]. A more elaborate
way puts together another combination of processes. Here, the battery cells or modules
are discharged in the first step, for example, before they are mechanically crushed [25].
Subsequently, the black mass or the shredded battery material is pyrometallurgically
processed before it goes into a final hydrometallurgical step. Here, for example, the de-
gree of mechanical processing can be varied [18,24,26]. The amount of recovered ma-
terials increases, as polymer components as well as aluminum can also be recovered.
Furthermore, after deactivation and mechanical processing, there is also the possibility of
proceeding directly to hydrometallurgical processing (as it was proposed for the LithoRec
process [20,27,28]). This route enables early recovery of the polymer battery components
as well as Cu and Al. In addition, hydrometallurgical processing can also recover Mn that
cannot be recovered by pyrometallurgical processes. In addition to the recovery of the
individual substances such as Ni and Co, also, the direct reconditioning of the cathode
material by hydrometallurgical treatment is carried out on an industrial scale. Avoiding py-
rometallurgical processing during battery preparation theoretically reduces the energy
requirement and thus improves the ecological footprint [29]. Furthermore, other process
routes are theoretically possible, but they shall not further be discussed here; they are
discussed in more detail in relevant literature.
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Figure 1. General overview of some potential recycling process chains in different combinations.

Overall, the overview of the recycling processes shows that many different recycling
process routes are possible and in industrial use or under development at pilot scale
at least [17,28–30]. As a requirement for a future process chain, besides achieving high
recovery rates of more than 90% or even 95% [13,14] and in parallel sufficient material
purities for further usage as battery material, it is therefore to be set that it should be highly
flexible in order to achieve the most energy-efficient multi-material recovery possible.
To reach this goal, mechanical, thermal, and chemical process steps are to be used and
combined in different ways. Future recycling processes for Li-ion batteries must not only be
able to process new materials but should also replace energy-intensive processes currently
used for classic Li-ion batteries with low-energy, environmentally friendly process steps.

2. Lithium Battery Development

Today, lithium-ion batteries with liquid electrolyte dominate the market for elec-
tromobility. They are also used in portable devices as well as in the field of station-
ary energy storage. On the cathode’s side, particles of lithium transition metal oxides
such as lithium nickel manganese cobalt oxide (NMC, LiNixMnyCozO2) and lithium
nickel cobalt aluminum oxide (NCA, LiNixCoyAlzO2) or also lithium metal phosphates,
especially lithium iron phosphate (LFP), are mainly used. In the case of the NMC and
NCA materials, the nickel content increases steadily, and the cobalt content decreases
continuously. Polyvinylidene fluoride (PVDF) is currently used as a standard binder on the
cathode side. On the anode’s side, graphite is usually used as the anode material; in rare
cases, lithium titanium oxide (LTO) is used. Moreover, the first cells with the addition of
very small amounts of silicon to the graphite are offered by the cell manufactures. A mix-
ture of carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR) usually acts as
a binder within the anodes. As shown in Figure 2 within the near and medium-term future,
the following developments in next-generation lithium battery technology are expected:

1. High-performance lithium-ion batteries with liquid electrolyte, but anodes with higher
content of nanosized silicon and cathodes with minimal or no cobalt content [31,32].

2. Cost-efficient lithium-ion batteries with liquid electrolyte, graphite anode, and cath-
ode material based mainly on iron and/or manganese and only small amounts of
nickel and eventually cobalt. In addition to lithium-ion based batteries, also sodium-
ion based batteries are under development, which could replace at least partly the
named cost-efficient lithium-ion batteries [33,34].
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3. Solid-state lithium batteries with lithium or lithium-free anode structure (eventually
graphite anode as intermediate stage) and solid-state electrolytes on the cathode side
and as separator [35].

4. Lithium sulfur batteries with lithium anode and a cathode made out of sulfur–
carbon composites [36].

Figure 2. Diversification of lithium battery technologies.

An overview of the materials and their potential contents in the different battery
types is given in Table 1. According to Table 1, it can be concluded that with the use
of the upcoming battery generations, the composition in terms of recyclables will also
vary. While the Ni content will increase significantly in type I, the presence of Fe or Mn
is expected in type II. In both types, the liquid electrolyte including Li conducting salt
is also expected to have high potential for recovery. However, for type II, also sodium
instead of Li has a significant potential. In contrast, for type III and eventually also type IV,
solid electrolytes are employed for the separator and as electrolyte within the composite
cathode. The solid electrolytes can have an oxide, sulfide, or polymer nature, whereby the
compositions and properties can be highly variable (Table 2).

Table 1. Material contents of different battery generations (with a focus on lithium-based batteries).

Amounts of Materials in
Each Battery Type (%)

Type I (High Ni-NMC)
[37,38] (%)

Type II (e.g., LFP)
[37,38] (%)

Type III
(SSB) [39] (%)

Type IV (LiS) (%)

Housing 22 (cylindrical) 27 (cylindrical) 27 (pouch) 34 (pouch)
Cathode current collector 7 (Al) 6 (Al) 4 (Al) 5 (Al)

Cathode active material 26 (high Ni content,
i.e., NMC 811)

25 (e.g., Fe content,
i.e., LFP)

42 (high Ni content,
i.e., NMC 90505) 21 (S-C composite)

Anode current collector 17 (Cu) 10 (Cu) 10 (stainless steel) 14 (Cu)
Anode active material 15 (C/Si) 13 (C) 3 (Ag-C composite) 7 (Li)

Electrolyte 10 (liquid) 16 (liquid) 13 (solid, Li6PS5Cl) 19 (solid, Li6PS5Cl)
Separator 3 3
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Table 2. Typical components and properties of separator technologies.

Classic Electrolyte Oxides Sulfides Polymeres

Aggregate state liquid solid solid solid
Conducting salt 1M LiPF6 LiTFSI

Liquid organic solvents EC, EMC, DMC, PC

Solid electrolyte compounds LLZO, LATP e.g., Li3PS4, Li6PS5Cl,
Li10SnP2S12 [40]

e.g., PEO, PC, PS, and
variations [41]

From these points, it is clear that next-generation technologies will include much
fewer critical components, such as cobalt, but also new materials such as silicon, or even
germanium. In the medium to long term, metallic lithium is expected on the anode side
in case of type III and especially type IV. The use of lithium anodes will require the use
of polymeric, sulfidic, and/or oxidic solid electrolytes as separator and as electrolyte on
the cathode’s side. However, more and more also lithium-free anode structures are shown
in the literature [42,43]. In this case, the lithium from the cathode active material moves
to the anode side and is deposited on the lithium-free anode layer. In order to minimize
the formation of dangerous lithium dendrites, also lanthanum, titanium, zirconium or
phosphorus in the solid electrolyte area are presented. Lithium is still indispensable for the
time being, but the commercialization of sodium ion or other batteries in the near future is
also conceivable. Overall, a further increase in the complexity of the battery cells developed
and produced and the use of other economically strategic raw materials can be expected.
The recovery of these should be tackled urgently in order to establish sustainable battery
production with respect to the increasing sales figures.

In view of the rapidly evolving battery technologies, the best possible recycling
routes for the newly developed battery cells should be determined and their recyclability
assessed at an early stage. In addition to battery cells with a higher proportion of silicon,
pure lithium, and/or solid-state electrolytes, the use of novel binders and fibrous additives
or the increase in the adhesive strength of the electrodes can also significantly influence the
recycling processes. In addition, active material mixtures are increasingly being used on
the cathode’s side, so that iron, among other substances, enters the metallurgical material
preparation process. Moreover, a direct reconditioning of the active material gets very
difficult to impossible. Sustainable recycling concepts must be evaluated in advance by
process-based economic and ecological models for the entire life cycle.

Of great interest is the assessment of the coming battery generations with regard to
the change of a future circular production of batteries, the recycling process itself, and the
hazard potential within the recycling process. Accordingly, in the first step, the three
criteria for today’s LIB are briefly presented, and based on this, the potential challenges
posed by the introduction of the different cell generations mentioned above are assessed.

3. State of the Art Recycling Processes for Lithium-Ion Batteries

As shown in Figure 1, different process chains and routes are developed for the re-
cycling of today’s lithium-ion batteries. Today, the most common ones are a combination
of mechanical and hydrometallurgical processes as well as a combination of dismantling
and pyrometallurgical processing. Casing and connection materials of the battery pack
and module are removed in advance or even after comminution in the processes pre-
sented and fed, in the normal case, to the conventional recycling methods for aluminum,
iron, polymers, and others.

3.1. Mechanical–Hydrometallurgical Recycling Technology and Challenges

A common recycling route to be found combines mechanical processing with direct
hydrometallurgical processing of the batteries. The mechanical processing can be fulfilled
in a dry or a wet mode. Moreover, before mechanical treatment, the battery system has to
be deactivated by complete discharge and usually short circuiting and dismantled down
to at least the module level. However, it is also reported that the dismantling goes down
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to the electrode level in order to separate anode and cathode materials already before the
mechanical treatment.

The economically and ecologically attractive mechanical processing of the battery cells
is carried out down to the level of active and inactive materials, and it can be combined
with an evaporation of electrolyte components [20,27,28,44]. Discharged battery cells and
modules are comminuted under inert atmosphere in a shredder process or under water [45].
Then, the components are separated by classification and sieving processes. To achieve
a high separation quality of the materials, several steps can be run consecutively with
different process settings [20,28]. Furthermore, some alternative methods also include
electrolyte recovery steps. The pre-dried shredded material is divided in the separation
process into metallic components (casing material), current collector foils (Al and Cu),
black mass (Li, Co, Ni, and Mn oxides, graphite, PVDF, carbon black, and impurities) and
organic components (separator) [19,25]. However, today, the mechanical processes are
not able to achieve practical recycling rates of more than 95% regarding cathode active
materials and the necessary purities. Subsequently, the black mass is processed without
any intermediate steps in the hydrometallurgy.

A particular challenge without pyrolysis or pyrometallurgical processes is the han-
dling of the remaining fluorine components, which can be deviated on the routes including
pyrolysis or pyrometallurgical processes due to high temperatures. Hydrometallurgy is a
process at low temperatures in aqueous phases and can be performed in three major steps.
Leaching is the first step and describes the dissolution of metals via the usage of acids
or bases. Typically, at first, the black mass is dissolved in NaOH and afterwards leached
using H2SO4, with initial impurities such as iron, aluminum, and copper precipitated
by small amounts of NaOH and sieving [46,47]. The purification is the second step in
the process chain where the metals are separated and purified via e.g., selective chemical
reactions. The last step is the final recovery of the metals or the salts. This can be done by
means of e.g., crystallization, ionic precipitation, electrolytic deposition, or further methods.
For example, the individual metals can be further precipitated as sulfate salts by adding
NaOH or other basic agents and increasing the pH. Selectively, this can be controlled by
considering the different solubilities of the metal salts [46,47]. Hydrometallurgical process
steps are capable of producing high product purities. However, plants for counter-flow
are larger than those used in pyrometallurgy and require a larger financial investment
volume for their construction [21,48,49]. In general, important challenges are to achieve
the demanded high recovery rates and, at the same time, high material purities.

An example of the mechanical–hydrometallurgical process chain is the LithoRec
process [19,20,28], which is commercialized in similar form by Duesenfeld and Redux
(Figure 3). The developed process has a high potential to close the loop of the circular
economy in the battery production as well to reduce the CO2 footprint in the battery
production and utilization phase due to the high recovery rates of the recyclables and the
low energy consumption. Maximizing the recycling rate was a core objective of the projects.
Among other things, a process was developed in which, depending on the active material,
85 to potentially over 95% of the lithium can be recovered by mechanical (includes drying
step) and hydrometallurgical means (leaching and subsequent precipitation of the lithium).

Figure 3. Developed process chain of mechanical/thermal processing of the LithoRec process prior to hydrometallurgical
steps [20,28].

Another example is the process used by Accurec GmbH® (Krefeld, Germany). Here, the bat-
teries are discharged prior to mechanical processing and subjected to vacuum thermal
pretreatment (pyrolysis) [44,50]. In this process step, volatile organic (electrolyte) as well
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as polymeric components (separator) and halogenic compounds can be pyrolyzed at
200–400 ◦C and low pressure. In the further course, the pyrolyzed mass is subjected
to mechanical processing, pyrometallurgical processing, and subsequently hydrometal-
lurgical processing to recover also the lithium. The developed process also has a no-
ticeable potential to close the loop of the circular economy. In addition, the company
Erlos GmbH represents another interesting approach in the recycling of lithium-ion bat-
teries, in which the battery cells are separated by type (anode, separator, cathode, casing).
Subsequently, in the example, the entire cathode coating is separated from the aluminum
substrate foil. Then, the cathode coating is separated into its components—active mate-
rial, binder, and carbon—by wet chemical processes (leaching), and the active material is
reconditioned. This step allows the active materials on the cathode and also anode side to
be reused after the treatment without having to perform a resynthesis based on the purified
substances, i.e., metals. However, the electrolyte, binder, and conductive additives are lost
for reuse. Nevertheless, the active material chemistry is retained and cannot be adapted to
new requirements [47,51].

3.2. Pyrometallurgical Recycling Technology and Challenges

Another approach for the recycling of lithium ion batteries is the pyrometallurgical
(mechanical–pyrometallurgical) way. In this process, the battery cells or modules can be
placed in a direct pyrometallurgical step or they can be mechanically processed in a first step
(analogous to the mechanical–hydrometallurgical), and the obtained valuable black mass
is fed into the pyrometallurgy. Pyrometallurgical processing involves high-temperature
processes such as melting and roasting to produce battery slag [52]. A pyrometallur-
gical recycling process of LIBs starts with an initial heating in the temperature range
of 150–500 ◦C, during which electrolyte components and organic solvents are removed.
Subsequently, a high-temperature process with temperatures up to 1450 ◦C using reduc-
ing agents (graphite, coke, NaHSO4, CaCl2, or NH4Cl) is carried out in the furnace to
obtain battery alloy and slag (Li2O as well as Li2CO3) as products [17,53,54]. Due to
the different meting points, the metals Ni, Co, and Cu can be individually recovered.
However, lithium, manganese, and aluminum get into the slag or the kiln dust. The battery
alloy produced in this way contains the valuable materials (such as Co, Cu, and Ni) and
can then be processed hydrometallurgically. Lithium and other battery components can
only be recovered at great expense or not at all by this process. The advantage of this
process technology is the comparatively high robustness against changing feed material
and a comparatively small plant size with given throughput. The disadvantage is the
comparatively lower overall quantity of recyclable materials. However, the critical metals
are recycled at a high recovery rate. The processes generate only intermediates that have
to be purified by further steps to enable reuse (e.g., further processing by hydrometallur-
gical steps). In addition, they show low economic efficiency when low concentrations of
recyclable materials (e.g., Co, Cu, and Ni) are present [24,52,55].

The process from Umicore Valéas™ (Bruxelles, Belgium) can be cited as an example of
the pyrometallurgical processing route. As a great advantage in advance can be mentioned
the great robustness of this way to various types of batteries [17]. Prior to thermal process-
ing, the batteries are dismantled, whereby plastic and metal housing parts in particular are
removed, and the cells are exposed [56]. Then, these are pyrolyzed in the shaft furnace at
three different process temperatures (400–1450 ◦C). The alloy obtained contains valuable
materials such as Cu, Co, and Ni. In turn, the slag contains Li. Both are subsequently
hydrometallurgically processed in a leaching process to recover the valuable materials
contained for reuse [17].

3.3. Potential Hazards of Lithium-Ion Batteries in Recycling Processes

Battery systems of electrically powered vehicles (e.g., EV, PHEV, HEV) contain chemically
stored energy. The systems contain energy quantities of up to 20–100 kWh (TESLA Model S) and
reach system voltages of 300–800 V [2,57]. The associated hazards are particularly relevant
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when the battery is handled separately from its application, such as in the dismantling
and the recycling process [28]. In recycling, due to mechanical process steps in particular,
this should be of major importance. Today’s and future battery generations combine built-
in active materials with high energy densities and partly highly inflammable electrolytes.
In normal use, particularly external factors such as short circuits (internal and external),
high temperatures or mechanical deformation can trigger critical events and lead to the
thermal runaway [58]. Thus, the hazards that can be caused by these faults from the battery
in recycling can be divided into three main areas: (1) electrical, (2) thermal, and (3) chemical
hazards. However, in the real case, they never occur alone but are usually a combination of
hazards. Therefore, in general, a recycling process should be designed and engineered in
such a way that the risks can be avoided as far as possible.

• Direct electrical shock is one of the main types of hazard when handling batteries.
A direct electric shock can cause severe skin burns at the point of entry and exit,
depending on the current, voltage and type of current (AC/DC). In addition, the paral-
ysis of muscles and, in the worst case, electrolysis of the blood may occur.

• The thermal hazards of a battery cell are mainly due to the electrolyte components
used. The main components of the current electrolytes are a mixture of organic
solvents (e.g., ethyl carbonate, EC; ethyl methyl carbonate, EMC; and others) and a
conducting salt (lithium hexaflourophosphate, LiPF6). The carbonates used are highly
flammable hydrocarbons. The reaction of LiPF6 with water can result in the highly
toxic and corrosive hydrogen fluoride (HF) [59,60]. Partially high evaporation rates of
electrolyte components in moderate temperature ranges and partially closed process
rooms can lead to explosive mixtures in combination with an oxygen-containing
atmosphere [61]. In addition, if higher temperatures have occurred, the reaction
products of reactions of the different components of a battery cell can also lead to fire
and explosions in the processes (hydrogen, methane, carbon monoxide).

• Chemical hazards of battery cells are mainly determined by the ingredients but also
by accessible reaction products in case of failure. The materials and products have
irritating, human-toxic, carcinogenic, respiratory, environmentally harmful, and water-
damaging effects. Particularly noteworthy in this case is the active material of the
cathode. The cathode active materials consist mainly of lithium transition metal
oxides such as NMC and NCA or also lithium metal phosphates, especially lithium
iron phosphate (LFP). Especially the significant amounts of the heavy metals nickel
and cobalt are both known to be carcinogenic and toxic for mammals. In addition,
the small particle size (10–15 μm) of these can increase the exposure through the
human respiratory system.

Uncontrolled temperature rises up to the so-called thermal runaway of the battery
cells can be caused by external as well as internal short circuits if a critical temperature
is exceeded, which can be generated by handling in recycling. These effects can be trig-
gered during the process by mechanical penetration of foreign bodies, internal cell defects,
or external arrester/electrode contacts [62–65]. In addition, overloading or high ambient
temperatures can cause the thermal runaway to occur. This type of hazard mainly occurs
during the storage and discharge of spent batteries and not during the recycling process.
The thermal runaway involves the reaction of cathode, anode, and electrolyte (Figure 4).
In the first step, the process runaway begins with the decomposition of the solid elec-
trolyte interface (SEI) on the anode. At a critical temperature of about 90–120 ◦C in a
battery, the chemical decomposition processes start. Under an exothermic reaction process,
the formed SEI is decomposed and leads to different gaseous reaction products (e.g., carbon
dioxide, ethane, ethane) [66]. The energy released from the first exothermic reactions
leads to further heating of the battery cell and can dissolve the subsequent chain reaction
processes. Then, the intercalated lithium begins to react with the electrolyte.
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Figure 4. Schematic sequence of thermal runaway between different battery cell components after a critical cell temperature
has been exceeded.

Electrolyte decomposition starts at approximately 200 ◦C with the formation of CO2,
hydrogen fluoride, ethene, and other hydrocarbons containing fluoride [67,68]. The exother-
mic reactions of the embedded lithium with the binder and the decomposition of the
cathode active material start at 240 ◦C and 250 ◦C, respectively [69]. In actual recycling
processes, the steps that still involve electrolytes are to be regarded as particularly critical.
To reduce hazards related to the electrolyte, it is advisable to remove the electrolyte as
early as possible in the recycling process chain and, in an ideal case, to purify and return it
back into the material cycle. However, how valuable a repeated use of the electrolyte is re-
garding costs and environmental protection is an open question. If a primarily mechanical
process strategy is used, comminution can be carried out under an inert gas atmosphere
(e.g., nitrogen), followed by evaporation of the electrolyte at moderate temperature in-
creases and/or at negative pressures [20,28] or even by further extraction methods [70,71].
Then, the evaporated electrolyte components can be condensed out as in the Lithorec
process. In the case of upstream pyrolysis, the electrolyte can already be removed in ad-
vance at temperatures of approximately 200–400 ◦C in specialized ovens (Accurec GmbH®).
The comminution takes place downstream. The pyrometallurgical process route can han-
dle the electrolyte removal even more easily. Due to the high temperatures during the
processing of the battery materials (up to 1450 ◦C) and the addition of reducing agents,
the electrolyte can be safely removed from the cell materials [17]. Moreover, at temperatures
above about 650 ◦C also, the binder PVDF can be decomposed and removed under the
challenge of handling hydrofluorocarbons. In summary, an improperly handled battery cell
represents some potential hazards. However, with appropriate and orderly process control,
these risks can be reduced to a minimum, and safe process control should be ensured.

4. Circular Economy in the Context of Battery Production

Establishing closed material cycles for batteries on the basis of scalable production and
recycling technologies is a central component for CO2-reduced or CO2-neutral battery cell
production and thus for electromobility, the provision of energy in household and handi-
craft appliances, as well as for the stationary storage of renewable energies [7,72,73]. As a
matter of fact, closed material cycles in batteries are the only way to convert carbon-based
energy sources into sustainably generated electrical energy in ecological, economic, and so-
cial contexts. Consequently, a circular economy for traction batteries, i.e., lithium-ion
battery systems is demanded by the European Union as written in the Battery Directive
2006/66/EC and [13] as well as the Circular Economy Initiative Deutschland (CEID) of
the National Academy of Science and Engineering in Germany [14]. In addition, many re-
search studies are being done on this topic while highlighting the challenges that still exist
and need to be overcome [17,21,52,72]. Such closed circles improve the sustainability of
lithium-ion batteries; they especially decrease the carbon footprint, decrease the material
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costs, and ensure secondary material resources for Europe [73,74]. However, in general,
when closing material cycles, it should be noted that the energy used is in proportion to the
products. With regard to recycling, mechanical treatments are energy-wise recommended,
as they are less energy-intensive than metallurgical processes. Examples of specific con-
sumption parameters of energy are electrical energy and wastewater. Pyrometallurgical
processing requires 4.68 MJ of electrical energy per kg of battery; hydrometallurgical
processing requires 0.125 MJ of electrical energy per kg of battery [75,76]. In addition,
approximately 3.76 L of wastewater are produced per kg of battery during hydrometal-
lurgy. However, as described above, a combined process strategy is necessary for good
product properties and qualities [29].

A possible implementation of such a closed-loop production is shown in Figure 5.
After the utilization phase, batteries are mechanically disassembled, whereby the safety of
the processes is an important aspect of development. Depending on the level of detail of
the mechanical process chain, components such as copper and aluminum foil can already
be separated. Pyro- or hydrometallurgical processes must be applied for further purifica-
tion at the latest after the active materials, the so-called black mass, have been exposed.
Depending on the process, graphite and binder can also be separated. Finally, metal salts are
to be precipitated and re-synthesized to produce new active materials [48,52].
Alternatively, the anode and cathode active materials can be reconditioned by means of pu-
rification processes, lithium enhancement, and functionalization [47,51,77–79].
Direct reconditioning has the advantage of being a fast and less energy-consuming process,
but it cannot directly adapt the cathode chemistry to new developments. For short life
cycle phases or rejects from production (e.g., losses of battery cells during formation),
direct reconditioning can be very attractive [80].

Figure 5. Exemplary approach for the cycle of circular battery production with the presentation of both established process-
ing routes, direct hydrometallurgical and upstream pyrometallurgical processing after previous mechanical processing.

In order to realize a circular battery cell production, a number of technological and
organizational prerequisites must be created:

• Almost 100% of end-of-life batteries must be collected and recycled at the latest after
any second-life application [73]. The expected lifetime of batteries in the automotive
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sector is at least 8 years, and, thus, in the mean, it tends to be more than 10 years.
In the future, the lifetime will probably increase further. However, this value is highly
dependent on the loads (fast charging, temperatures, etc.) [81]. Before recycling, it is
important to check whether a second-life application can be reasonable.

• The condition of the batteries, especially the material composition, must be docu-
mented for the subsequent recycling process [82]. Alternatively, a uniform interface
for reading out specific battery data could be implemented in the systems.

• With regard to the material composition of batteries, robust recycling processes must be de-
veloped and industrially implemented, especially with regard to future battery generations.

• The re-synthesis and eventual reconditioning of the active materials, such as Si-
containing anode materials and cathode materials from lithium mixed oxides, has to
function on a large scale without any loss of performance of the later battery. The syn-
thesis processes should be as robust as possible against material contamination [83,84].

• The design of the battery cells should not only be based on requirements such as
performance, cost, and safety, but also on sustainability and thus recyclability [85].

• The production of the battery cells themselves must be ecologically and economi-
cally sustainable [2].

• For objective evaluation of the individual technologies, new software tools should
be developed for an “as objective as possible” cost and environmental life cycle
assessment of different battery cells and process technologies.

In order to get an overview of the technological difficulties, an example is given below
to obtain a recycling rate of 95% from a recyclable material in five process steps. If each of
these process steps has a yield of 99%, a total yield of 95.09% can just be obtained with all
five steps. Thus, it is very important to use few very good process steps in the reprocessing
to generate the highest possible yield.

5. Perspective on Recycling and Circular Economy of Future Battery Generations

The focus in future developments is a highly energy-efficient multi-material recovery
with recovery rates of at least more than 90%, most probably more than 95%, which should
be adaptable to variations of respective input streams and current output demand. This re-
sults in the requirements for future recycling processes, which must either have a high
degree of flexibility or which are focused on certain battery types, which in this case have
to be sorted efficiently. In addition, the process routes to be developed must be specialized
with regard to the individual components to be purified, e.g., electrolyte, electrode com-
ponents, and active materials. To achieve this, combinations of mechanical, thermal, and
chemical process steps have to be used and interconnected. These processes have to be de-
signed also with regard to novel battery materials and chemistry (e.g., solid-state batteries).
They should over a long term replace the current energy-intensive processes for classical
LIB. This will render future recycling processes significantly more environmentally friendly
and less energy-intensive.

Various challenges and requirements for recycling processes, closed material cycles
(circular economy), and safety aspects arise from the large-scale use of the four battery
types expected to dominate the future as mentioned in Section 1.

Battery type I (Si-containing anodes, Ni-rich cathodes, liquid electrolyte): Closed-
loop production is economically attractive because of the high nickel content, and regenera-
tion of the anode materials should be very feasible both ecologically and economically. The
recycling processes known today, using hydrometallurgy alone or a combination of pyro-
and hydrometallurgy, should be very well able to process these battery cells, which will
be available on the market in the near future. However, the recycling process chains
must ensure high recovery rates of 95% and higher for critical metals and most possible
lithium. For active materials with high nickel and low cobalt content and already high
specific capacities such as NMC 811, also a reconditioning of the active material can be
attractive because a further increase in specific capacity due to new material developments
is probably relatively small. These reconditioned active materials could also be used for
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the production of battery type II in the near future, especially if the performance is slightly
reduced due to the multiple usage. Regarding safety, battery type I cells will be more
sensitive to mechanical damage and external short circuits due to the high nickel content
and the presence of nanoparticulate silicon. This increases the risk of thermal runaway and
resulting fires.

Battery type II (Graphite anodes, Mn- and Fe-rich cathodes, liquid electrolyte):

This type of battery, which is mainly used in stationary applications and low-cost mobil-
ity concepts, can be well recycled with the existing processes such as the previous one.
The preferential use of Mn and Fe leads to a low-cost batteries and thus, economically less
attractive recycling processes. Therefore, regulations have to be set up to ensure that these
batteries are recycled at the EoL. Due to the high risk of contamination, cells with active
materials containing iron must most probably be separated from batteries of other types
even before recycling. Otherwise, complex purification processes must be used to separate
the transition metals (Ni, Co) from the iron especially in case of hydrometallurgical process
routes. For such batteries, the reconditioning of the active materials is probably also a
cost-efficient and sustainable option for material recovery.

Battery type III (Lithium or lithium-free anodes, Ni-rich cathodes, solid electrolyte):

The solid-state electrolytes used in this type of battery will lead to obstacles in establishing
a closed-loop economy [35]. It makes it difficult to recover the individual materials used
in the battery in high degrees of purity. On the anode’s side, thin lithium foils or, in the
future, metallic lithium deposited on 3D structures (depending on the transfer of current
research results to industry) or even lithium-free 3D-structures are used. These anodes
require that the mechanical treatment of the battery cells be performed in an inert gas
atmosphere. Furthermore, this results in additional equipment and work safety require-
ments during processing. This is also due to additionally required hydrometallurgical
steps of solving and recovering lithium in the form of salt (LiOH), which leads to the
formation of gaseous H2. When considering the possible recycling processes for cathodes
and separators, a distinction must be made between the solid-state electrolytes used:

1. The use of polymer electrolytes both in the cathode and in the separator results in
a complex task of separation of the individual materials used. As it stands now,
there are two options: On the one hand, the polymer electrolyte can be burned using
thermal processes, and the materials exposed can be further processed in a similar
way to classical LIB. However, the polymer-type solid electrolyte is lost. On the
other hand, complex wet chemical processes can be chosen. Here, the electrolyte
is dissolved in a suitable solvent, and the polymer can be recovered in the process,
but it is not known today if this can be fulfilled with a sufficient quality or purity,
respectively. However, the wet chemical route is not expected to be economically or
environmentally viable, despite an associated increase in recycling yield.

2. When using sulfidic solid electrolytes, the formation of toxic hydrogen sulfide com-
pounds must be avoided during recycling. A mechanical separation of the solid
sulfidic electrolyte from the active material is very difficult and probably not possible
with the required purity or separation efficiency, respectively. Therefore, a recon-
ditioning of the solid electrolyte and the active materials seems to be not possible
from the today´s experience. In addition, the frequent use of other elements, such as
germanium, makes it more difficult to recycle these substances in a pure form by
hydrometallurgical processes. Therefore, complex hydrometallurgical processes are
probably required to recover the different materials.

3. If oxidic solid electrolytes are used in the separator and/or cathode, the electrolyte
particles will be firmly sintered together. Thus, mechanical separation is associated
with significantly higher costs, so that pyrometallurgical treatment of entire cells
or at least larger cell fragments probably becomes more attractive compared to a
mechanical/hydrometallurgical process.

Battery type IV (Lithium anodes, S/C-containing cathodes, liquid or solid elec-

trolyte): Apart from lithium, copper, and aluminum, no further valuable materials are
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used in lithium–sulfur batteries. This results in the task of efficiently separating these three
materials from the mechanically treated battery mixture. Presumably, the recovery of sulfur
and carbon for direct use in a battery is not practical, since there are other inexpensive and
reliable sources of sulfur and carbon that promise less effort and the needed higher purity.
Accordingly, a closed-loop production of this cell type does not necessarily make sense
economically and probably also ecologically according to the current state of knowledge.
If solid instead of liquid electrolytes are used, the challenges described for battery type III
apply additionally.

In conclusion, with the exception of battery type II, all other battery types that po-
tentially lead to a higher energy density in Wh/L (battery types I and III) or an increased
specific energy in Wh/kg (Li-sulfur battery) cause additional challenges with regard to
circular economy and closed material cycles, recycling processes as well as safety in the
handling and recycling of batteries. From the current state of research and industrial
implementation, already established or partially established processes can be adapted and
expanded to meet the challenges of the coming battery generations. Nevertheless, this can
be ambitious for some battery types (i.e., battery type III/IV) with regard to the required
high recycling rates of the total battery of 70% and higher or 95% of individual metals and
make the development of new process steps necessary. Today’s established recycling pro-
cesses allow a recycling rate for individual materials of up to more than 90% in some cases,
depending on the combination of the processes. However, if for example the recovery of
the transition metals such as nickel and cobalt is maximized by a mainly pyrometallurgical
process, a recovery of graphite as an anode material is not practical; i.e., the graphite serves
as an energy source for the heating. Therefore, depending on the regulations, a certain
process route can be worthwhile or not useful at all. Processes routes based on only one
process type (e.g., only mechanical) enable at least lower overall recovery values. Thus,
with the position today, it can be assumed that almost all battery materials can be recycled
and reused within new batteries. However, an open question is how far the substances
have to be purified so that there is no effect on the electrochemical performance, and if also
a reconditioning of the active materials, especially also the cathode materials, is possible
on large scale, as it has been shown on a lab scale. This question is the subject of actual
research and can hopefully be quantitatively answered in the near future. However, it is
expected that the original performance will be achieved in any case when the current active
material is reprocessed to the original material purity via complex processes similar to
the ones applied for primary materials [65,66,68]. For types I and III, this is also expected
for the cathode materials, as the reprocessing processes will be very similar. For type II, a
good performance retention result can also be expected for the cathode, since these battery
chemistries and materials are already well researched. For type IV, reuse cannot be reason-
ably implemented from today’s economic perspectives. In addition, direct reconditioning
of the cathode material can be used to recycle type II and, in some cases, type I materials.
These materials are subject to a longer period of use and application than new and even
higher-energy materials in example for type III. With regard to the graphite-containing
anode in particular (types I and III), recycling is not yet an option from an economic point
of view. However, technically, there are approaches that show a reuse with the same
performance [86]. Since types II and IV contain a lithium anode, recycling is an economical
option for reuse here.

It becomes clear that the diversification and new developments demand a proper
separation of battery types before recycling, for example by a transnational network of
dismantling and sorting locations, and flexible and high sophisticated recycling processes
with case-wise higher safety standards than today. Moreover, for the low-cost batteries,
recycling of the batteries becomes economically unattractive, so that legal stipulations
become important. However, in general, it must be still secured that closing the material
cycle for all battery types with suitable processes is achieved to secure the supply of raw
materials and also to further advance new developments. Last but not least, it can be stated
that in absolute percentage values, a relatively small step has to be realized until we meet
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the targets, but it will be enormously demanding to achieve the last percentage points in
the quotas especially if more than only the transition metals shall be recovered.
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Abstract: The rapidly growing deployment of Electric Vehicles (EV) put strong demands on the
development of Lithium-Ion Batteries (LIBs) but also into its dismantling process, a necessary step
for circular economy. The aim of this study is therefore to develop an autonomous task planner
for the dismantling of EV Lithium-Ion Battery pack to a module level through the design and
implementation of a computer vision system. This research contributes to moving closer towards
fully automated EV battery robotic dismantling, an inevitable step for a sustainable world transition
to an electric economy. For the proposed task planner the main functions consist in identifying LIB
components and their locations, in creating a feasible dismantling plan, and lastly in moving the robot
to the detected dismantling positions. Results show that the proposed method has measurement
errors lower than 5 mm. In addition, the system is able to perform all the steps in the order and
with a total average time of 34 s. The computer vision, robotics and battery disassembly have been
successfully unified, resulting in a designed and tested task planner well suited for product with
large variations and uncertainties.

Keywords: robotic disassembly; electric vehicle battery; task planner

1. Introduction

As the adoption rate for electric vehicles (EV) is now accelerating worldwide, EV
Lithium-Ion Batteries (EVBs) repurposing or recycling volumes are expected to be larger
in 5–10 years (120 GWh/year available by 2030 [1]) and legislation will likely demand
higher collection and recycling rates as for example in the newly proposed regulation of
the European parliament and of the council concerning batteries and waste in December
2020. Today, the automotive Lithium-Ion Batteries (LIBs) dismantling process is mainly
carried out manually and the use of robotics in this process is limited to simple tasks or
human assistance [2]. These manual processes are time consuming and must be done
by highly skilled personnel. As a direct consequence, the manual total disassembly of
Li-ion EVBs might not be profitable and would be stopped at an optimal level, i.e., partial
disassembly, that achieves maximum profit while decreasing the environmental impact [3].
In comparison, automated systems are more robust, have a lower-cost, reduce injuries
and/or sickness, make the workplace more attractive for those hard-to-recruit-and-retain
skilled workers, and are best suited for up-scaling to high-volumes. Therefore, fully
automated disassembly of EVBs is inevitable. The main challenges for the success of the
automated systems in dismantling are the variations and uncertainties in used products [4].
These challenges in the robotic disassembly of Electrical and Electronic components in
electrical vehicles have been presented in article [5] where the need for cognitive systems is
identified to enhance the effectiveness of automated disassembly operations. In the case of
automated disassembly of EV batteries, advances in Computer Vision (CV) and cognitive
robotics offer promising tools but this topic remains an open research challenge [6]. The

Metals 2021, 11, 387 . https://doi.org/10.3390/met11030387 https://www.mdpi.com/journal/metals385



Metals 2021, 11, 387

disassemblability of industrial batteries, as described in articles [7,8], can be improved either
by modifying their design and increasing its standardisation, for example redesigning a
battery module to make it remanufacturable [9], or by developing new technologies to ease
and eventually remove some of the challenges, as for example, making the recognition of
fasteners an easy task. This second route, i.e., making the disassembly process smarter
and more efficient through better cognitive capabilities is the one chosen in this research,
motivated by the fact that many EV battery innovations are emerging making the design of
modules and packs prone to rapid changes.

Over the last 15 years, research has been conducted on the recycling of Lithium-
Ion Batteries (LIB) cells, mostly focusing on the mechanical and metallurgical recycling
processes [10]. However none of the described recycling methods is integrating robotic
disassembly in their pre-processing of EVBs, i.e., processes which does not alter the struc-
ture of the LIB cells, and the mechanical or pyrometallurgical processes start with EVB cell
modules as input. However, a large portion of metals to be remanufactured or recycled
comes from housings (pack and module), electrical wire and connectors. For a Nissan
Leaf first generation, the weight of the cells alone represents only 60% of weight of the
total battery pack [6]. The disassembly process has been extensively studied in the litera-
ture, as shown in the survey [11] where disassembly processes of Waste of Electrical and
Electronic Equipment (WEEE) are also present [5,12]. In article [13] authors presented an
automatic mechanical separation methodology for End-of-Life (EOL) pouch LIBs with
Z-folded electrode-separator compounds (ESC). Customised handling tools were designed,
manufactured, and assembled into an automatic disassembly system prototype. While this
aspect is still an active research field, the focus is now shifting towards automated solutions
to support the whole recycling chain. Industrial solutions for the automated disassembly
of battery-operated devices have been implemented, but they are limited to specific and
often small-sized products. Apple has implemented an automated disassembly line for
Iphone6 [14], however the process is not flexible nor adaptive and can only disassemble
one model phone in perfect conditions. In article [15], cooperative control techniques are
developed and demonstrated on the robotic disassembly of PC. In article [16], a vision
system to identify components for extraction and simple robotic processes are used to
disassemble printed circuit boards. Using visual information to automate the disassembly
process is further developed with the concept of cognitive robotic systems [17] and is
applied for disassembly of Liquid Crystal Display (LCD) screens [18].

Building upon the existing work in this area, this paper aims to improve the design
of the task planner responsible for automatically generating the disassembly plan and
sequences without precise a priori knowledge of the product to dismantle. The developed
functions are presented and the results are validated through experiments conducted on a
Hybrid Audi battery pack.

2. Materials and Methods

2.1. Task Planner Design

The experimental setup is composed of IRB4400 robot (ABB, Zürich, Switzerland),
IRBT4004 track (ABB, Zürich, Switzerland), and Zivid One 3D camera (Zivid, Oslo, Nor-
way) mounted on the robot arm, all connected to a PC with Ubuntu and running the Robot
Operating System (ROS), and a A3 Sportback e-tron hybrid Li-ion battery pack (Audi,
Ingolstadt, Germany). More information about the connection setup and use of the ROS
as a middleware can be found in article [19], whereas a complete description of the Audi
battery pack and its disassembly sequences has been presented in article [3]. The task
planner proposed in this paper and shown in Figure 1 analyses the information provided by
the vision system based on Zivid camera, makes decisions regarding dismantling actions
and sends a predefined path to the industrial robot’s controller.
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Task Planner

Robot actions

Zivid 3D camera

2D and depth images / 3D
Point Cloud

ABB
IRB4400

Figure 1. Task planner concept.

The main loop of the task planner is organised as the following: takes 2D and 3D
images, detects and identifies components, finds the component’s positions in the world
reference frame, defines an order of operations, removes the components, and repeats this
actions until the goal state is reached (refer to steps A–E respectively in Figure 2).

Image
capturing

Object
detection

Decision
making

Position
calculation

Removal
operation Goal state

reached?

Next LIB

YES

NO

A B C D E

Figure 2. Task planner main loop.

2.1.1. Image Capturing (A)

The task planner moves the robot into several predefined poses to ensure that the
system is able to observe different parts of the LIB pack. In order to reach better accuracy,
up to eight pictures are required, especially when screws placed in the lateral sides of the
battery are present.

2.1.2. Object Detection (2D Image) (B)

Different components in the image such as screws, battery modules, connecting plates,
and Battery Management System (BMS) are detected using the YOLO (You Only Look
Once) algorithm [20] which also provides the bounding box positions of all constituting
components. The output of the object detection procedure as shown in Figure 3 is a file
containing all detected objects, labels and corresponding coordinates.

The positions of the detected objects in different images are merged using a weighted
mean of each positions.
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Object detection (YOLOv3)

.txt File

Figure 3. The YOLOv3 algorithm takes as input the 2D image of the EV Lithium-Ion Battery (EVB)
pack, detects the components, finds the bounding box coordinates and class probabilities, and store
the information in a text file. The labels shown on the picture have one color for each class.

2.1.3. Decision Making (C)

In order to set a sequence of the removal operations, only one image is used, which
is taken with lower camera angle with respect to a horizontal plane. The images with a
higher inclination are used for object detection only. A list of the component positions
in the removal order is created by adding the detected screw positions and following
by a computer vision analysis of each specific component. Based on the probability of
being over the other components the remaining parts are added in the list in a correct
disassembly order.

2.1.4. Position Calculation (D)

At this point the system defines the positions of the objects in 2D camera coordinates
(pixels). In order to move the robot to those positions, they must be converted into 3D
points. The 2D object coordinates in camera frame are transformed into 3D coordinates
using the depth information of the 3D vision system. Then, the captured positions are
known, so that the world reference position of the objects can be obtained. This action is
done for all images. Once all the positions from the different points of view are found the
nearby points (representing the same object or component) are merged.

2.1.5. Robot Communication and Removal Operation (E)

Once the order of the operations and all the positions are known, the last step is to
be proceed in dismantling. The task planner calls the removal operation of every single
component. Details on the design of the removal operation are not presented in this paper,
since a scope is limited to moving the robot arm onto the calculated positions, where the
selected removal operation based on the classification of the component is achieved.

2.2. Main Functions

The main functions and scripts used by the task planner connect the computed
information by the mean of tests and loops as shown in the complete flow chart in Figure 4.
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main()

Launch the variables

Read the classes names from file

Create a dictionary with all
the classes names

Dict_comp

Move the robot and capture
images

Auto
training data

creation?
Create training data

Realize the object detection
(YOLOv3)

Data: 2D images
detected objects

Convert and read the object
detection information

Data: components position

Decide what component should
be removed next

Establish priorities

Calculate world reference coordinates
of the components

Merge the nearby detected screws

Remove operation Repeat process for all
the components
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end

YES

NO

YES

NO

Figure 4. Task planner flow chart.
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2.2.1. Function: main()

Fist of all, the main function main() whose flow chart is shown in Figure 4, declares and
initialises all the variables used and transferred in and between the subsequent functions,
as for example the screws, connecting plate, Battery Management System (BMS), or module
positions and number. Then, it reads the file containing the classes names (classes.names),
and saves them into a dictionary (dict_comp). The creation of this dictionary aims to allow
the system to have access to the nomenclature in order to relate the detected classes with
their name and characteristics necessary for further analysis.

Once the dictionary is created, the function starts its principal loop. Note that this loop
keeps running until the dismantling is completed. The first action of the loop is to move the
robot to predefined positions and take 3D images, i.e., XYZ + color (RGB) + quality (Q) for
each pixel, of the battery pack. Next, once the algorithm has been trained, it runs the object
detection to detect the components placed in these images, using the YOLOv3 algorithm.

After the detection, classification and pose estimation of the objects in the image
frame are done. The function analyses each taken image, finds different components
and their characteristics from Dict_comp, and converts the positions of the objects from
the image base frame to the camera reference frame. Following this step, a sub-process
establishes priorities to enable the decision-making operation on what component should
be removed next. The respective functions are named what_component and has_comp_over
and are further described in the next section. Thus, when the detected positions have been
converted into the camera frame, they are further transformed into the world reference
frame coordinates. At this stage, since several 3D pictures of the same components have
been captured, the resulting multiple positions of the same components are merged, which
increases the position accuracy. The output of this function is the positions of the different
components in world reference frame. The components are then placed in order of removal
preference and finally, the task planner’s main function runs the removal operations for all
the detected component before starting the main loop again if the goal state is not reached.

2.2.2. Cognitive Functions: what_component() and has_comp_over()

The function what_component() flow chart is shown in Figure 5 and the function is
responsible for the decision making. The function analyses the detected objects, and de-
cides the order of the removal operations using the computer vision based sub-function
has_comp_over() . The sub-function has_comp_over() flow chart is shown in Figure 6, and
the function establishes different probabilities of a specific component to have a compo-
nent over.

The inputs for the function what_component() are:

• screw_pos (array): An array containing coordinates of detected screws, referred to the
image base frame.

• connect_pos (array): An array containing coordinates of detected connective compo-
nents, referred to the image base frame.

• compon_pos (array): An array containing coordinates of detected general components,
referred to the image base frame.

• empty_screw_pos (array): An array containing coordinates of detected empty screw
holes, referred to the image base frame.

• co_tot (array): An array containing coordinates of all detected components, referred to
the image base frame.
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what_component(screw_pos,connect_pos,
compon_pos, empty_screw_pos, co_tot)

Array creation:
connect_rem=[]
com_rem_other=[]

Presence of
screws?

Add the screws position into
the connect_rem array

Other components analysis
For loop in co_tot

Calculate probability
has_comp_over()

Append the component to
com_rem_other

Last component
in list?

Sort the array com_rem_other
according to the probability

Merge both arrays
com_rem and com_rem_other

Compon_rem

YES

NO

YES

NO

Figure 5. Function what_component flow chart.
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has_comp_over(co_tot,co_an)

Read the image

Convert the image into a greyscale image

Equalise the image

Equalised image

Convert the argument array values to integers

Run a loop to compare each component with
the analysed component

Do the labels
intersect?

Cut the image, creating a window in the area of interest

Component area

Binarise the window
(OTSU threshold)

Compare means (between the intersection area
and the rest of the component)

Binarised image

Calculate the probability of
having a component over

For end?

Return the maximum probability value
(worse case) Max(p_list)

YES

NO, Next component

YES

NO

Figure 6. Function has_comp_over flow chart.

First of all, the function creates the variable compon_rem (array). The aim of this array
is to contain the list of the components positions in the removal order. Given the nature
of the disassembly process, the first components to be removed are screws, thus, their
positions are the first to be added to the compon_rem array.

To add the rest of the components and decide the order of the operations, the function
what_component runs over the list co_tot analysing each component using the function
has_comp_over.

Essentially, has_comp_over realize a computer vision analysis of each specific compo-
nent, and returns the probability of being over the other components. Thus, the components
are ordered from more probability to be over to less probability.

The inputs for the sub-function has_comp_over are:

• co_tot (array)
• co_an (array): Array containing the image coordinates of a specific component (the

component being analysed).
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The function has_comp_over runs a nested for loop over the list containing all the
components, analyzing the ones that are intersecting the component that is being inspected
in the outer for loop.

To realise this comparison, the full image is converted into grey-scale and equalised.
The output image contains a better distribution of the intensities maintaining the relevant
image information [21].

After obtaining the equalised image, the function crops the image into the area of
interest, in this case, the area of the analysed component. Then, segmentation is applied to
the window, binarising it using an Otsu threshold. In the Otsu method, the threshold is
determined by minimizing intra-class intensity variance [22].

When the window has been binarized, the mean of the pixel intensities in the inter-
section area is compared to the means of the intersecting components areas excluding the
intersection. The component for which these two means (intersection alone and component
area excluding intersection) are the most similar is the most probable to be on the top
layer, i.e., over all the others, and hence to be removed first. An example with two overlap-
ping components is shown in Figure 7. In this example, component 2 is over component
1 because:

||f(I)− f(A2 − I)|| < ||f(I)− f(A1 − I)|| (1)

where f(A) is a function calculating the mean of pixel intensity in area A.

A1 − I

I = A1 ∩ A2

A2 − I1
2

Figure 7. Component 2 with total area A2 is overlapping component 1 with total area A1. The
intersection area is I.

After repeating this procedure for all the components, the function returns the max-
imum value, max(p_list), of the calculated probabilities of having another component
overlapping the analyzed one.

2.2.3. Merging the Pictures: merge_detection()

The function merge_detection aims to merge positions of the components (for this
version only the screws) commonly detected in one or more images. The function flow
chart is shown in Figure 8.
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merge_detection(rem_component_cam_0, rem_component_cam_1, rem_component_cam_2

For in
range(3) loop

First
image?
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in the list?
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Append to
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Loop end? rem_component_WR_filt
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YES

NO

YES

NO

NO

Figure 8. Function merge_detection flow chart.
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The inputs of the function merge_detection are:

• rem_component_cam_0 (Array): Array containing positions of all screws detected in
the first image in camera reference frame.

• rem_component_cam_1 (Array): Array containing positions of all components detected
in the second image in camera reference frame. The components are placed in the
removal order list, because the decision-making has been previously done in this
image (given its inclinations and consequently its light conditions).

• rem_component_cam_2 (Array): Array containing positions of all screws detected in
the last image in camera reference frame.

The merge_detection() function runs a "for in range" loop to find positions of compo-
nents in the world reference frame. It calls the WR_pos function, where the positions are
stored in the variable rem_component_WR including repeated positions.

In the next step the function merges the repeated positions to find the output list
(rem_component_WR_filt). In order to filter the points, the function runs over the
rem_component_WR array adding not-repeated components to the filtered list. The function
considers two components as one, when the x and y distances are lower than 1cm, and
defines the final position as the mean of both points.

3. Results

The aim of this section is to validate the order suggested by the task planner and to
characterise its performance regarding time and accuracy. The Audi A3 Sportback e-tron
Hybrid Li-ion Battery Pack serves as the case study. The description of the EVB pack and
its components as well as the disassembly process of the battery are detailed in article [3]
whereas Table 1 presents the composition, i.e., relative weight of each components and
materials. For safety reason when testing the concept, all modules have been manually
discharged separately. However, when integrated in the pilot plant, the EVB packs will be
discharged prior complete disassembly at a certain state of charge depending if the modules
are to be repaired, re-purposed, re-manufactured, or recycled. In addition, damaged EVBs
that represent high risk for thermal runaway or gas emission will be sorted out. These last
two steps are outside the scope of the present work.

Table 1. Audi A3 Sportback e-tron battery pack constructive components and materials.

Component %w/w Material

Upper housing shell 2.8% Composite
Upper and lower insulator 0.4% Expanded polyethylene
BMS (Battery Junction Box and Battery Management Controller) 2.2% Plastic, electronics
Connecting plates (Top transverse covers) (2) 0.7% Al
Modules (8) 75.3% Li, Co, Mg, Ni, Cu, Al, Graphite, plastic
Cooling system 0.4% Ruber, plastic, Al
Lower housing shell 16.6% Al
High-voltage cables and connectors 1.2% Cu
Screws 0.4% Fe

3.1. Object Detection Results

Figure 9 shows the results of the YOLOv3 algorithm implementation, where the
red filled boxes indicate the position of the connective components, the blue-filled boxes
indicate the screws positions, the pink-filled boxes indicate the position of the BMS and the
black-filled boxes indicate the position of the battery modules.
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Figure 9. YOLOv3 output results: all screws, modules, transverse covers, and BMS are detected,
classified, and localised.

3.2. Time Analysis

The timings of the operations realized by the task planner, i.e., image capture, object
detection, decision making, and motion to estimated pose, have been recorded on 20
repetitions with the physical setup, resulting in the mean times summarized in Figure 10.
During experiments, the speed of the industrial robot has been reduced to 25% speed for
safety reasons. The expected timing at production speed (100% speed) are shown in black
and red in Figure 10.

Figure 10. Timing summary at 25% speed in grey and expected timing at full speed in black and red.
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3.2.1. Image Capture (Mean Time: 29.1 s)

In this case, the image capture process refers to the robot movement into the image
taking positions and image capturing. In order to implement the capturing, the process has
been divided into seven different actions. The first action refers to the robot model loading,
and the rest refer to the robot movements and image captures, see Figure 11.

Figure 11. Image capturing actions.

1. Move to the first position. Mean time: 6.7 s.
2. First image capture. Mean time: 3.6 s.
3. Move to the second position. Mean time: 3.0 s.
4. Second image capture. Mean time: 3.5 s.
5. Move to the third position. Mean time: 6.0 s.
6. Third image capture. Mean time: 3.6 s.

3.2.2. Object Identification (Mean Time: 4.8 s)

In this stage the YOLO algorithm is applied to three taken images to detect and
identify different components on 2D images. Mean time: 4.8 s. In this study 3 images are
analysed but up to 8 images are required to increase an accuracy.

3.2.3. Data Analysis and Decision Making (Mean Time 9.2 s)

Data analysis and decision-making refers to calculating the object positions in the
world coordinate frame and define the optimal path for the operations. Mean time: 9.2 s.

3.2.4. Move to the Desired Positions (Mean Time: 13.1 s)

The robot approaches the components to perform the removal operation. First, the
robot rapidly moves to a safety position displaced thirty centimetres in the Z-axis above
the object and then moves to the desired location. After that, the robot moves back to the
safety position. The timings for this operation have been divided into six sub-processes.

• Load the robot model (MoveIt!). Mean time: 3.2 s.
• Move to the safety position. Mean time: 1.8 s.
• Move to the component position. Mean time: 2.2 s.
• Removal operation. Mean time: not applicable, since it depends on the removal

operations, which is not considered in this project.
• Load the robot model (MoveIt!). Mean time: 3.2 s.
• Move to the safety position. Mean time: 2.6 s.
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3.3. Decision-Making: Optimal Path

The decision-making of the system (the order of the removal operations) affects
directly onto the dismantling time. For this reason, the aim of this section is to analyse the
order suggested by the task planner for the Audi A3 Sportback e-tron Hybrid Battery Pack.

3.3.1. Optimal Dismantling Plans

After manually dismantling and analysing the battery pack, the optimal dismantling
plan is to first remove the screws; the second step is to remove the two connective com-
ponents and the battery management system (the order of the removal operations for
these three elements is not critical); and finally to remove the four battery modules in a
arbitrary order.

3.3.2. Dismantling Plans Proposed by the System

A set of tests have been carried out under different conditions (i.e., different orienta-
tions, different ambient lights conditions, etc.), the system has given a good response.

It has been observed, within the proposed dismantling plans, that the system follows
the guidelines defined in Section 3.3.1. Because the BMS and the two connective compo-
nents (left and right) are not overlapping, the system is proposing two different plans that
are equivalent. These are referred as the (A) and (B) plans and are illustrated in Figure 12.

In the (A) plan, the system begins removing screws. The screws are always the first
components to be removed. Afterwards, the system removes one connective component
(in some tests the left one in other tests the right one), the BMS, and the other connective
component in that order. Finally, it removes the battery modules. See Figure 12. In the (B)
plan, screws are still the first components to be removed. Then, the system proposes to
remove the BMS and the connective components in that order. As in the previous plan, the
battery modules are removed the last. Thus, the main difference observed between these
two plans is that in the plan (B) the BMS is removed after the screws instead of connective
plates. This has no impact on the final disassembly process.

(A)

(B)

Figure 12. Dismantling plans (A) or (B) proposed by the task planner.

3.4. Accuracy

To analyse the system’s accuracy, a 3D printed pointer has been used as Tool Center
Point (TCP). The tool consists of a thin 25 cm long bar with a sharp end. With the tool
mounted, the task planner has been run in debug mode. For safety reasons, the robot TCP
has been moved 3 cm above in the Z-axis (word base frame) in order to avoid collisions
with the battery pack in case of failure. Some of the tests are shown in Figure 13. In the
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majority of the cases, the system has an accuracy of (<5 mm). The accuracy has been
measured by the mean of a laser beam attached to the red bar and pointing towards the
target position, whereas the distance of the laser pointer to the target position is measured
with a caliper.

Figure 13. Accuracy tests showing the red pointer 3 cm above one detected screw. Four different
views of the same position.

4. Discussion

In this paper the proposed objectives have been achieved. Different research areas
in computer vision, robotics, circular economy and electr(on)ic components (battery)
disassembly have been successfully unified.

The assigned main hardware elements such as an industrial robot, 3D camera and PC
have been interconnected to carry out the principal system tasks, such as object detection,
pose estimation, decision-making, and robot displacement. Therefore, the system is able to
recognise the dismantling object main components, to find their position, and to move the
robot to the defined positions in a specific order. Lab tests have been used to validate the
designed task planner. In this case, experiments were limited to Audi LIB pack, however, a
similar procedure might be applied to any EV battery pack. Compared to other disassembly
processes as reviewed by Zhou et al. [11], the proposed task planner relies on state-of-the-
art 3D camera system with high accuracy and does not require Computer Aided Design
(CAD) models of the battery pack and its components. This presents a great advantage
since EoL products are often different than their original CAD models, due to possible
maintenance, deformations, or corrosion. Recognising the model and date of production
of the EVB to be disassembled will help to determine a first disassembly sequence based
on a self-updating database, but the system must also be flexible and robust enough to
handle the above-mentioned variations or in the case of new or unrecognised model.
Therefore, combined with reinforcement learning and machine reasoning algorithms the
proposed disassembly framework will be able in future developments to learn how to
disassemble new battery pack models, if not by itself, with only limited information from
the human operator. The concept of cognitive robotics in disassembly has been developed
and validated on End-of-Life treatment of LCD screen monitors [17]. However, some
challenges remained as (1) the too high processing time making the process economically
infeasible, (2) the remaining need for human assistance, and (3) the too high inaccuracy
of the vision system leading to low success rate. This paper demonstrates that the recent
advances in 3D vision system, fast object detection and localisation algorithms, as well as
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task planner design place EVBs with inherent uncertainties and large variations in design as
a good candidate for achieving eventually autonomous and complete disassembly through
the cognitive robotic concept.

The proposed task planner for disassembly of EVB pack into modules can also be
extended in future work to a deeper level of disassembly, i.e., to battery cell level or even
to the cell components (cell casing, electrodes, electrolyte, separator) which will increase
the concentration of active materials in the subsequent steps for battery recycling and
hence reduce the complexity and energy consumption of the pyrometallurgical and hy-
drometallurgical processes. Removing manual operations in the pre-processing stages will
move the optimum disassembly level determined in the article [3] deeper toward complete
disassembly when still considering techno-economic and environmental constraints.

The algorithm You Only Look Once (YOLO) is implemented to detect and find the
components placed in the dismantling arena. The results show that the algorithm performs
well, giving expected results and detects main components. For example the presence of
screws can be distinguished from the presence of screw holes where the screw has been
removed. The developed vision system can hence also be used to validate removal opera-
tions. The information extracted from the object detection was used in a pose estimation
to find coordinates of components, where 2D images and the YOLO results have been
matched with the 3D data sets. In future versions of the task planner, object detection and
pose estimation might be realised directly in 3 dimensions based on the point cloud data
with techniques such as complex-Yolo [23] or DeepGCNs [24]. However, higher processing
time or computing resources are to be expected.

When validating the task planner and measuring the timings, the robot model has
been loaded every time that the robot had to move. Thus, in future stages the robot model
should be loaded just once, at the beginning making the disassembly sequence at least 9.6 s
faster. Moreover, the ROS main has been run in manual mode at 25% of the maximum
speed of the robot. In automatic mode, i.e., at 100% speed, the total time of the disassembly
sequence, excluding the removal operations time, is expected to decrease from 53.6 s to 34 s.

Using an eye-in-hand configuration performs well, and has some advantages (i.e., only
one camera is needed), but it presents some drawbacks too. In an industrial application,
the continuous moves and removal operations could have negative consequences like
unexpected collisions of the camera with the environment or causing miscalibrations.

The efforts in future stages of the research should be focused on instrumentation and
tool design for the dismantling system. It is also essential to detect flexible bodies such as
high-voltage wires, and wires transmitting data. Thus, the direction of the research on the
object detection and pose estimation part should concern how to find a feasible solution
for such the objects and remove them.

5. Conclusions

A new task planner has been designed for the disassembly of electric vehicle Li-ion
battery packs, with as main objective to increase the flexibility and robustness of the
system. Lab tests have been used to validate the designed task planner based on a Audi A3
Sportback e-tron hybrid Li-ion battery pack. The results obtained in the tests demonstrate
that the obtained solution is able to recognise which component to remove first and the
complete disassembly plan without a priori knowledge of the disassembly strategy and
battery CAD models. This method is therefore well suited for product with large variations
and hence increases the disassemblability. The achieved performances measured in term
of accuracy, time to generate the disassembly plan and success rate validated the task
planner concept and its ability to make autonomous decision. Further testing on a larger
set of EV battery packs with other geometries and connections and addition of learning
capabilities will be needed to further increase the robustness of the proposed method and
the technological readiness level. However, the results already cast a new light on the use of
automation in the EV LIB batteries disassembly process by bringing the technology one step
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closer to eventually fully automated operations and hence redefine the optimum level of
disassembly for the batteries to enter the subsequent stages of recycling and metal recovery.

The experience in this field could also be adapted to be used for other dismantling
processes and opens new doors and research challenges to other fields directly related
to robotics.
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