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ABSTRACT

Abstract

Global warming is one of the most significant challenges of our generation. An essential
element in mitigating this is the drastic reduction of anthropogenic greenhouse gas emissions.
In this respect, the political authorities' efforts are directed towards expanding the use of
renewable energy. For example, essential targets and objectives have been set in the Paris
Climate Agreement or the European Green Deal [1]. This transformation requires massive
regulatory and, above all, technological change in all sectors. Lithium-ion batteries (LIB) play
a crucial role in achieving these goals, as they are largely used in electromobility and energy
supply. Due to the resulting growing demand for the raw materials required, such as lithium,
phosphorus, nickel, and cobalt, sustainable materials management through a comprehensive

circular economy is essential.

Within the scope of the presented doctoral thesis, a novel pyrometallurgical recycling
approach, the so-called InduRed reactor concept, was further developed and optimized by
researching the underlying processes and phenomena. Initially, the pre-pilot plant InduMelt,
operated in batch mode, was improved, and currently commercially used cathode materials
were investigated in this reducing process. In the experiments carried out, a promising
recovery rate of the valuable metals into a metal alloy was demonstrated, as well as the
transfer of lithium and phosphorus into the gas phase. The latter makes it easier to utilize these
elements, which are declared as critical raw materials and represent an absolutely unique
selling point in pyrometallurgy. Furthermore, it could be shown that the revised reactor design
allows a better reproducible test performance. However, neither the originally used crucible
material made of AlO3 nor the new one made of MgO is suitable for continuous operation. In
order to drive this technology towards industrial maturity, further research efforts must be made

to find an optimum refractory material.

However, the waste stream resulting from LIB is composed not only of the cathode material
but also of the anode material and other components of the battery assembly incompletely
separated in the pretreatment. For this reason, the next step was to investigate the influence
of copper and aluminum from the electrode conductor foils and graphite from the anode on the
high-temperature behavior under reducing conditions. In the process, a contour model was
created, enabling a more straightforward and less experimental application in the InduRed
reactor concept in the future. This provides a basis for communication with the pretreatment

process operators and is also essential for efficiently developing an overall recycling process.
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Based on this, a possible process combination of hydromechanical pretreatment, flotation,
and pyrometallurgical treatment in the InduMelt plant of a LIB waste stream was investigated.
Even if the productivity has to be increased further with optimization measures, a remarkable
lithium removal rate of more than 98% and a high product quality of the metal alloy could also
be demonstrated in this application. This research activity thus confirms that the InduRed
reactor concept is a promising technology for valuable metal recovery from spent lithium-ion
batteries. Profound R&D activities in basic research, plant construction, or pre- and post-
treatment of the products still have to be carried out to enable a rapid and efficient upscaling

of the reactor concept to an industrial application, the execution of which concludes this thesis.
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KURZFASSUNG

Kurzfassung

Die globale Erwarmung ist eine der zentralsten Herausforderungen unserer Generation.
Wesentliches Element zur Eindammung dieser ist die drastische Reduktion von anthropogen
verursachten Treibhausgasemissionen. Dahingehend sind die Bestrebungen der politischen
Instanzen ganz klar in Richtung dem Ausbau der Nutzung an erneuerbarer Energie zu
verzeichnen. Wichtige Vorgaben und Zielsetzungen wurden beispielweise im Pariser
Klimaabkommen oder dem Europaischen Green Deal festgelegt. Fur diese Transformation ist
in allen Sektoren ein massiver regulatorischer, aber vor allem auch technologischer Wandel
notwendig. Lithium-lonen Batterien (LIB) spielen eine entscheidende Rolle bei der Erreichung
dieser Ziele, da sie weitgehend in der Elektromobilitat aber auch in der Energieversorgung
Anwendung finden. Durch den dadurch entstehenden wachsenden Bedarf an den darin
enthaltenen Rohstoffen, wie Lithium, Phosphor, Nickel und Kobalt, ist ein nachhaltiges

Materialmanagement durch eine vollstandige Kreislaufwirtschaft unverzichtbar.

Im Rahmen der vorliegenden Doktorarbeit wurde ein neuartiges pyrometallurgisches
Recyclingverfahren, das sogenannte InduRed Reaktorkonzept, durch die Erforschung der
zugrunde liegenden Prozesse und Phanomene weiterentwickelt. Dabei wurde die im Batch-
Betrieb gefuhrte Vorpilotanlage InduMelt optimiert und aktuell kommerziell verwendete
Kathodenmaterialien in diesem reduzierenden Prozess untersucht. Im Zuge der
durchgeflihrten Versuche konnte eine vielversprechende Rickgewinnungsrate der
Wertmetalle in eine Metalllegierung, wie auch die Uberfihrung von Lithium und Phosphor in
die Gasphase nachgewiesen werden. Zweiteres ermdglicht nicht nur die einfachere
Nutzbarmachung dieser als kritische Rohstoffe deklarierten Elemente, sondern stellt auch ein
absolutes Alleinstellungsmerkmal in der Pyrometallurgie dar. Dartiber hinaus konnte gezeigt
werden, dass das Uberarbeitete Reaktordesign eine bessere Reproduzierbarkeit der
Versuchsdurchfihrung ermdglicht. Allerdings ist weder das urspringlich verwendete
Tiegelmaterial aus Al2O3, noch das neue aus MgO flr einen kontinuierlichen Einsatz geeignet.
Um diese Technologie zur Industriereife zZu fUhren, mussen weitere
Forschungsanstrengungen zur Findung eines optimalen Feuerfestmaterials unternommen

werden.

Ein tatsachlicher Abfallstrom aus LIB setzt sich jedoch nicht nur aus dem Kathodenmaterial
zusammen. Auch Anodenmaterial und in der Vorbehandlung unvollstandig abgetrennte
weitere Bestandteile des Batterieaufbaues sind darin vorzufinden. Aus diesem Grund wurde

auch der Einfluss von Kupfer und Aluminium aus den Elektrodenableiterfolien, wie auch
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Graphit aus der Anode auf das Hochtemperaturverhalten unter reduzierenden Bedingungen
untersucht. Dabei wurde ein Hohenschichtmodell erstellt, welches eine zukiinftig einfachere
und versuchsarmere Einsatzfahigkeit im InduRed Reaktorkonzept ermdglicht. Dies stellt nicht
nur eine Kommunikationsbasis mit den Betreibern der Vorbehandlungsverfahren dar, sondern
ist auch ein wichtiges Werkzeug flir eine effiziente Entwicklung eines

Gesamtrecyclingverfahrens.

Darauf aufbauend wurde folglich eine mogliche Prozesskombination von
hydromechanischer Vorbehandlung, Flotation und der pyrometallurgischen Behandlung in der
InduMelt Anlage eines LIB Abfallstroms untersucht. Auch wenn die Produktivitat durch weitere
Optimierungsmalnahmen gesteigert werden muss, so konnte auch in diesem Anwendungsfall
eine hohe Entfernungsrate an Lithium von Uber 98% und eine hohe Produktqualitat der
Metalllegierung nachgewiesen werden. Diese Forschungsaktivitat bestatigt somit, dass das
InduRed Reaktorkonzept eine vielversprechende Technologie far die
Wertmetallrickgewinnung aus verbrauchten Lithium-lonen Batterien darstellt. Zur
Ermdglichung einer raschen und effizienten Hochskalierung des Reaktorkonzeptes auf eine
industrielle Anwendung mussen noch tiefgehende Forschungs- und Entwicklungstatigkeiten
im Bereich der Grundlagenforschung, des Anlagenbaus und der Vor- und Nachbehandlung

der Produkte durchgefiihrt werden, deren Ausfiihrung diese Doktorarbeit beschlieen.
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INTRODUCTION

1 Introduction

Global warming and its impact on the entire ecosystem has become increasingly evident in
recent decades. An average global temperature increase of 1.07°C compared to 1850-1900
was watched over the 2010-2019 observation period. This, in turn, can be directly linked to an
increased emission of well-mixed greenhouse gases (GHG), with particular emphasis on CO,
CH4 and N2O [2]. Based on this observed development, the effects are becoming more and
more noticeable in form of weather and climate extremes in regions all over the world [3]. To
curb global warming, the Paris Climate Agreement, the legally binding international treaty for
climate change, was signed during COP21 in December 2015. It was determined that the
average global temperature increase should be kept below 2°C compared to pre-industrial

levels, and the corresponding efforts should focus on limiting an increase to 1.5°C [4-6].

Apart from reducing energy demand through improving energy efficiency, the transition to
renewable energy supply technologies is of immense importance to meet these ambitious
goals and achieve a net zero emission society [7-9]. From a technical view, the highest
potential contribution to net emission reduction (Gt CO2,eq yr') by 2030 is supposed to be solar
and wind energy [3]. However, these renewable technologies are highly volatile compared to
commercially used fossil fuels, which is why storage technologies are an indispensable part of
an overall concept [10], therefore. In electricity, a significant expansion of battery capacity is

crucial [7, 9].

With a projected growth of 14 times by 2030 with an annual increase of 25% in battery
capacity, the vast bulk of the market growth is expected to be driven by lithium-ion battery (LIB)
technology [11, 12]. In the sense of a circular economy and in consideration of the "zero-waste"
approach, the life cycle of such a LIB, i.e., from the extraction of raw materials to complete

recycling, must be taken into account. In battery recycling, legal frameworks have been
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implemented over the past years to avoid illegal trafficking, landfilling or unfavorable
incineration of batteries. Therefore, the legislation Directive 2006/66/EC [13] of the European
Parliament and its revised version No. 2019/1020 regulates how to deal with end-of-life (EoL)
batteries. This directive stipulates general specifications for battery producers, such as
collection and treatment behavior and specific recovery rates for LIB. A current proposal [14]
of the EU Commission to amend and extend the directive mentioned above goes even further.
In a nutshell, batteries' full lifecycle rules are covered. Stronger sustainability, performance,
labeling requirements, and due diligence policy to address social and environmental risks are
claimed. Furthermore, the targets for waste collection, recycling efficiency, and material
recovery have been strengthened. At a closer look at LIB requirements, specific recovery rates
for the containing valuable metals of 95% for cobalt (Co), copper (Cu), and nickel (Ni) as well
as 70% for lithium (Li) would be mandatory by 2030. After the assessment and adoption of the
report by the European Parliament's Committee on Environment, Public Health and Food
Safety (ENVI) [15], the requirements were tightened even further. For Li, recovery rates of 70%
should be achieved by early 2026 (instead of the original 35%) and 90% by early 2030.

These material-specific recycling rates place a particular demand on the entire recycling
industry since the various state-of-the-art technologies are subject to a multitude of different
advantages and disadvantages from a technical and/or economic point of view [16]. This
makes it all the more important to develop highly efficient, holistic recycling concepts that meet
the requirements. The recycling chain can basically be divided into physical and chemical
processes. Mechanical pretreatment, i.e., stripping and discharging, can be assigned to the
former. The chemical step consists of a pyrometallurgical or hydrometallurgical process or a
combination of both. In this process, the fine material extracted from the pretreatment step,
commonly known as black matter, is treated metallurgically, and the metals, some of which

are declared as critical raw materials (CRM), are recovered.

In this doctoral thesis, four peer-reviewed articles show the research on the underlying
processes and phenomena for developing and optimizing a novel pyrometallurgical approach
to recover valuable metals from LIB. Chapter 2 explains the motivation, basic principles, and
the current state of the art in more detail. Chapter 3 deals with the research objectives and
methodology. The results of the underlying publications are consequently presented in chapter
4 and discussed based on the research objectives. Finally, a conclusion is given in chapter 5,
and an outlook on further questions with a critical review of the thesis and possible solution

approaches are given in chapter 6.

Appendix A contains all four peer-reviewed articles in full length, and Appendix B concludes

the thesis with a list of further publications with the author's participation.
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OUTLINE AND FUNDAMENTALS

2 Outline and Fundamentals

For a better understanding of the peer-reviewed articles integrated with the appendix, basic
knowledge about the topic of lithium-ion batteries is presented in this chapter. Initially, this
work's current market situation and motivation are discussed. Subsequently, an overview of
the structure and functioning of LIB is provided. The current state of the art in the field of LIB
recycling is then discussed, and the chapter concludes with a detailed explanation of the

reactor concept on which this thesis is based.

2.1 Research Relevance

In order to achieve the goal mentioned earlier of curbing global warming and the necessary
associated reduction in greenhouse gas (GHG) emissions, the origin of these gases must first
be determined. The global GHGs are broken down into their sectorial origin in Figure 1.
Comparing this data from 2016 with the figures from 2019 [17], it can be seen that the
breakdown between sectors has changed only slightly. The illustration in Figure 1 not only
shows the high percentage of the energy sector in the total greenhouse gas emissions but also
allows the interpretation that achieving the climate change mitigation target requires not one
but a variety of different measures in all sectors. While focusing on the energy sector alone is
not enough, the energy transition toward increased conversion of renewable energy to meet
the higher energy demand in industry and buildings, as well as the transformation of the

transportation sector, makes a significant contribution.
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Figure 1. Sectoral breakdown of global greenhouse gas emissions in 2016 [17, 18].

Since the traded key technologies, wind and solar [3], are subject to strong fluctuations in
residual loads due to their volatile generation, compensation via storage systems is
inevitable [10]. The importance of using battery storage in transportation and power supply is
emphasized by its projected increasing demand and broad application potential [19-22].
Battery-based energy storage at the grid level has a high potential for residual load
management [23, 24]. In Europe, the transport sector accounts for a quarter of GHG emissions,
which is why the EU's Green Deal envisages a 90% reduction in these emissions by 2050.
Zero-emission mobility is the primary goal, which is to be achieved through the massive
deployment of electric vehicles in addition to low-carbon technologies such as hydrogen or
advanced biofuels [23, 25].

In addition to decarbonizing these sectors, batteries also enable decentralized and off-grid
energy supply solutions, which can significantly improve the quality of life for globally
850 million people without access to electricity. This fact also considerably contributes to the
United Nations SDGs (Sustainable Development Goals) [12].
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This high increase in demand for battery technologies is automatically accompanied by the
fact that the production of these has a significant GHG footprint depending on the energy mix
in the production facilities, the contribution of which must not be disregarded under any
circumstances [26]. In this respect, a functioning battery circuit is essential for a sustainable
and sensible energy transition. According to forecasts, a global battery value chain enables an
estimated 30% reduction in emissions in the transportation and power sectors, the idea of
which is visualized in Figure 2. This scenario also serves as a basis until 2030 for subsequent

implementation of alternative technologies such as hydrogen or power-to-liquids [12].

Cell and pack

Active materials
: Application
Recycling / v ] Repair and refurbish
(incl. urban mining) \\ . /
Second life \b ﬂ\

Decentralized energy
storage (e.g.
solar+storage)

Shared mobility

Purpose-built urban EV

TN

/

Centralized VoG
storage (incl. moving
power storage) Smart charging

Figure 2. Idea of a global circular battery value chain by 2030 and base for additional alternative

technologies (e.g., hydrogen, power-to-liquids) [12].

This visualization also confirms the statement above, that many individual measures must
be taken to reduce GHG emissions. This circular approach also supports the concerns of the
European Green Deal, which, in addition to reducing net greenhouse gas emissions by 55%
until 2030, also aims to strengthen the circular economy and thus reduce dependence on raw
materials which are acquired in third countries [1]. Recycling is also presented as a central

element in Figure 2 and can be highlighted as a key factor.

If we go a step deeper into the consideration at this point, the technology of lithium-ion
batteries is currently and forecast to be the one with the largest market shares. This can mainly
be attributed to the high energy density, specific energy, and good rechargeability of LIB and
its high maturity [27, 28]. In addition, the projected increase in global LIB demand from
700 GWh in 2022 to 4700 GWh in 2030 [29] (01/2023 updated numbers of [12]) can be
primarily attributed to electromobility with 4300 GWh, in whose application area the use of LIB

dominates [29]. This also implies a corresponding growth in demand for all materials used in
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these batteries. Particularly noteworthy are the cathode materials which mainly contain
valuable metals. Special attention should also be paid to the anode material, which

commercially consists primarily of graphite [30].

The importance of a battery circular economy becomes apparent when looking at the EU list
of critical raw materials. This register includes natural graphite, phosphorus, lithium, and
cobalt [31]. Comparing these raw materials with the active material used in the LIB, consisting
of cathode and anode material, the economic and ecological importance of sustainable use is
evident. This statement is extended by the research of Xu et al. [32], in which the cumulative
primary material demand of Li, Co, and Ni from 2020-2050 is described in different scenarios,
as can be seen in Figure 3. The scenarios are based on those of the International Energy
Agency, whereby an increased development towards NCX materials - in EV, lithium nickel
cobalt aluminum oxide (NCA) and lithium nickel manganese cobalt oxide (NMC) cathodes are
predominant - is assumed. Thereby, the STEP represents the one based on the current
governmental policies in force. Sustainable Development (SD) is the scenario based on the
Paris Agreement's climate goals and considers achieving the planned 30% share of EV sales
by 2030. In addition, the respective raw material reserves, the effects of recycling, and a
deviation between the total use of battery electric vehicles (BEV) and plug-in hybrid electric

vehicles (PHEV) are also shown.

40 40 200

2 .

< STlip o With recycling

2 30f 30 | 150 | without recycling

=

[*]

=

2 20} I 20 100 SD scenario . .

<

g without recycling With recycling

[=%

2 10t 10 50 F

é I 100% BEV (110 kWh) Known

a 0 - 0 0 ; 100% PHEV (10 kWh) reserves
Li Co Ni

Figure 3. Visualization of the cumulative primary global material demand for 2020-2050 of Li, Co,

and Ni for battery production in different scenarios [32].

The most important conclusion from Figure 3 is that the coverage of demand in connection
with the currently known global reserves of valuable metals from primary production is
scenario-dependent. It is imperative to mention Co, with which it is only possible to cover the
demand in the STEP scenario with recycling. It should be noted that this scenario building is
always dependent on the technologies under consideration due to the current high research

output and further development in the industry. For example, in the base scenario of Hanicke
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et al. [29], the demand for lithium carbonate (raw material for Li in batteries), nickel, and
manganese are not met by 2030, but that for cobalt is achieved because a higher proportion
of low-cobalt cathode chemistries was included. Regardless of the different individual results,
the sources all agree that there will be massive bottlenecks in the supply of raw materials in

the future.

Finally, coming back to the forecast in Figure 3, it is also very interesting that in the case of
the planned path of SD, it is shown that implementing 100% BEV with the currently available
cathode materials is not possible from the point of view of raw materials. This also supports
the parallel implementation of alternative technologies, such as hydrogen or power-to-liquid.
Furthermore, this also emphasizes the statement that only a bundle of different measures can

achieve the goals set by the Paris Climate Agreement.

In summary, the reduction of GHGs and the sustainable use of raw material resources are
two compelling arguments that justify the EU regulations on a sustainable circular economy
and the recycling ambitions described in the Introduction. The current recycling processes on
the market are still subject to some drawbacks, which is why developing a holistic efficient

recycling route is necessary to meet the EU targets [33].

2.2 Recycling of Lithium-lon Batteries

The need to develop efficient recycling processes was illustrated in the previous point. In
the following, the structure of LIBs is described for basic understanding, followed by the

individual steps and possible process sequences in recycling.

The structure of the lithium-ion battery developed and patented by Nobel Prize winner John
B. Goodenough, among others, can be seen in Figure 4. In a nutshell, this rechargeable cell
operates by transporting lithium ions through the electrolyte via a separator from the negative
to the positive electrode. Electrons travel across the external conductor to balance the charge
and supply the consumer. The reverse process takes place during charging. In charged state,
the positive electrode is called the cathode, and the negative is referred to as the anode. The
layer applied to the negative electrode conductor foil made of Cu currently consists primarily
of graphite with binding agents. The positive Al conductor foil is coated with lithium metal oxide
(LiMeO,). The composition of this so-called cathode material depends on the application. The
currently commercially used materials are the three composed in a layer structure lithium
cobalt oxide (LCO), lithium nickel cobalt aluminum oxide (NCA), and lithium nickel manganese
cobalt oxide (NMC), as well as lithium iron phosphate (LFP) with its olivine structure. The

electrolyte is a form of lithium salt (e.g., LiPFs) dissolved in organic solvents, such as propylene
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carbonate, ethylene carbonate, dimethyl carbonate, or diethyl carbonate. An electron-
impermeable microporous separator isolates the two electrodes. In most applications, the
various cells are combined to form modules, whereby material flows from the cell housing and
electronics, such as various plastics, aluminum, steel, and cables, are also encountered during
recycling [30, 34-37].

Figure 4. Schematic illustration of the lithium-ion batteries’ constructional design (cf. [38]).

The different types of LIB and the resulting waste stream is likely to fluctuate in its chemical
composition, therefore, the aim must be developing an insensitive overall process. In this
respect, many different technologies on the market or in research can be assigned to various
processing steps. A graphical representation of these with the possible process routes can be

taken from Figure 5.
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Figure 5. Schematic representation of potential technologies for recycling LIB from collection to

metal recovery (cf. [39]).

At the beginning of the process chain, collection and logistics must be mentioned. Since
even this step is not trivial, it is the first indication of the complexity of LIB recycling. The
essential task here is the danger of a thermal runaway, which poses the highest risk of fire and
release of toxic gases in the process [40—42].

The most common next step is physical treatment. This preparation can be divided into
sorting based on its chemical composition, discharging, dismantling of battery packs to cell or

module size, and separation of, e.g., housing components and cables. In addition, mechanical
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and/or thermal pre-treatment takes place for further safe handling, resulting in deactivation,
among other things. The resulting components can either be recycled directly, such as copper,
aluminum, or plastics or must undergo further treatment, such as black matter. The resulting
black matter - visually classified as a black powder - can be described as a mixture of anode
and cathode material and battery components not wholly separated from the pretreatment,

containing valuable metals [16, 37, 43].

The main recycling step is the chemical treatment, divided into pyro-, hydro- and
biometallurgy, these may also be combined. Therein, the product from the valuable metal-
containing black matter is either transferred to another industrial process in an open-loop or
recycled as a raw material for battery production in a closed-loop [33]. Biometallurgical
processes separate and recover the metals with the help of metabolic excrements of
microorganisms or fungi. With this low-cost and environmentally friendly alternative to
hydrometallurgy, recovery rates of more than 98% of Ni and Co and 80% of Li can be achieved.
Still, due to their low kinetics, only low throughput rates are currently possible [44-52].
Hydrometallurgical technologies are highly selective, with recovery rates of up to 100% of high-
purity metals. Therefore, leaching, solution extraction, chemical precipitation, or
electrochemical deposition are used. Even though this process step has high potential, there
are also significant limitations to be mentioned here. These include the sensitivity to a
fluctuating waste stream and the resulting large number of process steps and complexity,
which directly impact efficiency. In addition, the high demand for chemicals and the high
volume of contaminated wastewater have to be mentioned [44, 53-56]. Pyrometallurgical
processes operate at temperatures above 1400°C. This processing method is remarkably
robust against impurities and accompanying organic elements. Consequently, it has a unique
selling point compared to other chemical treatments, as the expected fluctuating chemical
composition of the waste stream is less of a task. A significant additional advantage is that the
mass of the LIB material used is reduced by approx. 50% during the process. Besides
removing volatile components, the material is converted into fractions that are easier to handle
than black matter, such as alloy and slag, which provides a significant advantage in a combined
process connection with hydrometallurgy. The disadvantages mentioned here are the high
energy requirement due to this high-temperature application, post-treatment of the process
gases is indispensable, and Li is slagged in currently available processes and not returned to

the cycle for economic reasons [16, 39, 57-60].

The last recycling method not yet mentioned in Figure 5 is the immediate treatment of LIB
batteries in a pyrometallurgical method, such as that developed by Umicore. Despite the

advantage of the less complex process design and the industrial implementation that has
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already taken place, the essential benefit of a recycling combination with pretreatment must
be mentioned. In this case, by-products such as Al, Cu, casing parts, etc., can be separated
in advance and returned to the cycle and are not largely found in the alloy or the slag like in
this direct pyrometallurgical treatment [61-63].

2.3 InduRed Reactor Concept

The disadvantages mentioned above of pyrometallurgical processes currently available on
the market were taken as an opportunity to develop a novel process approach. As a basis, the
research group of the Chair of Thermal Processing Technology (TPT) at Montanuniversitaet
Leoben was able to use a process developed in-house, the so-called InduRed reactor concept.
The composition of the name is due to its intended function, whereby metal oxides are to be
reduced in an inductively heated treatment. Research into developing this process idea dates
back to 2012. Therein, the cornerstone of the technology was laid within the framework of an
EU project [64], focusing on developing a process for recovering phosphorus from sewage
sludge ash with the thermo-reductive RecoPhos concept. The core of this process was
designed and built in collaborative work at the TPT in a continuous pilot plant with a throughput
of 10 kg/h. An illustration of this pyrometallurgical site is shown in Figure 6.

input

refractory material

graphite pieces

1= r
) insulation
melting zone -1

induction coil

exhaust pipe
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reaction zone

output zone

base plate

. output

Figure 6. Conceptual illustration of the InduRed reactor concept (cf. [65, 66]).

Its principle is based on a cylindrical arrangement of refractory materials filled with graphite
pieces as susceptors that allow a horizontal and radial homogeneous temperature distribution

up to 1750°C. Resistance losses provide heat due to eddy currents in the susceptor material
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caused by an electromagnetic field through the induction coils, which can be controlled
individually. The main driver of the whole process is the highly reducing atmosphere, with a
high CO-to-CO- ratio and low oxygen partial pressure, as well as direct reduction with carbon

powder [65].

The material is fed from the top with thermal management in the first zone, forming a thin
melting film or drops on the bed's large surface. The charging is carried out under inert gas
purging to avoid atmospheric influence due to an undesired supply of ambient air. The formed
melt migrates into the subsequent reaction zone, where the temperature is controlled, so the
phosphorus is gasified. The thin melt film or drops allow short diffusion paths and, thus, a low
possibility of contact between metal and gaseous product, suppressing undesirable reactions
like iron phosphide formation. This avoidance of undesired liquid-gaseous reactions is the
unique selling point compared to, e.g., a molten bath. Consequently, the phosphorus is
extracted with other process gases through a waste gas pipe with negative pressure and
further processed to phosphoric acid via post-combustion and quenching. The P-depleted melt
subsequently enters the discharge zone. Herein, the lowest coil can adjust the temperature,
ensuring the discharge of a liquid phase from the reactor via the inert-gas-purged bottom [65,
66].

In addition to the processing of sewage sludge ash, the applicability of this system was also
successfully demonstrated for the treatment of basic oxygen furnace slag in further years of
research. A pre-pilot scale was constructed in the scope of the doctoral thesis of Ponak [65] to
generate a higher degree of knowledge about the high-temperature behavior of the materials
used. The system shown in Figure 7 is a single-coil system using batch operation, the so-

called InduMelt plant.
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Figure 7. lllustration of the pre-pilot plant InduMelt (cf. [65, 67]).
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The underlying principle based on the InduRed reactor concept of reducing metal oxides in
an inductively heated packed bed reactor remains the same as in the previous application. In
this original design, an alumina ring (Al2O3) refractory cylinder was fixed to a refractory
concrete using refractory mortar. The filling is done according to the before-mentioned

InduRed reactor concept with graphite pieces.

The field of application was consequently extended to valuable metal recovery from spent
LIB [43, 67]. During development, a gas extraction system was integrated to identify the gas
flow composition. Consequently, this status also represents the initial situation for further

research activities within the scope of the present doctoral thesis.
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3 Research Objectives and Methodology

As seen from the previous chapter, developing a holistic recycling process to recover all
valuable metals is one of the most essential research topics in the lithium-ion battery circular
economy field. However, this also means that the efficiency of the individual technologies from
the physical and chemical steps and synergy effects are essential for an adequate process
design. Including a pyrometallurgical process in the overall concept appears to be promising.
Still, there are significant disadvantages to be considered, for example, the tendency of lithium
to slag. Another critical factor is the integration into the overall process. Particularly, from a
material-specific point of view, the quality of the product depends to a large extent on the input
stream from the pretreatment. This also impacts plant engineering issues such as design and
material use. The research questions are defined as follows, which are aimed at these tasks.

Furthermore, an overview of the methodology is given.

3.1 Research Objectives

The further development of the pyrometallurgical process engineered at the Chair of
Thermal Processing Technology requires a broad knowledge of the high-temperature behavior
of the black matter used. This can be divided into questions regarding the material quality, the
interconnectivity with the plant engineering, and the resulting design. Three more in-depth
scientific questions were formulated from these overarching questions. Based on previous
research on the InduRed reactor concept, further reactor design development was necessary
for optimized treatment of the LIB material. This and the resulting increase in material specific
knowledge is addressed in the first research question block. The next block takes an additional

step towards using black matter instead of cathode material from battery production and
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examines the influence of accompanying elements from pretreatment. Finally, the last block of

questions deals with the use of black matter in the InduMelt plant.

1. Optimization of the reactor design
1a. How does the new design affect productivity using commercially available
LIB cathode materials? Which transfer coefficients can be achieved?
1b. Is the MgO crucible material selected adequate for a future continuous
process?
2. Determining the influence of impurities on the melting ability of the black
matter
2a. Which influence do incompletely separated accompanying elements from the
electrode conductor foils have?
2b. Does the graphite from the anode material affect the melting ability?
2c. How can a quick and low-trial statement be made concerning the usability of
input materials from pretreatment in the InduRed reactor concept,
considering a waste stream that fluctuates in its composition?
3. Behavior of black matter in the InduRed reactor concept
3a. What productivity results from tests with black matter from a pretreatment
step in the InduMelt plant?
3b. How do the results reflect the findings from using cathode material from the
battery production?
3c. Does the result fit with the findings from basic research? What exactly is the

reaction behind lithium removal via gas flow?

In order to answer these questions, numerous experiments were designed and carried out
in the InduMelt plant and the heating microscope for basic research. In addition to answering
the main questions formulated here, it was also possible to gain further insights, which are also
discussed in this thesis’ context. In the following section, the underlying methodology is

explained in detail.

3.2 Methodology

Four peer-reviewed journal articles provided detailed answers to the abovementioned
questions, which can be found in Appendix A. The results obtained in these articles were
generated successively, building on each other so that a thread can be drawn from the high-

temperature behavior of the idealized cathode material without accompanying elements to the
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use of black matter from a pretreatment step in the InduMelt system. Figure 8 represents the

overview of the research process within this thesis.
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Figure 8. Graphical abstract of the present doctoral thesis.

The idealized or pure cathode materials mentioned are commercially available for battery
production, obtained from Gelon Energy Corp in China. These were chosen for the basic
investigations due to the scarce data in the literature to avoid influences from accompanying
elements from the battery assembly. Carbon was added as a reducing agent to reduce the
lithium metal oxides (LiMeO2) and protect the graphite cubes acting as susceptor material
during the InduMelt experiments. The detailed investigations with this standard combination
enabled the determination of fundamental data on the behavior in the high-temperature range
and also the generation of reference values for maximum recovery rates in the InduRed reactor

concept. The cathode materials used in this work are listed in Table 1.
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Table 1. Cathode materials used in the scope of this thesis.

Abbreviation Chemical formula Designation

LCO LiCoO2 Lithium cobalt oxide

LFP LiFePO4 Lithium iron phosphate

NCA LiNio sC00,15Al0,0502 Lithium nickel cobalt aluminum oxide
NMC622 LiNio sMng 2Alg 202 Lithium nickel manganese aluminum oxide

An additional focus was placed on further developing the InduMelt reactor design. Therefore,
the initially used alumina oxide (Al.Os) crucible was revised in shape and material. Instead of
the structure of the Al,O3; ceramic ring, which is fixed to a refractory concrete bottom through
refractory mortar, a cylindrical magnesium oxide (MgO) crucible with an elliptical head was
chosen. In addition to increased productivity, this more straightforward and faster setup should
also allow for more reproducible tests. To comparatively evaluate the new design, a series of
experiments were conducted using the same feedstock in both setups. Consequently, a
statement could be made about the suitability of the crucible materials for use in the continuous

process and the effect on product quality for the cathode materials mentioned in Table 1.

Since these tests only draw an idealized picture of the input stream, the elements Cu and
Al, primarily originating from the electrode conductor foils, were identified as the main
accompanying elements in terms of quantity after analysis of black matter from a pretreatment
step. Additionally, it was determined that a C amount above the stoichiometrically necessary
for reducing the LiMeO. also influences the reduction process. Its influence on the melting
ability required in the InduRed reactor concept was therefore investigated in advance by
numerous tests with NMC622 under the heating microscope. This cathode material was
chosen due to its use in e-mobility and its predicted strong market growth. In these heating
microscope experiments, the successive change in the sample's cross-sectional area (CSA)
is detected when heated to 1620°C. After an initial assessment, Al and C were found to be the
factors with the most significant negative impact, so different compositions with these elements
in combination with pure cathode material were subsequently investigated at temperatures up
to 1700°C under argon purging. In the process, plots could be created, providing a more
straightforward and faster initial assessment of the usability of black matter for the future use

of the InduRed reactor concept.
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Consequently, the transition to an actual LIB waste stream was accomplished in cooperation
with Fraunhofer Research Institution for Materials Recycling and Resource Strategies IWKS
from Hanau, Germany. The black matter was extracted from spent pedelec batteries with NCA
cathode material from their hydromechanical pretreatment step. As a consequence of the
experiments in the heating microscope, the excess graphite from the anode material was
depleted by flotation at the Chair of Mineral Processing of the Montanuniversitaet Leoben. The
resulting fraction could consequently be treated in the InduMelt plant. To better interpret the
results, an additional test series was subsequently carried out in the heating microscope to
analyze the influence of Al, C, and additionally of Cu. Consequently, an even more accurate

plot could be created for a future initial assessment of the melting ability.
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4 Results and Discussion

In the first stage of the research activities, the applicability of the InduRed reactor concept
was confirmed for all commercially available cathode materials in Publication 1 [68] and
Publication 2 [69]. The avoidance of Li slagging — further presented in the fraction
"removed" - and the metal alloy were defined as a measurable result. In addition, concerning
the "removed" fraction, it should be noted that this is the amount that was not found again in
the solid fractions (metal, slag, powder smaller than 1 mm) compared to the input material.
These elements were either removed from the reactor via the gas flow or entered into a
compound with the crucible, which could not be separated during sampling. Detailed analyses
could be realized by discharging the gas via a gas wash bottle. The generated powder was
analyzed in detail, but the goal in future research activities must be the complete elimination
of this fraction to increase productivity. Due to the low mass fraction of slag (or mineral phase)
in all tests, this analysis can be neglected at this point. To be able to provide a reliable
comparison between the original reactor design with an Al,Os crucible (Design 1) and the
optimized variant with a MgO crucible (Design 2) in parallel with this knowledge, all tests were
carried out in both setups and compared. For evaluation and comparison, the transfer
coefficient was introduced. It describes the transfer of the individual elements into the fractions
by combining the analytical results from the ICP-OES - according to ONORM EN SIO
11885:200911 - and the respective mass of the products obtained. The resulting transfer
coefficients can be found in Table 2. It should be mentioned that the results of NCA and
NMC622 in the Al,O3 crucible design originate from the work of Windisch-Kern et al. [43, 70]
and were processed according to the uniform calculation method. In addition, at least two tests
were performed in the experiments in Design 2, so the mean values from these are given in

the table below.
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Table 2. Transfer coefficients to metals and removed phase from InduMelt trials with the cathode
materials LCO, LFP, NCA, and NMC 622

Sample/
Fraction Design Li Co Ni Mn Al Fe P
Element
Al20s3 crucible 0.1% 95.2% - - - - -
Metal
MgO crucible 0.6% 771% - - - - -
LCO
Al20s3 crucible 97.5% <0.1% - - - - -
Removed
MgO crucible 98.3% 6.6% - - - - -
Al20s3 crucible 6.2% - - - - 44.1% 12.8%
Metal
MgO crucible 4.4% - - - - 73.8% 30.4%
LFP
Al20s3 crucible 70.0% - - - - 15.9% 66.2%
Removed
MgO crucible 85.1% - - - - 12.2% 61.6%
Al20s3 crucible* 11.4% 804% >95% - 83.3% - -
Metal
MgO crucible 1.2% 78.3% 93.1% - 114% - -
NCA
Al20s3 crucible* 814% 19.6% 3.3% - 5.7% - -
Removed
MgO crucible 90.1% 10.3% <01% - 75.6% - -
Al20s3 crucible* 0,4% 84.2% 916% 83.5% - - -
Metal
MgO crucible 1.4% 83.5% 88.5% 79.7% - - -
NMC622
Al20s3 crucible* 96,4% 6.7% <0.1% 7.2% - - -
Removed

MgO crucible 92.2% 2.9% <0.1% 6.7% - - -

*Edited results from Windisch-Kern et al. [43, 70]
1. Optimization of the reactor design

With the results from Table 2, the first point in the research question block can now be
answered.
1a.) How does the new design affect productivity using commercially available LIB

cathode materials? Which transfer coefficients can be achieved?

As mentioned earlier, avoiding Li slagging is an essential quality factor of the InduRed
reactor concept. On the one hand, this was achieved by almost completely preventing slag
formation. On the other hand, the attainment of the target is reflected in a high proportion of Li
in the removed fraction and a low proportion in the metal. Looking at the results of separated

Li in both setups, the removal of at least about 81% in Design 1 and about 90% in Design 2 is
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always evident for the cathode materials in layered structures (LCO, NCA, and NMC622). For
LFP in its olivine structure, 70% of the Li could be transferred using Design 1 and around 85%
utilizing Design 2. In this narrow consideration, a higher tendency for Li removal with Design 2

is evident.

The metal alloy formation of Co and Ni is similar for NCA and NMC622. The high Al and Li
content in the NCA metal with Design 1 can be seen as a significant difference. However, when
the alloy is used in the steel-producing industry, for example, this contamination of Co and Ni
would have a disadvantageous effect. While looking at the results from LFP, a much higher
transfer of iron to the metal fraction is evident in Design 2. In contrast to the other cathode
materials, a higher outcome of the metal could be achieved with LCO in Design 1. In this
evaluation carried out for the productivity analysis, another factor must be mentioned at this
point, namely the powder content after the tests. This fraction is primarily a mixture of carbon
powder and partially reduced, but not molten, metal powder. As stated at the beginning, this
fraction is undesirable after the trials since it directly influences the amount of metal alloy
produced. In Table 3, the corresponding powder fractions are listed, whereby an average value

was formed in the case of multiple tests.

Table 3. Listing of the powder content (<1 mm) of the product fractions generated in the InduMelt

tests in wt.%.

Design / Sample LCO LFP NCA NMC622
Design 1 (Al203 crucible) 6.8 wt.% 22.0 wt.% 3.0 wt.% 7.4 wt.%
Design 2 (MgO crucible) 10.3 wt.% 10.5 wt.% 11.1 wt.% 11.1 wt.%

By comparing the powder fractions, it can be seen that there are almost identical values in
the experiments from Design 2. This, in turn, is a strong indication of higher reproducibility and
confirms the successful implementation of the more straightforward reactor design for more
comparable experiments. In addition, by comparing with Table 2, it can be seen that the metal
yield is always higher in those tests with lower powder content. Conversely, this finding shows
the importance of an input material adapted to the InduRed reactor concept to increase

efficiency.

If these findings are thus broken down to the formulated research question, the new reactor

design influences productivity in a higher average Li removal and a more stable metal yield.

The reactor concept's basic suitability and high potential could be clarified within the scope

of these tests. In order to further develop the InduMelt batch plant into a continuous process,
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material-specific research activities and plant engineering issues need to be clarified. These
were also considered in more detail in Publication 1 [68] and Publication 2 [69] by examining
the interaction of the input material with the crucible material. The underlying question was as
follows:

1b. Is the crucible material selected adequate for a future continuous process?

Both preliminary tests in the heating microscope when using Al,Os platelets as sample
support and InduMelt tests in Design 1 in the Al2Os crucible showed an interaction with the
platelet and the crucible when using cobalt-containing cathode material. A blue coloration of
the ceramic was immediately recognizable during an initial optical assessment. On closer
inspection, an abrasive behavior was also observed, which was particularly evident in the
InduMelt crucible due to deep indentations in the mantle surface. This reaction could be
attributed to cobalt aluminate formation, also widely referred to as cobalt blue. Since massive
abrasion of the ceramics occurred even at such low test run times as in the heating microscope
or the InduMelt system, using Al.O3; materials in this manner was not considered optimal for
continuous use. In addition to the reactor redesign, the alternative crucible material of MgO
was also closely examined. From the first InduMelt tests, it could be determined that no attack
on the crucible wall occurred, but adhesions were recognizable. Further detailed investigations
showed an increase in the weight of the crucible during all trials. The influence of the crucible's
reuse was also examined to obtain a first estimate of the interaction between feedstock and
crucible material. It was found that the packings could be reduced by up to 50% in the second
test. Although this would be a positive development for continuous use, it was found by

chemical analysis that Li diffused or adhered to the reactor even in repeat tests.

In general, increasing adhesion in the bottom area of the reactor was detected, and a
concomitant growing diffusion into the crucible wall. It was demonstrated by analysis of the
crucibles over the height that a lower value of Li detection in the scrubbing liquid is associated
with an increased Li occurrence in the middle to bottom region of the reactor. In contrast, a
high Li content in the washing solution resulted in a more substantial presence of Li in the
higher reactor area. Even if the occurrence of Li in the reactor wall is fundamentally
undesirable, this effect can possibly be attributed to the removal of the element via the gas
flow and contact with the crucible surface in the higher range. The metal alloy elements (Co,
Ni, Fe, Mn), which are shown as "removed" in Table 2, tend to be found in the middle to bottom
of the reactor. This can be attributed to their physical properties. Special attention also for
future research activities is phosphorus. When tested once, the tendency is to find it in the
upper area of the reactor, but when the crucible is used several times, it seems to form a bond

with the adhering metal in the bottom area.
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Based on the unique selling point of the InduRed reactor concept for Li removal via the gas
flow, a statement about the functionality of the MgO crucible material has now been made from
these findings. As shown in Figure 9, a high proportion of Li from the "removed" fraction is
found in the crucible for all cathode materials. This interaction between MgO and input material
turns out to be so disadvantageous that the choice of this crucible material is not advisable for
a continuous process. In addition, the packings could successively reduce the reactor diameter

in this mode of operation, which could subsequently cause reduced throughput or clogging.
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Figure 9. lllustration of the distributed Li into the crucible wall and the resulting amount potentially

transferred to the gas stream during InduMelt trials in Design 2 [69].

The theoretical approach of the reaction processes up to the transfer of Li into the gas phase
is discussed in more detail in Question 3b.

2. Determining the influence of impurities on the melting ability of the black

matter

In the previous block of questions, the basic research was always done with cathode
material from battery production to explore the high-temperature behavior. However, other
accompanying elements can be found in an actual waste stream of EoL batteries after the
pretreatment necessary for the InduRed reactor concept. These originate from the battery
assembly and are difficult to separate in the pretreatment step due to agglomerations or very
small particle sizes, for example. The type of pretreatment also plays a significant role, which

has a direct impact on the chemical composition of the black matter. For example, the
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electrolyte is already evaporated upstream in process routes with thermal preconditioning, so

the off-gas post-treatment in the pyrometallurgical process is easier to design.

It was known from the studies of, e.g., Windisch et al. [43], that the black matter and the
pure cathode material behave fundamentally differently in the heating microscope. So, how do
the chemical compositions of the input materials compare? Which accompanying elements
influence the high-temperature behavior most significantly? It was found that the main
accompanying elements in the black matter were Cu and Al, most likely from the electrode
conductor foils. Also, a significant amount of carbon greater than 30 wt.% could be detected
from the anode graphite. In order to get one step closer to the use of black matter in the

InduRed system, the following questions had to be answered first:

2a. What influence do incompletely separated accompanying elements from the
electrode conductor foils have?

2b. Does the graphite from the anode material affect the melting ability?

To answer these questions, in-depth heating microscope experiments with argon purging
were performed on the NMC622 cathode material as part of Publication 3 [71]. This cathode
material was chosen because it is primarily used in electric cars, and, as explained in chapter

2, this sector is forecast to be a significant driver of future market growth.

It was shown that only in the presence of carbon as the reducing agent could produce a
reduction and thus a magnetic behavior of the sample. The stoichiometric amount of carbon
necessary for the complete reduction of the LiMeO, was added. In the next step, it was
demonstrated that adding Al worsens the melting ability, while Cu lowers the melting
temperature and hence promotes the formation of a melting phase. This was also investigated
to gain insight into the influence of the over-stoichiometrically addition of carbon, as it is present
in the black matter from the anode material. It could be explained that an oversupply has a

significant detrimental effect on the melting ability.

The main conclusion from these results is that Al and C are the most harmful factors for a
successful transfer to a melt. This also implies an increased demand for the pretreatment of
black matter. Therefore, particular attention has been paid to carbon. In preliminary tests, it
was clarified that graphite from the anode material has the same reducing effect as the carbon
in the laboratory tests. In addition, calculations showed that for the complete reduction of the
lithium metal oxide at a given atmosphere and operating parameters in the InduRed reactor
concept, about 20 wt.% C is required for the layer materials and about 24 wt.% C for the olivine

structure in LFP. Since the black matter, as mentioned above, contains more than 30 wt.%
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graphite, an additional step in the pretreatment to remove the graphite must be considered

when designing the overall process.

An additional factor that appears with the influencing elements mentioned is that Al from the
electrode conductor foils also has a strong reducing effect due to its high oxygen affinity. This,
therefore, directly influences the individual quantities required to provide the necessary amount
of reducing agent. To consider this fact as well as the expected fluctuating waste stream and
to allow a simpler estimation for the processability in the InduRed reactor concept, the following

research question was defined:

2c. How can a quick and low-trial statement be made concerning the usability of
input materials from pretreatment in the InduRed reactor concept, taking into

account a waste stream that fluctuates in its composition?

The basis for fulfilling this question was heating microscope tests with NMC622, also
described in detail in Publication 3 [71]. By adding different proportions of the detected most
harmful elements for the melting ability, C and Al, to the cathode material, a contour plot could

be developed from the results using Matlab, as shown in Figure 10.
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Figure 10. Contour plot of the cross-sectional area in the Al-C-NMC622 system at 1550°C through
heating microscope experiments (cf. [71]).

By comparing the heating microscope data and pictures, as well as the appearance of the
sample after the trial, a range of good melting ability and a transition area towards a slight melt

formation were also defined. The first mentioned is marked within the red line in Figure 10,
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and the second is between the red line and the dark red dotted border. It is important to mention
at this point that, for safety reasons, the experiments in this apparatus were not carried out
under the strongly reducing CO/CO; atmosphere that is predominantly encountered in the
InduMelt. The argon purging used had the advantage that undesired reoxidation could be
suppressed. Due to the resulting different reaction course, the result of the C content presented
here must be converted to the process of the InduMelt plant. For example, a value of
10.0 wt.% C would yield a proportion of 18.2 wt.% in the InduMelt atmosphere. Although this
simplified calculation must be made more precise in the future by further basic research, it is
sufficient for an initial estimate of the behavior in the InduRed reactor concept. Regardless,
based on the plot, the dependence between C and Al concerning its function as a reducing
agent was made graphically apparent. The higher the C content, the lower the Al content

should be, and vice versa.

In addition to the melting ability of these composition combinations, an important finding was
safety-related. It was observed that with a high Al content compared to the amount of cathode
material, a strongly exothermic reaction occurs, which is attributed to aluminothermy. For this
reason, the Al percentage in the active material used was set at less than 6 wt.% for use in the

InduRed reactor concept.

With these observations, a first estimation of the behavior of recycled material similar to

black matter in high-temperature applications is possible.
3. Behavior of black matter in the InduRed reactor concept

The cited results from the various tests with pure cathode material from battery production
are an indispensable basis. But how does an actual waste stream from EoL batteries behave?
Are the results already generated comparable? For this purpose, the research activities on this

topic were discussed in the last Publication 4 [72] of this dissertation.

3a. Which productivity results from tests with black matter from a pretreatment
step in the InduMelt plant?
3b. How do the results reflect the findings from using cathode material from the

battery production?

Interpreting the results from experimental work with EoL battery material in the same way
as the experiments with pure cathode material, the transfer coefficients of the individual

elements into the fractions obtained are shown in Figure 11.
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Figure 11. lllustration of the elemental transfer coefficients to the obtained fractions
after InduMelt trials with NCA black matter.

The most significant finding is that the lithium removal from the hydromechanically pre-
treated and floated NCA black matter used in this study affirms the high transfer rates from
more than 90% into the "removed" fraction from the pure cathode material. However, the
powder content of 30.75% is three times higher than that obtained from the comparative tests.
This fact also explains the much lower Co and Ni transfer rates into the metal compared to the
results of pure NCA in Table 2. It underlines the need to minimize this fraction to increase the

product yield.

In addition, the visual appearance of the metal fraction showed a significant difference
compared to the tests with the pure material. The formation of smaller spheres instead of metal
lumps has been attributed, parallel to the higher powder content, to a lower melting ability.
Therefore, a contour plot was also created for the Al-C-NCA system. By extending the system
to include Cu, an increase in the good melting range was observed, and a shift in the optimum
composition for maximum melt formation in the direction of lower C and higher Al content was
detected. The composition of the NCA black matter was subsequently identified to be in the
poor melting range of this plot, which is a possible explanation for the undesirable appearance.
Another possibility is the relatively high Fe content in the input material, which has not been
taken into account so far due to the negligible content in black matter from other pretreatment

methods.
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The use of black matter in the InduMelt also allowed the path of Cu and Fe from the battery
structure to be practically demonstrated for the first time. The similar transfer rate of these
elements with Co and Ni allows the assumption that by reducing the powder fraction, this
fraction can also be increased towards the metal fraction. Conversely, this also means that
special attention must be paid to the Cu content, especially for reusing the metal fraction in the
open loop in the steel-producing industry. In secondary metallurgy, the so-called tramp
element Cu is considered an undesirable impurity, which is why its use in steelmaking is
limited [73]. Irrespective of the limits observed in this application area, the valuable metals
contained would be removed from the battery cycle in this type of product utilization. In the
case of closed-loop recycling, this result clearly shows the need for post-treatment to separate
the resulting metal alloy into its individual elements. This enables the metals to be made

available for the repeated production of active material for batteries.

3c. Does the result fit with the findings from basic research? What exactly is the

reaction behind lithium removal via gas flow?

The InduRed reactor concept enables carbothermal reduction of the lithium metal oxide

according to equation 4-1 due to its strongly reducing atmosphere and carbon content [70, 74].
4LlM€02(5) + 3C(s) - 2Li2C03(S) + 4M€0(s) + COz(g) Eq. 4-1

Considering the possible path of the resulting lithium carbonate, equation 4-2 is likely due to
the permanent intentional supply of C via the graphite of the anode material or unintentionally

via the graphite cube bulk [75].
Li2C03(s) + 4C(5) d LiZCz(S) + 3C0(g) Eq 4-2

The resulting lithium carbide consequently dissociates to gaseous Li and C due to the

prevailing high temperatures in the InduRed reactor, as shown in equation 4-3 [75].

Small amounts of mineral phase adhesions to the metal were observed in the tests with NCA
black matter. Line-point analysis in laser-induced breakdown spectroscopy, illustrated in
Figure 12, provided evidence that there was little to no Li presence in the mineral phase
adhering to the Li-free metal alloy (according to Figure 11). The main portion of Li could be
detected in a thin layer between these two phases. With optimal process control and contact
with C, it is reasonable to suspect that the reactions occur according to equations 4-2 and 4-3.

However, more detailed analyses are needed to confirm this reaction sequence.
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Figure 12. Digital microscope image of the metal and mineral phase transition band with laser-
induced breakdown spectroscopy measurement of the product from InduMelt trial with NCA black
matter (cf. [72]).
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5 Conclusion

Within the scope of the present doctoral thesis, two main topics were addressed as scientific
basis for the further development of the InduRed reactor concept. On the one hand, the
InduMelt pre-pilot plant running in batch operation was redesigned, and its applicability with
lithium-ion battery material was tested. On the other hand, the knowledge of the high-
temperature behavior of pure cathode material from battery productions was stretched over

the addition of companion elements to using an actual waste stream from EoL batteries.

The most significant finding from the results is that the InduRed reactor concept delivers
high metal recovery rates not only when using cathode material from battery production but
also when using an actual waste stream from EoL batteries. Particularly noteworthy is that Li
can be removed from the input material at a rate of over 85%, with this value tending towards
higher rates of up to 98%. This aspect represents a unique selling point compared to
pyrometallurgical processes available on the market, in which lithium is primarily slagged.
Consequently, a higher share of the recycling rate in the material cycle can be achieved, which
is necessary for a sustainable circular economy, among other things, due to increased political

pressure and the drive to lead Europe into increased independence from raw materials.

The basis for efficient process design is a sound knowledge of the behavior of the material
used in the corresponding application. The influence of accompanying elements like Al, C, and
Cu from the battery structure significantly affects the melting ability required by the InduRed
reactor concept. In the sense of further development and integration into an overall recycling
process, defining limit values for interfering elements is fundamental. The contour diagram
developed in the course of this work will enable a low-test and rapid assessment of the usability
of material from the pretreatment. This allows a more targeted adaptation of the pretreatment

to work well in combination with the InduRed process. Independently of the more optimal
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process control made possible by this, the generated knowledge about the LIB black matter

also assists the overall process development, increasing the product quality.

For industrial applications, the batch system used must be scaled up to continuous
operation. It is essential to select a reactor material that can withstand temperatures around
1700°C and does not react with the input material. Besides redesigning the batch setup for
simpler and more reproducible experiments, investigating the crucible materials Al.O3; and
MgO showed a high need for future research. Even though the temperature resistance could
be confirmed with both materials, the interactions with the LIB material are not recommended
for different reasons. Al,Os shows a reaction with Co-rich materials to most likely cobalt
aluminate. This is not acceptable, especially in long-term tests, due to the strong abrasive
effect it causes. Even if this effect does not occur when MgO is used, both packing and
diffusion of the elements from the black matter or cathode material could be detected. The
effects of continuous operation can not only lead to high wear and tear but also have a massive
impact on productivity. In particular, the high amount of Li detected in the reactor must be
emphasized. This can lead to less than 40% of the Li being removed from the reactor via the
gas flow. Conversely, this would also significantly lower the advantage of the InduRed reactor

concept over other pyrometallurgical technologies.
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6 Outlook

Even if the high potential of the InduRed reactor concept as a contribution to a sustainable
circular economy emerges from the experiments conducted within the scope of this work, a
large number of research activities are still required before it is ready for industrial use. These
range from plant engineering issues to material science aspects. Essential next steps and the
most important ideas for successfully implementing the recycling standard are discussed in

this last chapter.

o Extension of research activities on the influence of accompanying elements

on high-temperature behavior

Although the presented contour model represents a good basis for the first assessment of
the usability of the InduRed reactor concept, a more in-depth research is nevertheless
necessary. Currently, a model including Al, C, and Cu exists only for NCA. This must also be
extended to cover the other commercially used cathode materials. In addition, further
accompanying elements have to be considered in more detail. In particular, Fe is highlighted.
Since its share in the black matter depends on the pretreatment efficiency and its process
design, its influence on the melting ability should also be considered. As the inert atmosphere
used in the heating microscope does not correspond to that in the InduRed reactor concept,
the accuracy of the models must also be checked in the InduMelt plant. In order to increase
productivity, care must also be taken to reduce the powder content to a minimum. Another
basic research topic is the effect of pretreatment-dependent accompanying elements in
pyrometallurgical processing. Electrolyte or binder can influence product quality according to
the process design. Safety-related issues, such as the outgassing of toxic gases [42], are also

important, which now leads to the next important topic as follows.

Doctoral Thesis Alexandra Holzer Page 32



OUTLOOK

o Post-treatment of the exhaust gas and utilization of the lithium

In the field of spent LIB treatment, the occurrence of CO2, CO, H,, CsH,, or HF is possible,
just to name a few [16, 42]. An extensive exhaust gas cleaning system is indispensable for
safe handling. However, the composition of the resulting off-gas depends on many aspects.
The cathode material, for example, is essential in this respect. LFP is to be emphasized by the
contained phosphorus, which is transferred into the gas stream along with Li, as could be
shown in this work. In this respect, an important step is utilizing these two critical raw materials.
In addition, the pretreatment route is of great importance for the design of the off-gas treatment.
The chemical composition of the gas stream can be influenced by premature separation of
volatile elements, thus simplifying the process interconnection for the exhaust gas post-
treatment. As a basis for implementing a safe and efficient downstream conditioning step,
sound knowledge of the reaction sequence inside and, subsequently, outside the reactor is

required.
¢ Plant engineering optimization and gradual scale-up

The current state of the technology is classified as TRL3-4 (Technology Readiness Level).
This is defined as the confirmation of the technology concept at component level, whereby the
functional proof of the technology was provided on a laboratory scale respectively in the pre-
pilot plant with the help of the InduMelt system. In order to increase this level to 4, the next
step is to develop the system into a continuous feeding system. This means that a feed of the
EoL LIB material onto the hot bed must be realized, the exhaust gas post-treatment section
and the material discharge have to be designed. Of particular scientific interest in this regard
is the influence of kinetics on product quality and productivity due to hot feed versus successive
heating, as in this work in batch operation. In order to operate the set-up safely in continuous
operation and with a maximum product yield, detailed investigations must be carried out into

an optimum crucible material.
o Development and integration into an overall recycling process

Even though the InduRed reactor concept shows considerable potential for high valuable
metal recovery rates when using EoL battery material, the exclusive consideration of single

technology development is too narrowly conceived.

In general, the investigated process interconnection between hydromechanical
pretreatment, flotation, and pyrometallurgy shows the importance of a holistically thought
recycling process. The fundamental question during the development must be the definition of
the further use of the resulting product. The proposed EU guidelines provide percentage

recovery rates for the valuable metals but do not specify the type of product utilization.
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Essentially, this directive is intended to close the material loop in the EU. Conversely, this also
means that the choice of overall process design to compete in the market depends largely on
the economic outcome. Of course, from the point of view of a sustainable circular economy,
this is not desirable. In addition to political regulations or funding, the market price of the
containing valuable metals will significantly influence the choice between product recycling and

closed-loop recycling in the future.

Realistically, the overall efficiency and effort required to generate a high-quality product
strongly depend on the pretreatment step, regardless of the open- or closed-loop decision. The
better the separation of the battery assembly to the active material operates, the less effort is
needed in the chemical recycling step, which is an energy and cost-intensive step with any
technology usage. Even if the theoretical approach of complete separation is desirable, the
technical feasibility and, as a consequence, the economic and ecological viability must always
be considered. In this context, the eco-footprint of the overall recycling process must not

reasonably exceed that of primary production.

In addition to the question of open- and closed-loop recycling, it must also be defined which
product qualities are acceptable and which will subsequently find a market. For this reason, it
is of high priority to strive for inclusion in an overall recycling chain during the current expansion
stage of the batch plant. This will enable the further development of the pyrometallurgical
intermediate step to always consider the upstream and downstream processes. In this way,
possible weaknesses of individual technologies can be compensated for in the overall design
and immediately addressed in the individual process development. This overall view enables
lower costs due to increased efficiency and faster time to market through targeted overall
process development toward industrial maturity. Due to the topicality of the subject and the
resulting high level of research activity worldwide, the time of market launch, in addition to cost

efficiency, will be decisive for success.
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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., LiCo0O;) and lithium iron phosphate (LFP—chem., LiFePO,) 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 Al,Oj3 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 Nickelhiitte 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 (LipSO4) 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., LiNi 33Mny 33C0(3302),
lithium nickel cobalt aluminum oxide (NCA—chem., LiNiygCoq15Alp050,) 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 p (dm 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 LiCoO, or
LiFePOy. 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 ONORM 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 CO, 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 Al,O3 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 Al,O3
platelet with an approximate weight of 0.1 g.

i

Lol
10 mm

Figure 1. Structure of the sample on the white sample plate made of Al,O3 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 Schonberg 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 P,Os. 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 P, (g)-Fe (1) 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 CO; 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 Al;O3 ring with a diameter of 20 cm, Al;O3 mortar and
refractory concrete were used. The graphite bed provides a cube surface of 1725 cm? 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 H»SOy 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 Al,O3. 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.
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Figure 3. (a) Schematic representation of the original InduMelt plant (Design 1) [34]; (b) overall setup in test operation.
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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 Al,O3 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 Al,Oj3 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.

I|||||||||I Lottt
10 mm 10 mm

(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.

100 —frwinne ol

bl vy

______

cross sectional area [%)]

50
————— LCO-C
%9l ---LCO-C-Re
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0 ' 500 ' 1000 ' 1500

temperature [°C]

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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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%.



Metals 2021, 11, 149

13 of 22
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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.
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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
LiyO. 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 Li,O 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.

Power [kVV]
Temperature [*C]

0 2 4 6
Time [h]

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-Cinmg/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.

Letvalvield

10 mm

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 (Al,O3) 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.

(b)

Figure 14. Visual appearance of the crucibles after the experiments: (a) traces of attack on the Al,O3 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 Al,O3-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.
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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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Figure 16. Products of the experiment LFP-C in Design 1: (a) flame formation in exhaust gas flow; (b) slag; (c) ceramic ring
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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 16¢, 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 70.5 191 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 Al,O3 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: With an ever-growing demand for critical raw materials for the production of lithium-ion
batteries and a price increase of respective commodities, an ever louder call from the industry for
efficient recycling technologies can be noticed. So far, state-of-the-art industry-scaled pyrometallurgi-
cal recycling technologies all suffer from the same bottleneck of lithium slagging. At the Chair of
Thermal Processing Technology at Montanuniversitaet Leoben, a novel reactor was developed to
recover lithium and phosphorus via the gas phase in a pyrometallurgical process. Critical elements
such as Li, Ni, Co, and Mn of the commercially used cathode materials LCO (LiCoO;), LFP (LiFePOy),
NCA (LiNig gCoq.15Al0,0502), and NMC622 (LiNiy ¢Mng ,Coy ) were analyzed in a batch version
of the so-called InduRed reactor concept. The analyses underline that the reactor concept is highly
suitable for an efficient recovery for the metals Ni and Co and that slagging of Li can not only be
largely prohibited, but the elements lithium and phosphorous can even be recovered from the gas
phase. Plant engineering issues were also considered for further development toward a continuous
process. The MgO crucible used shows significant diffusion of various elements from the battery
material, which is why the choice of crucible material still requires in-depth research.

Keywords: lithium-ion battery; recycling; pyrometallurgy; critical raw materials; lithium removal;
phosphorous removal; recovery of valuable metals

1. Introduction

With the establishment of a green and low-carbon energy system as a central part of
the 2015 Paris Agreement on Climate Change (PA), a limitation of global warming well
below 2 °C above preindustrial levels has become international consensus [1]. However,
it is commonly criticized that only with much higher efforts than previously anticipated
can cited goals be achieved [2]. Next to the energy sector, the transport sector, with
approximately 16% of global greenhouse gas (GHG) emissions [3], still takes a lion’s share
of the overall 52.4 gigatonnes of CO, equivalent annually [4]. Furthermore, the quantity of
light-duty vehicles is supposed to double by 2050, even increasing the share of emissions
within this sector [5]. More efficient technologies have to be introduced to the market
to counteract this development and meet the PA’s goals. Electric vehicles (EVs) are one
possible solution to cut GHG emissions in this sector [6]. Although EVs have a better CO,
balance than traditional vehicles with internal combustion engines (ICE), there are still
parts with huge improvement potential. In particular, the production of the battery itself
takes a considerable share of EVs’ overall life cycle emissions, which has already been
researched within several studies [6-9]. Efficient recycling technologies for batteries, and
especially for the active material, the so-called black matter-consisting mainly of scrapped
anodes and cathodes—could significantly reduce battery life cycle GHG emissions. This can
be explained by improved carbon emissions and energy credits compared to sourcing the
same raw metals from the respective primary supply chains [10]. Furthermore, since the
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European Union (EU) is heavily dependent on imports from foreign markets to meet its
LIB production resources, the recovery and recycling of valuable metals from spent LIBs is
a cornerstone of the EU’s supply independence strategy [11]. To address the sustainable
use of these materials, a new proposed regulation amending EU Directive 2006/66/EC and
revised version No. 2019/1020, regulating batteries and waste batteries, including recycling
efficiency, was published in December 2020 [12]. The proposed regulation stipulates specific
material recovery rates, namely 90% for cobalt, copper, and nickel, and 35% for lithium,
to be achieved by the end of 2025. By 2030, the recovery levels are further increased, with
rates of 95% for cobalt, copper, and nickel, and 70% for lithium [13].

Although several different recycling technologies are already available, ranging from
mechanical pre-treatment steps to pyrolysis and metallurgical processes, all face more or
less substantial bottlenecks [14]. Mechanical pre-treatment steps, as described in Windisch-
Kern et al. [15], are a necessary intermediate step to separate output fractions such as Fe, Cu,
and Al from the black matter. This material can then be further processed within hydro-,
bio-hydro, or pyrometallurgical processes.

For hydrometallurgical recycling options, the most significant limitation is a fluctuat-
ing input material caused by different cell chemistries of used batteries. Hydrometallurgical
processes are susceptible to impurities such as fluorine, chlorine, graphite, and especially
phosphorus, often either part of the electrolyte or the active material [16]. Additionally,
lithium partly remains in the solvent, not being considered for further recovery due to
economic considerations [17,18]. Furthermore, conventional hydrometallurgical processes
need an extensive amount of acidic reagents, such as HCL, HNO3 and H,50y, requiring
additional disposal or recycling efforts [19]. Despite these limitations, there are already
technologies that have excellent recycling efficiencies when only one cathode material is
recycled on its own. One possible solution to these harsh chemicals could be ascorbic acid.
Researchers have shown that in a two-molar ascorbic acid, NMC cathode material could
be recovered with more than 90% efficiency for Li, Co, Ni, and Mn [20]. Another example
is the RecycLib process based on hydrometallurgy, which can recycle 80-90% if LCO or
NMC cathode material is processed in isolation. In this process, a very mild chemical
reagent is also used consisting of magnesium sulfate heptahydrate (MgSO4.7H;0), sodium
chloride (NaCl), and deionized water [21]. A more sustainable alternative to traditional
hydrometallurgy, however, is bio-hydrometallurgy. One of the most promising processes,
bioleaching, requires less energy, is performed at lower temperatures, and has fewer toxic
gas emissions [22]. Within bioleaching, microorganisms initiate metal dissolution by using
inorganic compounds such as Fe?*, FeS,, etc., as an energy resource, leading to metabolic
products, which are a lot less toxic than acids used in hydrometallurgy [23]. However,
compared to hydrometallurgical processes, the leaching efficiency is quite low, the leaching
time is long due to slow kinetics and pulp densities, and the microorganisms are often
complicated to cultivate [24].

Compared to hydro- and bio-hydrometallurgical processes, which operate at lower
temperatures, the pyrometallurgical route is performed at high temperatures and, there-
fore, is mostly insensitive to varying input materials and impurities [25]. However, these
processes are likely to face the problem of lithium slagging and metal phosphide forma-
tion [26]. Although Li and P are only present in small concentrations compared to the
overall battery weight, both elements are found on the EU’s list of critical raw materials
with increasing economic value and therefore have to be recycled [27,28]. Next to these
technical recycling options, a recycling-oriented design of LIBs, with a more rational design
of the module and battery pack itself, easier to handle materials, and a better configuration,
could ease the recycling process. Solid-state electrolytes, anode-free cells, or other technical
revolutions could move battery technology in a more sustainable direction but have yet to
be thoroughly tested [29]. Until these innovations are introduced to the market, a promising
solution to these problems is a hydrometallurgical process downstream of a pyrometal-
lurgical process [30]. With the interconnection of efficient pyro- and hydrometallurgical
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recycling technologies, the advantages of both methods can be used, eliminating most of
the disadvantages [31].

Therefore, a novel reactor type was developed at the Chair of Thermal Processing
Technology at Montanuniversitaet Leoben to avoid the abovementioned disadvantages in
the pyrometallurgical process [32]. The novelty is found in an inductively heated bed of
graphite cubes. The black matter is charged continuously via a screw conveyor from above,
with the possibility of removing lithium and phosphorus via the gas phase. The main
advantage of the reactor concept is the possibility of horizontal and radial homogenous
temperature provision, so that an optimum heat transfer to the feedstock can be provided.
Furthermore, this reactor design allows the formation of a thin melt film when heated. This,
in turn, enormously shortens the diffusion paths compared with, for example, a molten
bath [26]. Therefore, undesirable reactions such as iron phosphide formation or lithium
slagging are suppressed, and phosphorus and lithium gasification are enabled instead.
Therefore, it can be recovered more easily and cost-effectively [33].

Within the scope of this paper, a batch version of this reactor type is analyzed regarding
the transfer coefficients of the containing metals from different active materials, not only
for lithium and phosphorus, but also for other rare critical raw materials such as nickel,
manganese, and cobalt. The influences of plant engineering on recovery rates of lithium via
the gas phase are discussed. In particular, the accumulation and diffusion of the elements
on and in the MgO crucibles used are examined in more detail. In-depth optimization
measures must be taken on the plant design as it evolves into a continuous process. The
proposed reactor concept is shown to be well suited for an efficient pyrometallurgical
recycling step with considerable improvements in recovery rates compared to today’s BAT
technologies.

2. Materials and Methods

As in previous experimental series [26,28], all tests conducted within the scope of
this study strictly followed a standardized practical scheme, comprising preparation,
experimental procedure, sampling, and analyzing steps. In general, it must be noted that
instead of using the continuous InduRed reactor concept, a batch processing lab-scale model
with almost identical properties was used. The purpose of this was to ensure comparability
to previous test series and a reasonable duration of the trials, resulting in a higher number
of experiments at lower costs. The mentioned lab-scale version, the so-called InduMelt
reactor, developed at the Chair of Thermal Processing Technology (Montanuniversitaet
Leoben, Leoben, Austria), is shown in Figure 1.

The batch version also uses the principle of inductive heating, in which graphite
cubes with a side length of 2.5 cm, an electrical resistance of 4-8 u(dm, and a density
of 1.55-1.75 gcm ™! are heated. The crucible, which accommodates the graphite bed, is
designed as a half-arch bottom with a diameter of 20 cm and a height of 60 cm made of
MgO. It is held in position by a structure of refractory concrete and entirely insulated with
a high-temperature refractory mat to reduce heat losses. For temperature control, two type
S thermocouples were placed on the outer surface of the reactor bottom and another on
the reactor wall above the coil. Two additional type K thermocouples were positioned
within the graphite bed to realize a more accurate temperature measurement during the
heating phase. After the maximum operating temperature of the type K thermocouples
(about 1200 °C) was exceeded, the correlation between the inner reactor and outer crucible
temperature known from preliminary experiments, the latter measured by the type S
thermocouple, was used for the process control.
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Figure 1. Schematic illustration of the so-called InduMelt crucible concept [23].

In this study, the cathode materials LCO, LFP, NCA, and NMC622, each mixed with the
corresponding stoichiometrically required amount of carbon for complete reduction, were
used as input material for the experiments. The reason why out of several different possible
NMC chemistries only NMC622 was analyzed can be explained by today’s and forecasted
shares of this cathode material. In most scenarios, the NMC622 cathode chemistry takes
the most significant share of up to 90% of all batteries used in electric vehicles in 2030 [34].
During preparation, a sample mass of approximately 550 g was put in the graphite bed’s
void fraction in each experiment. The composition of said samples can be seen in Table 1.

Table 1. Concentration of relevant elements in the samples used for the InduMelt experiments in
wt.%.

Compound Li Co Ni Mn Al Fe P C
LCco_c! 5.67 48.17 - - - - - 20.00
LFP_C! 3.52 - - - - 28.32 15.71 24.00
NCA C! 5.88 4.99 39.76 - 2.28 - - 20.00

NMC622_C1 5.73 9.73 29.07 9.07 - - - 20.00

! Difference to 100% detection rate due to the proportion of O.

The setup, test execution, and sampling were carried out in all tests according to a
specified and uniform plan. It should be mentioned that the components were weighed
in all the steps explained below during setup and dismantling. At the beginning, the
layered loading of the MgO crucible of cubes and the individual sample material, as
shown in Table 1, was performed. Two type K thermocouples were incorporated into
these layers in the crucible center at different heights to ensure adequate process control in
the lower temperature range up to approximately 1200 °C. For the subsequent insulation,
an exhaust gas pipe made of Al,O3 was incorporated centrally in the lid insulation to be
able to direct the gas produced during operation specifically into the gas extraction hood.
After positioning the insulated crucible on the refractory concrete in the coil, one type S
thermocouple each was mounted centrally on the reactor floor and one above the coil on
the crucible wall. The aim is also to control the temperature above the measuring range of
the type K thermocouples using known process values from preliminary tests.
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Finally, the temperature was recorded during the experiments via LabVIEW with a
parallel recording of the induced power data. To counteract overstressing of the crucible
material due to excessive heating rates, a maximum temperature increase of 250 K/h over
the experimental period of 7.5 h was selected. With a holding time of half an hour at
the end of the tests, a uniform temperature of 1550 °C over the entire reactor was aimed
for to always exceed the corresponding melting points of the metals contained. After
the experiments, the setup was cooled for at least 24 h and consequently dismantled and
unpacked in reverse order to the setup.

The experimental procedure is followed by a standardized sampling and analyzing
scheme. Certain product phases, e.g., a slag or a metal alloy, were separated, weighed, and
individually analyzed using ICP-OES according to ONORM EN ISO 11885:200911. This is
performed by manually removing metal and slag depositions from the graphite cubes and
the MgO crucible with subsequent magnetic separation. A fine powder phase formed due
to abrasion during the removal was also sampled and analyzed separately.

Regarding the evaluation of the gas phase, an exhaust bell was positioned over the
exhaust pipe, and a partial off-gas stream was passed over gas scrubbers containing a
2.5-molar H>SO,. To determine the actual presence of lithium or phosphorus in the exhaust
stream, thus proving that a gaseous removal was achieved, said gas scrubbing medium was
also analyzed using ICP-OES. All analysis results combined with the weighted samples
were then used to investigate transfer coefficients of the metals of interest into the respective
product phase, thus either the slag, metal, powder, or gas phase.

For a more precise statement of the results, each sample was tested at least twice. For
a more straightforward assignment of the individual experiments, the respective cathode
material and a consecutive numbering were used as nomenclature. For example, “LCO
V1” means experiment one with a mixture of LCO with the respective carbon content from
Table 1.

Regarding limitations of the overall process, the temperature is one crucial part that
must be considered. Due to the thermal stability of the heating insulation material, tem-
peratures above 1700 °C should not be exceeded. Another limitation for the batch version
InduMelt is the limited power supply of 10 kW at maximum. However, for these trials, the
heating rate was sufficient to prove that, at the temperature of 1550 °C, high rates of Li or P
were transferred into the gas phase, which therefore proved the suitability of the reactor’s
core principle.

3. Results and Discussion
3.1. InduMelt Experiments

The main focus of this series of tests was to determine the quality of products that are
generated during carbo-thermal reduction of the cathode materials LCO, LFP, NCA, and
NMC622. In addition, attention was paid to the influence of plant engineering components
on the lithium yield. A total of five fractions were identified as the resulting product
streams:

“Slag”: Defined as a non-magnetic mineral phase with a grain size greater than 1 mm.
“Powder”: Particles smaller than 1 mm and categorized as close to non-magnetic.
“Metal fraction”: Defined as a magnetic alloy with a grain size larger than 1 mm.
“Magnetic powder”: Particles smaller than 1 mm obtained during magnetic separation.
“Gas phase”: Defined as the exhaust gas stream passed through the gas scrubber.

The product properties are discussed in detail in the following subsections to finally
realize a comparison of all cathode materials. After the conducted series of experiments, a
significant influence on the product quality could be established concerning interrupted gas
stream out of the reactor due to a clogged gas pipe. In addition, it was found that the mass
balance closure is not possible, mainly due to the difficulty of separating the fractions. Thus,
only a qualitative consideration of the results is possible. The choice of reactor material
of MgO has been found to significantly impact the transfer coefficient, which is further
discussed.
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3.1.1. Product Properties of LCO after the Experiments within the InduMelt Reactor

The series of tests started with experiments with LCO, with a total of two tests being
carried out. Figure 2 shows examples of the resulting slag, metal, and powder.

(@)

(b) (0)

Figure 2. Examples of the products from the InduMelt experiments with LCO: (a) Slag; (b) Metal;
(c) Powder.

Table 2 lists both the masses of the initial input and the fractions obtained. On the one
hand, it is noticeable that no sparse magnetic powder was formed and that the proportion
of slag, with 0.5% and 0.8% of the total product mass, is vanishingly small compared with
the magnetic fractions. Looking at the magnetic fractions, it can be seen that the transfer to
the metal fraction was lower by mass in the second experiment.

Table 2. Sample mass at the beginning of the InduMelt experiment with LCO and weight of the
resulting products in grams.

Powder
Trial Input [g] Slag [g] Sparse Metal [g] Powder [g]
Magnetic [g]
LCO V1 549.6 1.3 - 242.3 35.2
LCO V2 551.0 24 - 217.1 775

Analyses of these three products in ICP-OES allowed the chemical composition to be
determined, as shown in Table 3. It should be noted that a complete detection rate is not
possible for several reasons. Firstly, in addition to the added carbon, the initial composition
also contains oxygen from the lithium metal oxide, which cannot be measured via ICP. In
addition, the measurement is subject to particular measurement uncertainty. The third
factor is sampling. Since the fractions cannot be completely separated from each other
without doubt due to their appearance, there is always a certain degree of mixing, which
significantly influences the results. The phenomena mentioned must also be considered in
this paper’s subsequent experiments. Nevertheless, trends can be identified, allowing a
statement to be made about the process.

Table 3. Content of Li and Co in the individual product phases of LCO V1 and LCO V2 in wt.%.

Powder Sparse

Element Slag [%] Magnetic [%] Metal [%] Powder [%]
LCO V1Iv2 V1IV2 V1IV2 V1IV2
Li 559 1115.80 2 -1)-2 0.12110.032 0.69110.032
Co 330110142 -1z 93.901183.50 2 66.601181.302
Sum 3 8.89 1115942 -1.2 94.021183.53 2 67.291181.332

1 Trial 1 (LCO V1). 2 Trial 2 (LCO V2). 3 Difference to 100% detection rate due to the proportion of C and O in the
fractions or measurement uncertainties and complex sampling.

On closer inspection and direct comparison between the two tests, it can be seen that
there are significant differences in product quality. The proportion of lithium in the slag is
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almost three times higher in the second test. If the mass ratios in Table 2 are also considered,
a higher mass proportion is recorded in the second experiment as well. However, since the
proportion of slag is negligible, as already mentioned, this fact should not be overestimated.
Another interesting finding is that the amount of Co in LCO V2 is lower in the metal but
higher in the powder. This is also reflected in the comparison of the masses in Table 2. If
the results from Tables 2 and 3 are summarized, the goal of reducing the metal oxide was
basically achieved in both experiments. Even if in the second test the output into the metal
fraction did not succeed to such an extent as in the first trial, the high metal content, and the
quality, of the increased metal powder content again compensates for the result. However,
in terms of simpler and more efficient post-treatment of the products from the InduMelt
process, transfer to a metal fraction is preferable. In this application, an acceptable quality
of the metal could be found. Maximizing the yield of a metal fraction should be strived for
and can be considered an allowable conclusion for the above findings.

By including the results of the off-gas analysis in the interpretation of the results, as
shown in Table 4, it can be seen that the lithium extraction amount of 1230 mg/L in the
first test is higher than that of the second with 860 mg/L. If we now compare the removal
of Li from the metal and powder with the result from the off-gas scrubber, no connection
between the increased removal rate in the off-gas with an improved removal of Li in the
chemical analysis can be seen.

Table 4. Results of the washing water analysis from the gas scrubber in the tests with LCO in mg/1.

Trial Li [mg/L]
LCOV1! 1230.00
LCO V22 860.00

1 Sample quantity for analysis: 150 mL. 2 Sample quantity for analysis: 100 mL.

3.1.2. Product Properties of LFP after the Experiments within the InduMelt Reactor

In investigating the cathode material LFP, two tests were carried out in the InduMelt
plant. In addition to slag and metal, both magnetic and non-magnetic powder were
recovered from the reactor after the trials. Examples of the appearance of these fractions
are illustrated in Figure 3.

(a)

(b) () (d)

Figure 3. Examples of the products from the InduMelt experiments with LFP: (a) Slag; (b) Metal;
(c) Powder sparse magnetic; (d) Powder.

The masses of the products and the input material of the two tests can be taken from
Table 5. If the masses of the two tests are compared with each other, it can be seen that in
LEP V2 the proportion of metal is higher and that of slag is lower. Even if this fact indicates
that the efforts towards the higher output of a metal fraction for post-treatment have been
successful, the higher proportion of metal powder must be considered in more detail.
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Table 5. Sample mass at the beginning of the InduMelt experiment with LFP and weight of the
resulting products in grams.

Powder
Trial Input [g] Slag [g] Sparse Metal [g] Powder [g]
Magnetic [g]
LFP V1 548.9 1.8 8.7 145.8 36.9
LFP V2 550.1 0.9 8.9 168.7 60.9

If the chemical composition analyses from Table 6 are included in the interpretation,
the picture is entirely different from that assumed after evaluating the results with LCO.
Li, Fe, and P input into the slag are many times higher in the second test than in the first,
and increased values can also be found in the sparsely magnetic powder. High iron and
low phosphorus content are particularly desirable in the metal fraction. This requirement
is better achieved in the first test. The results in the magnetic powder also speak for the
statement to be made here that the second trial, despite a better appearance of the mass
ratios, delivers poorer outcomes in the product quality. Therefore, the lower P and higher
Fe content in the first test are the decisive values.

Table 6. Content of Li, Fe, and P in the individual product phases of LFP V1 and LFP V2 in wt.%.

Powder Sparse

Element Slag [%] Magnetic [%] Metal [%] Powder [%]
LFP V1IVv2 V1Iv2 V1IVv2 V1IVv2
Li 037116.732 191113622 022110812 3.87113.432
Fe 0.07114.012 0.60110.702 77.101169.90 2 46.601143.002
P 0.07117.962 0.78111.982 14.301118.80 2 12.801114.402
Sum 3 0.511118.702 329116302 91.621189.212 63.271160.83 2

1 Trial 1 (LFP V1). 2 Trial 2 (LFP V2). 3 Difference to 100% detection rate due to the proportion of C and O in the
fractions or measurement uncertainties and complex sampling.

Looking at the analyses of the gas fraction in Table 7, it is clear that the yield of Li
and P in the second trial is many times higher than in the first trial. The experiments with
LFP can be summarized as follows: Either a larger fraction with lower metal quality but a
higher yield of Li and P is recovered via the gas stream or a smaller fraction with opposite
properties to the former. A comparison of the results of the trials with LCO and LFP is
difficult to perform, since the two differ fundamentally in their structural makeup. While
LCO, NCA, and NMC are layered oxides, LFP is built up as a three-dimensional olivine
structure [35,36].

Table 7. Results of the washing water analysis from the gas scrubber in the tests with LFP in mg/L.

Trial Li [mg/L] P [mg/L]
LFP V11! 7.60 87.00
LEP V22 310.00 3130.00

1 Sample quantity for analysis: 100 mL. 2 Sample quantity for analysis: 250 mL.

3.1.3. Product Properties of NCA after the Experiments within the InduMelt Reactor

The cathode material NCA has been tested a total of three times in this described
InduMelt setup. After reviewing the first two tests, it was found that the results of the
lithium extracted via the gas stream were far below the expected values in both cases.
Consequently, a third attempt was carried out. Figure 4 again shows illustrative examples
of the fractions obtained: slag, metal, powder with low magnetic content, and magnetic
powder.
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(@)

(b) (©) (d)

Figure 4. Examples of the products from the InduMelt experiments with NCA: (a) Slag; (b) Metal;
(c) Powder sparse magnetic; (d) Powder.

The masses of the individual fractions in Table 8 show similar ratios. However, at least
a small proportion of slag was recovered in the third test, while none was found in the
other two. From this representation, it is difficult to estimate the success of the experiments.

Table 8. Sample mass at the beginning of the InduMelt experiment with NCA and weight of the

resulting products in grams.

Powder
Trial Input [g] Slag [g] Sparse Metal [g] Powder [g]
Magnetic [g]
NCA V1 550.5 - 2.5 2259 60.4
NCA V2 550.0 - 4.2 230.7 54.9
NCA V3 550.0 1.0 3.1 223.6 58.4

The analysis results shown in Table 9 provide a better insight into product quality.
Particularly noteworthy is the third test, with its high Ni rates in the metal and powder
phase and, compared with the other tests, lower values of Li in the fractions, except the
slag. Although the presence of slag is not desirable, the low mass in Table 8 of only 1 g
means that this fact should not be overestimated. If only the first two tests are compared, a
similar composition can be seen, especially in the metal and powder fractions.

Table 9. Content of Li, Co, Ni, and Al in the individual product phases of NCA V1, NCA V2, and
NCA V3 in wt.%.

. o Powder Sparse o o
Trial Slag [%] Magnetic [%] Metal [%] Powder [%]
NCA V11V21V3 V11v21V3 V1Iv21V3 V11V21V3

, 13.70119.76 0.20110.29 43911526
1.2 3
L -7112.80 219203 210.063 213283
0.19110.09 954119.13 5.07114.78
1.2 3
Co I-=10.10 210.103 219813 216203
Ni 1211173 47811242 86.90 1 189.60 47.301143.30
‘ 211553 2194303 2161.403
2.06111.72 0.63110.48 21411196
1.2 3
Al I-712.49 211853 210.793 213483
20.731113.99 97.26 1199.49 58.90 1 155.30
4 1.2 3
Sum -7116.56 2112.703 21104.96 3 2174.363

1 Trial 1 (NCA V1). 2 Trial 2 (NCA V2). 3 Trial 3 (NCA V3). * Difference to 100% detection rate due to the
proportion of C and O in the fractions or measurement uncertainties and complex sampling.

The above findings are also supported by the analyses of the gas flow, which can be
seen in Table 10. Thus, an identical amount of 65 mg/L Li was detected in the wash water
in the first two tests. The good result of the solid fractions in the third test can also be
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confirmed by the high Li content of 960 mg/L. In this series of experiments, a positive effect
on product quality and yield of Li from the solid fraction can be observed with increased
transfer to the wash water.

Table 10. Results of the washing water analysis from the gas scrubber in the tests with NCA in mg/L.

Trial Li [mg/L]
NCA V1! 65.00
NCA V22 65.00
NCA V33 960.00

! Sample quantity for analysis: 200 mL. 2 Sample quantity for analysis: 200 mL. 3 Sample quantity for analysis:
100 mL.

3.1.4. Product Properties of NMC622 after the Experiments within the InduMelt Reactor

Three tests were carried out with NMC622. Here, similar to the test series with NCA,
the wash water analysis of the exhaust gas stream was also far below that expected in
the first two trials. The four fractions obtained, slag, metal, barely magnetic powder, and
magnetic powder, are exemplified in Figure 5.

(b)

Figure 5. Examples of the products from the InduMelt experiments with NMC622: (a) Slag; (b) Metal;
(c) Powder sparse magnetic; (d) Powder.

In terms of the mass ratios in Table 11, NMC622 V3 with a higher metal and lower
powder content than the other two trials, is worth highlighting. The higher proportion of
barely magnetic powder or the presence of slag can be classified as more negative. As with
the other test series comments, the significance of this weight in terms of test evaluation is
subordinate.

Table 11. Sample mass at the beginning of the InduMelt experiment with NMC622 and weight of the
resulting products in grams.

Powder
Trial Input [g] Slag [g] Sparse Metal [g] Powder [g]
Magnetic [g]
NMC622 V1 550.2 - 34 225.7 54.3
NMC622 V2 550.2 - 42 220.1 60.5
NMC622 V3 5494 3.0 10.9 231.6 49.2

However, the results of the chemical analysis given in Table 12 allow the conclusion
that NMC622 V3 was more successful than the other two in terms of the product quality
obtained. NMC622 V3 is convincing, with higher values for Co, Ni, and Mn, as well as
lower values for Li. Although the extraction of a slag fraction is not desired in terms of
maximum Li recovery, this is negligible in this consideration due to the low mass fraction
of3g.
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Table 12. Content of Li, Co, Ni, and Mn in the individual product phases of NMC622 V1, NMC622

V2, and NMC622 V3 in wt.%.

Powder Sparse

Trial Slag [%] Magnetic [%] Metal [%] Powder [%]
NMC622 V11V21V3 V1I1V21V3 V11V21V3 V1I1V21V3
. 8.26116.95 0.17110.29 295112.88
1.2 3
Li MR 215503 210.103 212163
0.26 110.12 18.301118.70 13.201111.90
1.2 3
Co 1-=10.01 210613 2120.803 2114803
Ni 1)-210.063 1.52110.45 57.90 1158.80 34.50 1132.20
: 211943 2166.30°3 2146.003
0.31110.18 16.701116.20 12.401111.00
1.2 3
Mn 1-210.12 210.763 2118903 2114003
10.35117.69 93.07 1193.99 63.051157.98
4 1.2 3
Sum -7111.20 218813 21106.10 3 2176.96 3

1 Trial 1 (NMC622 V1). 2 Trial 2 (NMC622 V2). 3 Trial 3 (NMC622 V3). ¢ Difference to 100% detection rate due to
the proportion of C and O in the fractions or measurement uncertainties and complex sampling.

In addition to the chemical analysis of the solid fraction, the hypothesis that NMC622
V3 was the most successful among all NMC622 tests is confirmed by the analyses of the
gas stream, shown in Table 13. While NMC622 V1 and V2 have low values of 32 mg/L and
20 mg/L, respectively, NMC622 V3, with 980 mg/L, can be considered successful.

Table 13. Results of the washing water analysis from the gas scrubber in the tests with NMC622 in

mg/L.
Trial Li [mg/L]
NMC622 V1! 32.00
NMC622 V2 2 20.00
NMC622 V33 980.0

1 Sample quantity for analysis: 200 mL. 2 Sample quantity for analysis: 200 mL. 3 Sample quantity for analysis:
100 mL.

3.1.5. Transfer Coefficient of the Elements to the Individual Fractions

To better illustrate and compare the previously described results, Figure 6 presents
them as individual transfer coefficients of the metals of interest into obtained product
phases. Thus, the distribution of the elements into the resulting solid fractions is visualized.
For this purpose, the quantities of the individual elements were compared with those
from the analysis results. Since each cathode material was repeated at least once, the
transfer rates obtained in the individual tests were averaged. For a complete presentation
of the results, an error bar was also integrated to show the deviations in the tests. Based
on the analyses of the gas scrubber in the individual tests, there was at least one utterly
successful test per cathode material and at least one unsuccessful experiment. Therefore,
this circumstance allows the absolute lower and upper limits of the transfer coefficients
to be achieved to be shown with this display variant. Since this is a process aimed at
discharging Li and P from the reactor compartment, an additional phase, referred to as
“removed”, has been added to the solid fractions in the presentation, which indicates the
number of individual elements not found in the overall output material compared to the
input material. The material removed from the solid fractions can be found in the gas
stream but also in the reactor, depending on the element. At this point, it is essential to
mention again that the aim is to create a reference to make experiments in this apparatus
comparable with each other via trends. This, in turn, aims to make visible the influence
and effectiveness of changed adjusting screws in the course of successive optimization of
the design and process control.
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Figure 6. Transfer coefficients of the individual elements including variance because of disturbed
exhaust gas discharge: InduMelt experiments with (a) LCO, (b) LFP, (c) NCA, and (d) NMC.

Figure 6a shows the transfer coefficients of LCO. Here, a removal rate for Li of more
than 98% has been achieved. Most of the Co is located in the metal. The portion in the
“removed” section can be assumed to be packing at the bottom of the reactor. A discharge
on this scale via the gas stream is unlikely due to the chemical properties of Co.

The transfer coefficients of LFP are presented in Figure 6b. It should be emphasized
that about 85% of the lithium, but also more than 60% of the P, could be removed. When
considering the metal phase, the proportion of P is to be classified as disadvantageous,
since a downstream oxidation step is necessary for phosphorus-free iron recovery, whereby
the phosphorus is slagged [32].

The transfer coefficients of the nickel-rich cathode materials NCA and NMC622 in
Figure 6¢,d are extremely interesting from a process-engineering point of view. Although
Li removal of over 90% could be achieved in both series of experiments, the coefficients of
Co, Ni, and Mn require closer examination.

Starting with NCA, it should be noted that the value of Co removed is present as
reactor attachment and has not left the reactor chamber. Due to the high oxygen affinity of
Al, itis reasonable to assume that this was either partially discharged in particle form via the
gas stream or entered into a compound with the crucible material. A special feature can be
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seen in the case of Ni. Here, the sum of the transfer coefficient of metal and powder exceeds
the 100% mark. This can be attributed in part to the difficult sampling, the division of the
individual fractions, and the subsequent weighing but also measurement inaccuracies of
the analyses. A complete separation into the fractions by sieving and magnetic separation
is impossible due to inclusions or adhesions of unreduced active material or reducing agent.
The subsequent weighing of the individual fractions finally results in a value that may
deviate from the actual mass. As a result, the mass balance of the individual elements
cannot be concluded after considering the analysis results. Nevertheless, this representation
variant is permissible, since the trend is quite evident. The plot of the removed fraction
has been omitted from the graph because a negative value, thus implying a theoretical
production of Co, defies all logic and is not practically possible in this context.

The same line of reasoning Is valid when considering NMC622. In this case, there is
also a clear trend toward transferring Co, Ni, and Mn to the metal fraction. The resulting
negative bar for Ni was omitted for the same reasoning as Co for NCA. However, the error
bars for Co and Mn in the negative range were omitted.

Comparing the tests of all cathode materials, it can be stated that, as the number
of elements in the starting materials increases, closing the mass balance becomes more
difficult.

3.2. Experimental and Plant Engineering-Based Influences on Product Qualities and
Transfer Coefficients

The decisive factor for a successful future upscaling of the InduRed reactor concept
towards industrial scale is a high product quality of the solid fraction and a maximum
output of Li from the reactor. At this point, from a process-engineering point of view and
as an understanding of the overall concept, it is crucial to take a closer look at the reactions
that are likely to take place. At this point, it should be mentioned again that in the InduRed
reactor concept, and consequently also in the InduMelt system presented here, a high
CO/CO; value and low pO, partial pressure prevail due to the high C content and the
resulting reactions.

Windisch-Kern et al. [28] argued, on thermokinetic studies by Kwon and Sohn [37],
that the reaction of lithium metal oxide in the presence of C produces lithium carbonate, as
presented in Equation (1).

4LiMeOy() + 3C(s) — 2LinCO3(5) +4MeO5) + COyq) @

Considering the results of the transfer coefficients shown in Figure 6, it can be seen that
more than 85% Li cannot be found in the fractions investigated anymore in comparison to
the input amount. Based on this finding, a discharge via the gas phase is likely. This is also
underlined by the presence of Li in the gas scrubbing liquid. Suppose the cross-reactions
of the impurity elements are disregarded and a simplified consideration of the existing
lithium carbonate is made. In that case, a possible reaction sequence to gaseous lithium
can be derived from the experimental determination by Abegg et al. [38], demonstrated in
Equations (2) and (3).

LizCOs(s) +4C(5) = LizCy(s) +3C0, @

LizCZ(S) — 2Li(g) —|—2C(s) 3)

In addition to the stochiometric, necessary amount of carbon added to the cathode
materials, the graphite bed ensures a huge excess supply of carbon at any time, as men-
tioned before. Therefore, the formation of LiC; is enabled according to Equation (2). Li,Cp
is subsequently decomposed (Equation (3)) into its elements at the prevalent temperatures,
with Li being transferred to the gaseous state. This provides a unique opportunity to
separate Li from the other metals, limiting its slagging while recovering it. In addition, the
reactor’s low pO, and high CO/CO, value allow the assumption that reoxidation of the
Li can probably only be expected outside this zone. As a result of this process of lithium
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removal, due to its known reactivity and oxygen affinity, the earliest possible removal of
the gas from the reactor must occur to increase the removal rate.

To complete the reaction sequence, the reactions of the possible direct or indirect
reduction of the metal oxide follow in Equations (4) and (5) [28,39].

MEO(S/I) + C(S) — Me(s/l) + CO(g) (4)

MeO(s/l) + CO(S’) — Me(s/l) + COz(g) 5)

To determine the successful implementation of this Li removal and identify the com-
position of other possible adhesions on and in the crucible material, the crucibles used were
analyzed before and after the experiment.

Table 11 illustrates the individual reactor weight before and after the test, as well as
the resulting difference. It can be seen that the weight of the MgO crucible increases in all
experiments, suggesting that packing has occurred. The mentioned adhesion comprises
sample material that cannot be separated from the reactor wall by diffusion or clogging to
the wall, but also residues from the structure, such as incompletely separated insulation
material. In order to obtain a more precise statement about the distribution of the individual
elements in and on the crucible, the reactor was analyzed by ICP-OES. To simplify the
presentation, the analyses in mg/kg are converted to percentages and multiplied by the
mass of the crucible. In turn, the mass of the individual elements is calculated from this.
It should be mentioned that the following results have been corrected for the value of the
original composition of the crucible. Including the weight, it was consequently possible to
determine the proportion of the individual elements to the entire crucible.

In the beginning, the influence of double use of the crucible with different cathode
materials was considered. For this purpose, the first test was performed with LFP (LFP V1).
In the experiment LFP V2, the crucible was previously used in the LCO V2 test. Table 14
illustrates the values for Fe and P. The reason for not showing Li is that a clear allocation
of Li in the LFP V2 experiment to LFP is not possible, since this could theoretically also
originate entirely from the first experiment with LCO. The mass of Fe was significantly
reduced by more than 85%, that of P by almost 76%. Taking the findings of the weighing
from Table 15 into account, it can be seen that between the tests with one-time and two-time
use of the crucible, the mass increase during the test was reduced by half. This result
suggests that some sort of passivation layer reduces both the accumulation of Fe on the
crucible and the increase in total weight by a preliminary test.

Table 14. Mass distribution of Fe and P in the reactor for the InduMelt experiments with LFP.

Trial LFP V1 [g] LFP V2 [g] Difference [%]
Fe 17.8 2.6 —85.4
P 26.0 6.3 —75.7

This finding was subsequently extended to include whether such passivation is also
successful with the same cathode material. For this purpose, the nickel-rich materials NCA
and NMC622 were examined in more detail.

Table 16 shows the results from the test series with NCA. As with the tests with LFP, it
can be concluded here that the deposition of the metals can be reduced when the crucible is
used several times. In this case, there is more than 65% less adhesion of Ni in the second
test than in the first, and no adherence of Co. However, a disadvantage is undoubtably that,
from these results, the assumption can also be made that Li diffuses into the reactor material
or adheres to it, even if the crucible is used repeatedly. However, it is worth mentioning
here that from the analysis results in Section 3.1.3, Table 10, it was clarified that the removal
of Li from the reactor in the first and second experiments was much worse than in the third
experiment. Suggesting that due to the reduced removal of the gas flow from the reactor,
it accumulated in the reactor chamber, favoring diffusion or adhesion to the crucible and
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thus affecting the result in Table 16. However, the lower mass gains in the second trial
compared to the first trial is already evident with the inclusion of Table 15. The finding of
this effect from the experimental series with LFP, as mentioned earlier, can therefore also be
confirmed.

Table 15. Weight difference of the reactor before and after the individual InduMelt trials.

. Weight Reactor Weight Reactor after .
Trial before Trial [g] Trial [g] Difference [g]

LCO V1 4655.0 4766.2 111.2
LCOo V21 4761.5 4828.9 67.4
LFP V1 4650.2 4813.6 163.4
LEP V212 4829.2 4911.0 81.8
NCA V11 5083.9 5161.7 77.8
NCA v2 12 5161.7 5219.5 57.8
NCA V3 5011.2 5091.1 79.9
NMC V11 4786.8 4885.1 98.3
NMC v2 12 4885.1 4947.0 61.9
NMC V3 5071.8 5154.1 82.3

! Dual use. 2 Second experiment with the reactor.

Table 16. Mass distribution of the elements in the reactor for the InduMelt experiments with NCA.

Trial NCA V3 [g] NCA V1/V2 [g] Difference [%]
Li 11.7 327 64.2
Co 0.6 0.0 —100
Ni 7.1 2.5 —65.2
Al ; ) ;

For the continuous process, the question now arises as to whether a kind of saturation
state of Li occurs at a certain point, and the removal of this can be increased via the gas
flow.

The results presented in Table 17 show those from the test series with NMC622.
Compared with those from the NCA trials, a similar percentage difference for Li of just
over 60% can be seen. A significant difference in comparison with the test series with LFP
and NCA are the results of the other metals, which are the main components of the solid
fraction. It is evident that there is no reduction, but rather a massive increase in diffusion or
adhesion. The line of argument can be continued in parallel, as before, when including the
higher Li yield in the third experiment to the other two from Section 3.1.4, Table 13. Even if,
in principle, the proportion of the masses of Co, Ni, and Mn is negligible concerning the
feed quantity of 550 g, these adhesions must be taken into account, especially for further
development into a continuous process. In the future, this can lead to a successive reduction
in the size of the reactor chamber. This can cause, in addition to reduced product output,
also problems in terms of plant engineering.

Table 17. Mass distribution of the elements in the reactor for the InduMelt experiments with NMC622.

Trial NMC622 V3 [g] NMC622 V1/V2 [g] Difference [%]
Li 17.0 441 61.4

Co 0.2 0.9 82.3
Ni 1.3 29 54.4

Mn 2.2 7.6 71.7

Especially as a knowledge base for the plant design of the continuous concept, the
location of these processes in the reactor or distribution of the elements over the crucible
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height is of particular interest in connection with the diffusion and adhesion of the sample
material. For this purpose, the crucibles were divided into three sub-areas, each after
the corresponding tests during sampling and analyzed by ICP-MS after weighing the
individual fractions. Figure 7 shows the reactor from the LFP V2 experiment during this
process as a representative example for all experiments. The end of the measuring tape in
Figure 7a marks the dividing line between the base and the middle section, since, at this
point, a higher packing was found to merge into the base area. The second dividing line
between the middle and upper parts was selected 9 cm above it. This can be explained
by the optical difference between these parts, i.e., a brown-black or greenish area. In
Figure 7b—d, the appearance of the divided sectors can be seen. Figure 7b illustrates the
upper sector, where only a thin area on the inside of the crucible shows a color change
indicating a reaction with the sample material. The situation is different in Figure 7c, which
symbolizes the middle section as an example. Here, a massive diffusion of the samples into
the crucible material is evident. In Figure 7d, a part of the bottom is shown in which, in
addition to a recognizable diffusion, a massive adhesion to the inside of the reactor can be
seen.

(@)

(b) () (d)

Figure 7. Example of the crucible appearance after trial LFP V2 during sampling for analyses:
(a) Crucible over the height; (b) Top part; (c) Middle area; (d) Bottom.

Of particular interest was the distribution of the individual elements over the height
of the reactor, but also the differences between using the crucibles once or twice. This was
implemented graphically in Figure 8. It should be mentioned here that the analyses of the
crucible areas were corrected for the composition of the crucible before the test to obtain a
veritable result. The diffused and adhering mass of the individual elements was divided
up as a percentage over the height according to the analyses of the particular areas.

Figure 8a shows the results of the series of experiments with LFP. As mentioned earlier,
a crucible was used for LFP V2, which was previously used for the LCO V2 experiment.
For this reason, its results are also shown for the sake of completeness in the area of
the elements Li and Co. If the results from Section 3.1.2 are also taken into account, the
increased proportion of Li removal from the solid fractions in the first test may indicate
the increased entry of gaseous Li into the crucible wall. Since a relatively large proportion
is found in the lower region of the crucible, it is reasonable to assume that a considerable
amount of the Li diffused into the crucible instead of migrating through the bed into the
gas space above it and then leaving the reactor chamber via the gas outlet. Comparing the
experiments from LFP with already used or new reactor material, it can be seen that the
entry of Li in the second experiment moves in the direction of higher layers. This, in turn,
leads to the assumption that the motivation of the Li here was on the side of migration
through the packed bed and possibly saturation of the crucible material occurred in the
first experiment, or some passivation occurred by the Co from the first experiment with
this crucible. The accumulation of Fe in the lower region can be argued to be due to the
surfaces of the crucible in contact with the sample material.
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Following this explanation, the P also tends to be removed via the gas stream, which
is also supported by the results of the exhaust gas analysis in Section 3.1.2. However, for
continuous operation, careful consideration of the P take-off in the plant design must be
carried out, in any case, to keep the contact between liquid Fe and gaseous P as low as
possible and thus suppress the undesirable iron phosphide formation [40].

The insertion of NCA elements over the crucible height shown in Figure 8b can again
be explained by the results from Section 3.1.3. The columns numbered 1 indicate the results
after a single use. In this case NCA V3, the numbering represents the results after two
tests, i.e., NCA V1 and NCA V2 combined. The higher removal of Li from both the solid
fractions and the reactor setup also argues for this element’s presence, especially in the
upper crucible region. The poorer removal in V1 and V2 also explains why the Li fraction
is found in the middle to lower region compared when using the crucible twice. The Co
and Ni content in the lower range can be attributed to their physical properties.

The results from Figure 8c, in contrast to the others in this section, do not allow for
such a simple explanation. In the single test with the crucible in NMC V3 (numbering 1),
lithium is primarily found in the middle area; double use with NMC V1 and NMC V2
tends to shift towards the bottom. This can be attributed to the poorer recovery, as seen in
Section 3.1.4, from the solid fraction and the presence in the gas scrubber. However, the fact
that Li was not found in the upper section can be argued following the previous correction
of the results for the crucible input analysis that there may not only be Li transport into
the crucible material, but also out of it. Further argumentation must be elicited in more
detail in subsequent investigations. The position of the other elements in the lower to the
middle range can again be attributed to the contact surface with the crucible or its physical
properties.

Combining the findings from the analyses of the products in Section 3.1 and those
of the crucibles, the transfer coefficient of Li can be considered one level deeper. Figure 9
shows the distribution of Li in the reactor and the gas stream. It should be said in advance
that an average value of the results was also formed here, and the fluctuation range of
this average value is shown with error bars. It can be seen that, apart from the test series
with LFP, the majority of the Li could be removed via the gas flow for all other cathode
materials. In the result of the LFP test series, the parallel removal of Li and P from the
reactor should be emphasized. In Holzer et al. [26], experiments in a similar setup showed
the formation of a flame from the exhaust tube, which was attributed to the reaction of
elemental phosphorus with atmospheric oxygen. Possibly, the resulting increase in flow
velocity allows a correlation to be found that explains the higher amount of Li in the reactor.
Although the results of the other cathode materials are fundamentally better, to achieve the
highest and most efficient output of Li from the process, the amount in the reactor must be
kept to an absolute minimum in the future. Nevertheless, these results also underline the
possible reactions in Equations (2) and (3) for conversion to gaseous lithium leaving the
reactor chamber.
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Figure 9. Mass distribution of adhesion to and absorption into the reactor wall of the respective
elements.

3.3. Discussion and Comparison with Previous Experiments

As mentioned above, detailed investigations of the process have already been carried
out in another reactor design, discussed in detail in Holzer et al. [26] and Windisch-Kern
etal. [28,41]. The reactor design was an Al,O3 ceramic ring attached to a refractory concrete
floor with a refractory mortar. The system with the graphite filling and the basic plant
design was identical to the one used in the test described in this paper. Figure 10 shows the
results of lithium removal from the solid fractions in the different reactor designs using
distinct cathode materials. It should be mentioned that neither the crucible material in
contact with the cathode material nor, to some extent, the refractory mortar were analyzed
during the tests in the setup with the Al,O3 design. Thus, no statement can be made as
to what percentage of the Li removed from the solid fraction could be removed from the
reactor or was deposited in the reactor components. Therefore, the experimental data and
results from Windisch-Kern et al. [26,30] and Holzer et al. [23] were supplemented by those
extensive considerations, as described in the Section 3.1 InduMelt experiments and inserted
into the following plot.

Nevertheless, the trend of high lithium removal from the solid products shown in
Figure 6 is confirmed by the results in the other publications. While the results for LCO
and NMC622 are consistently above 90%, and similar values for both the Al,O3 build-up
and the MgO design, there are several percentage points in between for LFP and NCA.
However, for the latter cathode materials, the difference shows a positive trend toward even
higher removal rates, which is an interesting finding, especially for the further development
of the reactor design toward the continuous process. In this first development step, which
essentially consists of a fitting with fewer components in contact with the cathode material,
an improvement in lithium removal could already be achieved.
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Figure 10. Comparison of Li removal from solid fractions in InduMelt experiments in the Al,O3
crucible design [26,28,41] and that with MgO.

In the following, the targets for Li recovery of 35% by 2025 and 70% by 2030 published
in the 2020 proposal for the amendment of battery regulation EU Directive 2006/66/EC [12]
are included in the consideration. These goals are not only achieved in all tests, but, in some
cases, could have been far exceeded. However, further influencing factors must be included
in interpreting these results to ensure the final comparability of the results achieved in the
tests with the EU specifications.

Let the most important point be taken as a starting point: We are not talking about an
industrial process with the InduMelt system presented here, but about a pre-pilot system
in batch operation. This fact must always be taken into account when considering the
results demonstrated. Compared to a continuous process, the refractory material’s limited
thermomechanical properties only allow low heating rates of the cathode material. On
an industrial scale, running in a batch process is not feasible, and continuous feeding
is indispensable. Continuous operation automatically implies that the waste stream is
fed onto the hot bed, which is why the reactions, depending on the process control, may
possibly already lead to partial outgassing of elements at this point due to accelerated
kinetics. Therefore, the positioning of the gas vent and optimized temperature control can
have a significantly favorable effect on more efficient Li removal from the reactor. The
same is applicable for an adequate position of the P removal. As shown in Section 3.2,
the Li reaction route is highly likely to be argued from LiMeO, to LiCO3 and, due to
the excess C, to Li;C,. Latter consequently dissociates to gaseous Li and solid C. Taking
into account the boiling point of elemental Li of 1342 °C [42], it can be assumed with
the knowledge provided in the Materials and Methods section that the estimated 1550 °C
process temperature for the liquefaction of the metals Co and Ni is not necessary for the
recovery of Li. This subsequently influences the process design of the continuous reactor
setup. In this respect, a multi-zone system with different temperature profiles can be
considered for energy-efficient operation.

However, the results of this series of experiments, whereby diffusion of Li into the
crucible material has occurred, have additionally shown that the selection of the crucible
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material contributes significantly to Lithium’s output rate. Even though the results in the
MgO crucible largely showed higher potential than in the Al,Oj3 crucible, the high degree
of diffusion of different elements from the battery material into the crucible wall means
that this reactor material should not be used for a continuous process. An adequate choice
of crucible constituents should be made in the subsequent research activities, for example,
through intensive trials with different crucible materials. In this respect, other points of
research activity are the behavior of crucible materials under continuous loading and the
influence of coatings on the crucible surface. This research must subsequently also consider
the caking on the crucible, which was consistently observed in these test series and may
gradually reduce the reactor diameter in continuous operation. Another possible approach
to avoid packing, but also to reduce the contact area between waste gases and the refractory
and thus prevent the above-mentioned diffusion of Li into the reactor, is the ratio of the
reactor diameter to the material feed area.

Referring to the results in the presence of P in LFP, for the continuous process, care
should be taken to minimize the contact time or area between iron and phosphorus to
prevent iron phosphide formation, as previously described by Ponak [32]. The migration
of the gas through the packed bed and the sample material must be prevented. In this case,
gas removal close to the point of origin would be appropriate.

Beyond these plant engineering improvements, the post-treatment of the removed gas
stream is of crucial importance from an overall process perspective. The future design of
this process step is essential for the efficient recovery of Li and, subsequently, the balance
concerning the actual recovery rate of Li from the overall process. However, this requires
in-depth experimental research steps to describe the kinetics of the reaction mechanisms of
complex lithium metal oxides that actually take place. From the point of view of a future
industrial application, additional attention must be paid to safety aspects, such as possible
toxicity or corrosive properties. Especially due to the large number of additional elements
in a waste stream from spent LIB compared to the pure cathode material used here, this
issue is of immense importance for all further development steps. In this context, especially
noted must be aluminum from the conductor foils. Due to the ignoble properties of Al,
oxidation of Al happens once a contact between the metal and oxygen occurs. Since the
active material mainly consists of metal oxides, it is very likely that Al is either oxidized or
not being reduced and, therefore, slagged. This mechanism’s highly exothermic property,
called aluminothermic reaction, is a safety issue and thermodynamic limitation. Thus, the
process is capped to a specific amount of Al [43]. This critical category of future research
topics also includes the post-treatment route of the resulting solid fraction, preferably the
metal alloy, and the slag phase’s separated treatment. The removal of oxygen, lithium, and
carbon during the reduction process results in a mass loss of up to 50%. Thus, the described
pyrometallurgical process significantly lowers the number of intermediate products (i.e., the
metal alloy) and, consequently, also the effort in downstream hydrometallurgical refining
processes. This, in turn, conserves resources and increases the efficiency of the entire
recycling process.

As can be seen from these explanations, many research questions need to be solved
before the system is ready for industrial use, which are only the most obvious ones at
this point, and others will be added in the course of the ongoing R&D work. Due to
TRL3, the results presented here cannot be used as comparative data with industrial plants.
Particularly noteworthy is the current relatively high fluctuation range of the results in the
repeat tests. On the one hand, there are a lot of adjustment screws up to TRL9, but above
all, the continuous feeding and dimensional scaling will provide more stable results over a
more extensive flow rate range. Nevertheless, as mentioned previously, it was qualitatively
established at this point over several trials and different cathode materials that Li and P can
be extracted via the gas phase, and low lithium and low phosphorus alloy can be obtained.

In general, a special requirement for the overall process’s design process chain, but
also as an issue in the further development of the InduMelt plant, is the waste stream,
which fluctuates in its composition. In detail, this involves how the recycling process,
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i.e., from collection to metallurgy, must be designed and interconnected to deal with the
different battery types. As in many metallurgical processes, the more homogeneous the
input stream, the easier an optimum product quality can be achieved. In this respect, the
sorting of the different types already sets the course for how the downstream steps must
look and what compositions they must be able to handle. For this reason, a key success
factor in designing an efficient recycling system is that the individual process steps are
coordinated at each stage of further engineering. In the future, this will be one of the
primary considerations in developing the InduMelt plant.

Finally, it should be noted that for future comparison of the achieved recovery with
the EU requirements, such issues as the technical implementation of a post-treatment route
have to be clarified. The resulting products are only comparable after implementing the
pyrometallurgical process used here into an overall strategy.
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ABSTRACT

In terms of an efficient circular economy in the field of the steadily increasing use of
lithium-ion batteries, sustainable recycling methods are of fundamental importance.
Therefore, the Chair of Thermal Processing Technology at Montanuniversitaet Leo-
ben has developed the so-called InduRed reactor, a carbo-thermal concept to recover
valuable metals from this waste stream. For optimization and further development
of this technology, it is essential to have a sound knowledge of the cathode mate-
rials’ behavior in combination with various impurities in the high-temperature range
under reducing conditions. Detailed experiments were carried out in a heating micro-
scope at temperatures up to 1620°C and argon purge. Aluminum from the electrode
conductor foils and an excessive proportion of graphite from the anode were identi-
fied as the impurities with the most significant negative influence on the process. An
optimum melting behavior was found during the tests at an admixture of 10 wt. % C

1. INTRODUCTION

The main objective of the international climate policy
agreed upon the Paris Climate Conference in 2015 is to lim-
it global warming to below 1.5°C compared to the pre-in-
dustrial era. To achieve this goal, industrialized countries
must reduce their consumption of fossil fuels and aim
for a zero-emissions target by the middle of this century.
Concerning the period 2021 to 2030, an overall reduction
of 30% on average per country must be achieved in the
non-emissions trading scheme (ETS) sectors (Anderl et al.,
2019).

A decisive element of the measures to curb cli-
mate-damaging emissions is the rapid expansion of renew-
able energies. A major technical challenge in this respect is
the storage of the converted energy. Electricity from renew-
able energy sources is subject to certain seasonal, region-
al, and weather-related fluctuations, which is why storage
is necessary to implement a sustainable energy economy.
In addition to various other technologies, such as Power
to Gas and Power to X, battery storage systems will play
an increasingly important role (Altmann-Mavaddat et al.;
Thielmann et al., 2017).

and 1.95 wt. % Al to the cathode material NMC622 (LiNi,.,Mn,.,Co,.,0,).

As part of the European Green Deal, a modernization
of the existing battery legislation was proposed at the end
of 2020 (European Commission, 2020). With this propos-
al, the European Union is trying to form a strengthened
circular economy to conserve resources and efficiently
decouple economic growth from resource dependency.
As of July 1, 2024, only batteries for which a CO, footprint
declaration has been made may be used in the European
Union. Furthermore, new targets are set for the content of
recycled materials along the entire value chain. To reach
these targets, efficient recycling processes are needed that
allow most materials to re-enter the material cycle (Europe-
an Commission, 2020).

Due to the cathode materials' complex structure and
chemical composition, the complete recycling process is
typically composed of two process steps, one physical
and one chemical. The physical process includes pre-treat-
ment steps such as disassembly, crushing, screening,
magnetic separation, and thermal pre-treatment. This
step significantly reduces the waste's mass and volume in
downstream recycling processes, which focus on recover-
ing the valuable metals from the residual stream consist-
ing of active material (or black matter). The black matter
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is composed of anode and cathode material and other
components of the LIB structure like electrode conductor
foil, which could not be separated completely. The black
matter to be treated has the visual appearance of a fine
black powder. The following procedure is a chemical pro-
cess step classified as a pyrometallurgical or a hydrome-
tallurgical process. However, hybrid processes also utilize
both pyrometallurgical and hydrometallurgical methods.
The hydrometallurgical process typically includes leaching,
separation, extraction, and chemical or electrochemical
precipitation (Holzer, 2019; Holzer et al., 2021; Huang et
al., 2018; Kwon & Sohn, 2020; Swain, 2017). Although this
process generally achieves high purities and requires lower
energy input, the sensitivity on a fluctuating waste stream
composition is a considerable disadvantage compared to
pyrometallurgical methods (Holzer et al., 2021).

For industrial-scale applications, processes with pyro-
metallurgical steps are considered to have higher poten-
tial than those with a purely hydrometallurgical approach.
This statement is also underlined by the fact that promis-
ing pyrometallurgical approaches are already being used
in industry (Abdou et al., 2016; Beheshti et al., 2017; Gao
& Xu, 2019; Kwon & Sohn, 2020; Li et al., 2016; Sojka et al.,
2020; Xiao et al.,, 2017). However, the considerable need
for more optimal process design research is reflected in
the disadvantages of pyrometallurgical processes. Since
temperatures above 1400°C are necessary for the recovery
of the valuable metals, correspondingly high energy input
is required. In addition, considerable amounts of waste gas
are generated during the process, which must be subjected
to downstream waste gas purification. The resulting metal
alloy additionally requires a downstream process for use
in a closed loop in battery production. However, the most
significant disadvantage is that lithium is transferred to the
slag phase in currently used methods, from which it is not
recovered for functional recycling. (Elwert & Frank, 2020;
Huang et al., 2018; Liu et al., 2019; Makuza et al., 2021; Yin
& Xing, 2019).

A novel reactor design was developed at the Chair of
Thermal Processing Technology at the Montanuniversi-
taet Leoben to circumvent this significant issue (Holzer

melting zone

reaction zone

output zone

refractory material (Al,O3)

insulation |

refractory concrete

et al,, 2021). The process idea is based on the principle
of carbo-thermal reduction of the LIB black matter from a
pre-treatment process. For the further development of the
process, in-depth fundamental research is required. The
fluctuating waste stream and the associated varying chem-
ical composition of the input material pose a particular
challenge. Knowledge about the influence of certain impu-
rities on the high-temperature behavior of black matter is of
great importance to take optimal advantage of the devel-
oped approach. The impurities are residuals that were not
separated during the upstream pre treatment procedures.
These are mainly non-volatile components such as alumi-
num, copper, and graphite from the LIB structure. For the
investigations presented in this paper, the cathode materi-
al NMC622 (LiNi, ,Mn_,Co,,0,) was chosen. This is one of
the currently preferred materials for use in e-mobility (Win-
disch-Kern, Holzer, Ponak, Hochsteiner, & Raupenstrauch,
2021), with this sector forecast to be and remain a key driv-
er of the technology (Pillot, 2019). A limit value determina-
tion of the mentioned interfering substances for optimized
use in the InduRed concept is explained in the following. For
this purpose, the influences of Al, Cu and C on the cathode
material in high-temperature applications under reducing
conditions are examined in more detail. Consequently, the
behavior in different mixtures is determined.

2. INDURED REACTOR AND ITS REQUIRE-
MENTS

Fundamental knowledge about the desired reactor's
properties, benefits, and drawbacks is a prerequisite for
comprehending the scope of the presented work. Thus,
this part of the paper briefly introduces the InduRed reactor
concept, focusing on its potential application for LIBs.

2.1 InduRed reactor scheme

Originally designed and developed to enable superior
phosphorus recovery rates from sewage sludge ashes, the
InduRed reactor concept, shown in Figure 1, proved itself a
promising alternative for several industrial and municipal
wastes.

input

-

graphite pieces

induction coil

Ly,
[

PSS [T SV e

exhaust pi )

FIGURE 1: Schematic illustration of the continuously charged, fixed carbon bed reactor referred to as InduRed concept (Ponak, 2019).
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The InduRed reactor consists of a stack of aluminium
oxide rings filled with a fixed bed of graphite pieces and
surrounded by three induction coils. An electromagnetic
field generated by the induction coils induces a current in
the graphite pieces heated to up to 1750°C. It should be
noted that the graphite pieces in the reactor serve only as a
susceptor material for the inductive heat input, and C pow-
der is added to the feedstock as a reducing agent. The met-
al oxides containing feed are continuously charged from
the top, melt, move downwards, and constantly discharge
at the reactor's bottom. Reduction reactions in the reaction
zone are particularly promoted due to high CO/CO, ratios,
a significant reaction surface and a sufficient supply of car-
bon. The exhaust gas pipe gives the unique opportunity to
remove gaseous reaction products directly and thus limit
undesired reactions between the gaseous and the liquid
phase.

Regarding LIB recycling, the concept should enable the
simultaneous recovery of all cathodic metals, including
lithium. This is intended to be achieved by separating Li via
the gas stream instead of being undesired slagged as in
conventional pyrometallurgical procedures.

So far, experiments with pure cathode material from
battery production with the addition of carbon in a lab-
scale model of the InduRed reactor have already revealed
promising results, in which up to 95% of the initial Li was
removed from the residual material. In addition, initial re-
sults from the investigation of the phosphorus-containing
cathode material LFP (LiFeP0O4) have also shown that over
64% phosphorus could be removed (Holzer et al., 2021;
Windisch-Kern, Holzer, Ponak, Hochsteiner, & Raupen-
strauch, 2021; Windisch-Kern, Holzer, Ponak, & Raupen-
strauch, 2021; Windisch-Kern, Holzer, Wiszniewski, & Rau-
penstrauch, 2021).

3. DETERMINATION OF MATERIAL BEHAV-
IOR IN HIGH-TEMPERATURE APPLICATIONS

For the further development of the InduRed concept
towards the waste stream from LIBs, specific knowledge
of the material used is the basis for efficient upscaling. Al-
though the InduRed reactor concept presented is capable
of withstanding temperatures of up to 1750°C, the target
temperature set for using materials from LIBs is about
1550°C. This temperature was chosen because the melt-
ing temperatures of the reduced metals contained in the
reactor are below 1500°C and a safety margin had to be
included due to possible local temperature differences.
Thus, in-depth investigations of the material to be utilized
in the high-temperature area of 1550° are necessary. The
material used as well as the methods are explained in de-
tail below.

3.1 Materials and Methods

To extend the investigations of the high-temperature
behavior of the cathode material NMC622 under reduc-
ing conditions published by Windisch-Kern et al. (2021) by
thermogravimetric analysis and differential scanning calo-
rimetry, experiments in the heating microscope were car-
ried out within the scope of this work. For this purpose, the

TABLE 1: Heating program in the heating microscope to perform
the tests with NMC622 and addition of different additives.

Temperature range Heating rate

Start - 1350°C 80°C/min
1350 - 1450°C 50°C/min
1450 -1700°C 10°C/min

1700°C 5 min holding time

Hesse Instruments EM 201 with an HR18-1750/30 furnace
was deployed. The cathode materials used in the tests are
manufactured by and purchased from Gelon Energy Cor-
poration in Linyi, China. These experiments aimed to vis-
ualize the changes of the cross-sectional area of the sam-
ples over temperature, thus allowing conclusions about
the melting ability, which is a requirement of the InduRed
concept. To extend these findings towards expected waste
stream compositions, additional investigations must be
carried out in which possible impurities are added.

For this purpose, different extents of aluminum, copper
and carbon were added to the cathode material NMC622.
The sample was then pressed in a standardized cylindrical
form with an approximate mass of 0.1 g and placed on an
ALO, analysis plate. It should be mentioned that carbon or
graphite is used as a reducing agent for the reduction re-
action.

For safety reasons, the experiments were not carried
out under a CO atmosphere, which would better fit to the
actual conditions provided by the InduRed concept. How-
ever, since it is primarily essential to prevent oxidation re-
actions, purging with 2.5 I/min argon was applied instead.
Accordingly, the C demand was calculated considering a
conversion to CO, instead of CO.

Finally, the sample was heated in the heating micro-
scope to an oven temperature of 1700°C, corresponding to
approximately 1620°C sample temperature.

The heating program, which can be taken from Table 1,
corresponds to the maximum possible rate of the heating
microscope used, approximating the range of application
in the InduRed concept.

3.2 Experimental approach

The experiments were carried out in two phases to de-
termine the influence of the substances Al, Cu, and C on
the melting ability. Firstly, the cathode material was mixed
with the elements mentioned above and examined under a
heating microscope to assess the behavior. This allowed
an estimation of the most significant negative influencing
factors. To gain quick information about the successful re-
duction process without further analysis in the laboratory,
the magnetic behavior of all samples was subsequently
examined using a neodymium magnet. It should be noted
that the stoichiometric carbon demand for complete reduc-
tion of NMC622 in inert atmosphere and assuming a con-
version to CO, is 11 wt. %, rounded. This ratio was taken as
the baseline for this series of experiments.

The next phase aimed on determining the limits of el-
ements interfering the InduRed concept requirements of a
melting phase. For this purpose, a total of 26 tests were
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carried out with different mixing ratios, as shown by the
green dots in Figure 2. A specified mass fraction of Al and/
or C calculated on the total mass was added to the result-
ing mass fraction of NMC622 and examined under the
heating microscope (Baldauf, 2022).

To be able to make a statement on the change in the
cross-sectional area of samples or mixtures other than
those investigated and to optimize the number of exper-
iments, an interpolation network was designed, which is
shown as a black dotted grid in Figure 2 (Baldauf, 2022).

To evaluate the resulting data quantity of approx. 1500
data points per test accordingly reliable, additional effort
is required. Oscillating data areas, which can occur due to
optical measurement errors, are corrected by smoothing
over a polynomial. Oscillation can also be caused by incor-
rect detection by the heating microscope due to focusing
problems over a more comprehensive temperature range
than that. The accrued data gap can be corrected by com-
paring the last measured values with the stored images
and the following linear correlation of the corrected values.
Because of the reaction kinetics as well as the adjustment
of the temperature ramp of the heating microscope, a spe-
cific temperature can address several data points. Howev-
er, data points may not be available for every temperature,
further data processing is necessary. This problem may be
overcome by the processing and output of the arithmetic
mean of the data of the same temperature values or by
a logical continuation of the temperature (Baldauf, 2022).

4. RESULTS AND DISCUSSION

As explained in point 3.2 Experimental approach, the
experimental procedure was divided into two parts. A pre-

aluminium-concentration [wt.-%]

0

liminary series of tests was conducted under a heating
microscope to determine the basic influence of different
impurities. Based on this, a limit value determination of im-
purities for further pyrometallurgical recovery of valuable
metals in the InduRed concept was carried out.

4.1 Basic influence of different impurities

The representation of the cross-sectional area in Fig-
ure 3 shows the most important tests in this series. The
terminology in the legend, as NMC622_C11_AI10, specifies
11 wt. % C and 10 wt. % Al beeing added to the resulting
proportion of NMC622.

Significant findings can be deduced from Figure 3
comparing the change in cross-sectional area over tem-
perature. Thus, in comparison with NMC622 without ad-
dition of C, Al or Cu to the test with the admixture of the
stoichiometrically necessary C for complete reduction
(NMC622_C11), a significant difference can be seen in the
cross-sectional area reduction and in the final area. In ad-
dition, the examination of the magnetic behavior showed
that only those samples with the addition of C are mag-
netic. The comparison between NMC622_C11 and those
with the addition of Al and Cu is particularly interesting. It
can be seen that the end surface of NMC622_C11_Cu10
intersects with the sample without Cu addition. Thus, it can
be concluded that the addition of Cu has less a negative
influence on the melting behavior since the final surface al-
ready develops at lower temperatures, in this case, approx.
1250°C instead of 1450°C. The situation is different for the
addition of Al. The essential reduction in the surface area
takes place earlier. Still, the final surface is considerably

0 2 4

6 8 10 12

carbon-concentration [wt.-%]

FIGURE 2: Measured points (green points) in the heating microscope depending on the corresponding proportions of aluminum and car-
bon to NMC622 and the interpolation network (black dotted grid) (Baldauf, 2022).
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FIGURE 3: Comparison of the change in cross-sectional area in the heating microscope as a function of temperature of NMC622 without

and with the addition of Al, Cu and/or C.

higher than that without additives. To gain results on the
behavior with the addition of C above the stoichiometrically
necessary amount, investigations were carried out witha C
content of 20 wt. %. The cross-sectional area's behaviour
is considerably worse compared to 10 wt. %. For further
detailed studies, it can be deduced that the proportion of Al
and C in the mixture has the most significant influence on
the melting ability, suggesting intensification of research
in this field.

4.2 Limit value determination of interfering sub-
stances

Since the rigid two-dimensional view of the cross-sec-
tional area versus temperature for a system of Al/C/
NMC622 entails a considerable loss of information, and
since it is also possible to represent the high-temperature
behavior for other variants of the composition without
conducting experiments using the generated data, the vec-
torial view in three-dimensional space was chosen as the
representation variant.

The mesh shown in Figure 4 represents the change in
the cross-sectional area of NMC622 in combination with
Al and/or C. It can be seen that the area moves towards
a composition of 10 wt. % C and 1.95 wt. % Al to an ab-
solute area minimum of 13.59%. To apply this finding to
the InduRed reactor, a conversion is necessary, assuming
a reaction to mainly form CO instead of CO,. This results
in a C content of 18.20 wt. % to achieve the absolute area
minimum.

By comparing the images of the heating microscope
and the photos of the sample after the test, it was found

that there is a transition range from a slightly melting frac-
tion to a minimal melting fraction at ranges between 36.6%
and 53.3%. Consequently, from the 53.3% mentioned, no
more continuous melt was formed. In order to always be
able to generate a molten phase in the process, mix ratios
should be selected that are in the range of less than 36.6%
(Baldauf, 2022).

Resulting from this fact, the data were plotted in a
height stratification in a 2-D plot, as shown in Figure 5. A
diagonal band from the upper left to the lower right is visi-
ble, in which the desired area of less than 36.6% is partially
included.

It can be seen that while higher proportions of Al are
in principle possible in smaller areas, this is accompanied
by lower proportions of C. One possible reason for this is
that Al has a higher affinity for oxygen than C, as can be
seen in the Richardson-Ellingham diagram (Biswas, 1981).
This means that Al acts as a reducing agent (Makuza et
al., 2021), which implies that an excess of C inhibits melt-
ing. However, it is additionally evident from the figure that
the higher melting ability is in the range of lower Al values
and C contents towards the stoichiometrically calculated
value of 11 wt. % for a complete reduction of the oxides
contained in NMC622.

As can be seen in Figure 5, extrapolations were used in
the range greater than 6 wt. % Aland O wt. % Cto 11 wt. %
Al and 4 wt. % C. Experiments in this area were not carried
out in the present series of tests for safety reasons. This
is because of the risk of an aluminothermic reaction ob-
served in parallel trials.
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FIGURE 4: 3-D mesh plot of the measured points (blend NMC622 with/without Al or C) in the heating microscope as a function of the

cross-sectional area acquired at 1550°C.
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FIGURE 5: Schematic representation of the change in cross-sectional area of the cathode material NMC622 when combined with varying

C and Al additions ratios over a height stratification at 1550°C.

5. CONCLUSIONS

In the context of this publication, the compositional re-
quirements of black matter from lithium-ion batteries (LIB)
for a pyrometallurgical recycling approach were investigated.

In this respect, it was determined in a heating micro-
scope that the main factors negatively influencing the re-
quired melting ability are the elements Al and C. Cu even
positively affects the melting temperature in the experi-
mental setup.

Subsequently, the focus was on Al and C. Thus, the
change in the cross-sectional area (CSA) at 1550°C with
a varying NMC622-Al-C system was investigated. It was
found that mixtures with a final cross-sectional area (CSA)
of less than 36.6% should be aimed for. Finally, a composi-

tion of 10 wt. % C, 1.95 wt. % Al and the resulting amount
of NMC622 with a cross-sectional area of 13.59% was
found to be the optimum blend. Considering the reaction
sequences in the InduRed reactor, a C content of 18.20 wt.
% would be necessary for this respect. In addition, it was
recognized that attention must also be paid to the Al/C ra-
tio. Due to their property in terms of oxygen affinity, care
must be taken not to result in excess of C, which negatively
affects the melting ability. However, even a bunch of Al can
cause significant safety and process engineering difficul-
ties with respect to a possible aluminothermic reaction and
its strongly exothermic behavior. For this reason, according
to initial findings, Al contents of less than 6 wt. % should
generally be aimed for, which must be investigated in more
detail in further trials.
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As an outlook for future research activities, the determi-
nation of the properties of all commercially used cathode
materials such as NMC, LCO, NCA, and LFP with additional
Cu from the electrode conductor foils can be mentioned
here. From this knowledge, pyrometallurgical processes
can consequently be better adapted to the expected waste
stream. An essential point in pyrometallurgy is also the
optimization of the resulting products, such as the val-
ue-added metal alloy. Attention must be paid to this in the
adaptation of input flows, process design, and post-treat-
ment processes development, where in-depth knowledge
of high-temperature behavior can significantly contribute.
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Abstract: Meeting the increasing demand for energy storage based on lithium-ion batteries (LIB)
is not only a question of resource availability but also an issue of resource conservation and effi-
cient recycling management. In this respect, sustainable recycling concepts play a central role in
mindful interactions with valuable materials. Based on this approach, a process interconnection
of hydromechanical preparation, flotation, and pyrometallurgical treatment was investigated. The
hydromechanical preparation showed promising results in achieving highly pure mixtures of LIB-
active material. It was found that a pre-opening step could achieve an even better separation of
impurities for downstream processes such as Cu and Al to avoid excessive particle size reduction.
According to an optimized mixing stage during flotation, the C amount was reduced from 33 wt.% to
19.23 wt.%. A Li-free metal alloy was obtained through the subsequent pyrometallurgical treatment,
and evidence for Li removal via the gas phase was provided. Furthermore, heating microscope trials
confirmed the results of the process interconnection and showed that further optimization steps for
the pre-treatment are necessary for favorable product quality. Therefore, a high-stratification plot
was created, which allows a quick future statement about the suitability of the input material for use
in the process.

Keywords: lithium-ion battery; recycling; hydro-mechanical preparation; flotation; pyrometallurgy

1. Introduction

Alternative technologies in several sectors, including energy-intensive industries [1],
electrical grids [2-5], and especially within mobility [6], have been emerging all around
the globe in recent years. They all try to tackle the same goal to minimize environmental
impacts, reduce dependency on conventional energy sources like gas and petroleum, and
diversify energy sources for the transportation sector [7]. The harsh spike in technolog-
ical development ratios is based on national and international efforts to reduce global
greenhouse gas emissions, resulting in a tremendous economic potential for these technolo-
gies [8-10]. One of these endeavors to limit global CO, emissions is the COP21, which led
to the “Paris agreement” being adopted in December 2015 [11]. The aim of this agreement
is to limit the rise in global temperatures to “well below” 2 °C above pre-industrial levels
while striving for 1.5 °C by 2030 [12].

The electrification of these industries to replace fossil fuels with renewable electricity
is essential for meeting these targets [13]. To store this energy, battery technologies are
ubiquitous. With an estimated growth of 25% per year, a total capacity of up to 2.600 GWh
in 2030 will be deployed [14]. With a share of 33.7% in 2018, Lithium-Ion Batteries (LIB) are
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Battery Demand [TWh]

among the technologies already taking the most significant share of the overall rechargeable
and non-chargeable battery market. Furthermore, it is expected that by 2024, about 82% of
market growth will come from LIBs [15]. In Figure 1a, an estimation of the main drivers of
demand growth is given, showing that the electrification of the transport sector is the main
reason for this growth, followed by the deployment of batteries in electricity grids [14].
Each of these industries has different requirements for batteries, which can be adjusted
via the chemical composition of the cathode materials. Figure 1b shows an outlook on the
development of different cathode chemistries [16].
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Figure 1. Information about the current and future development of the battery market with a special
focus on LIB: (a) global battery demand by application in TWh for the year 2030 (data in this figure
are from WEF base case [14]); (b) outlook of different LIB cathode chemistries until 2030 in TWh (data
in this figure are from [15,16]—the detailed calculation can be reviewed in Appendix A).

As seen in Figure 1, the forecasts for the LIB active materials show a wide variation.
Hence, methods to sensitize recycling technologies towards fluctuating waste streams as
well as political aspirations, and to mark batteries accordingly to their chemistry are needed.
However, neither efficient recycling technologies nor legal frameworks for battery labeling
are available or implemented in the primary markets [17]. The EU Commission’s proposal
for a regulation is considered a promising advance in this direction [18], wherein recovery
rates for cobalt, copper, and nickel of 95% and 70% for lithium must be achieved by 2030.
Concerning these ambitious recovery rates, and to counteract unlicensed recycling and
illegal trafficking, the battery recycling chain must be revised entirely, including imple-
menting the introduction of innovative and efficient recycling technologies. Furthermore,
a complete waste battery collection system should be established to promote extended
producer responsibility (EPR) [19].

State-of-the-art recycling routes for LIBs still face several dark spots, where ineffi-
ciencies or economic circumstances lead to material losses and landfilling [20]. The first
operational step within the recycling chain is the pre-treatment of complete battery packs,
including sorting, disassembly, and discharging. Generally, pre-treatment process steps are
required to separate individual components ssuch as cables, plastics, aluminum and steel
elements, and electronic components of the cooling system, etc., and the valuable remaining
fractions like Fe, Cu, and Al as part of the housing or conductor foils from the cathode
and anode material, the so-called black matter or active material. The dismantled parts
are processed within further recycling steps; however, this is not the subject of the present
work [21]. The black matter, in turn, contains the most valuable compounds, including Li,
Ni, Co, Mn, and P. Next to these valuable metals, the black matter also consists of high
rates of graphite (30-40% of the fines), often due to economic reasons, yet are not recycled.
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However, to meet the EU’s target of an overall recovery rate of 70%, it will become crucial
to recover graphite in order to attain the recycling targets [22].

Within the disassembly step, shock-wave-based recycling procedures have become
popular in recent years, as this technique allows a material-selective separation of complex
and/or difficult-to-break composites, such as galvanized plastics [23], spark plugs [23],
printed circuit boards [24], or LIBs [25,26]. Particularly in the processing of batteries,
selective disintegration produces several advantageous coarse-grained by-products such
as Al, Cu, and plastic foils, as well as steel housing parts, which can usually be recycled
individually after further simple physical separation stages [25,26]. Furthermore, these
by-products constitute a significant advantage in this pre-treatment method, especially
compared to established pyrometallurgical recycling processes without further separation
of battery components [27], where some of the metals, especially Al and Li, pass into the
slag and are difficult or impossible to recover. The hydromechanical process enables the
recovery of most of the battery cell components. However, the electrolyte remains in the
process water; Li and P can at least be recovered from the water. Two of the most common
alternative options for pre-treatment are mechanical shredding or crushing, including
magnetic and/or density separation with or without inert atmospheres [28], and pyrolysis,
a method that thermally decomposes the organic binder between conductor foils and active
material [20].

Commonly, the next step in the recycling chain to recover valuable metals from
the black matter consists of a pyro- and/or hydro-metallurgical process. Both of these
processing routes commonly have the same goal of precious metal recovery, however,
they also have to consider their individual pros and cons in combination with economic
and environmental factors [20]. In downstream hydrometallurgical processes, graphite
is often damaged, resulting in the unsuitability of upcycling spent anode materials [29].
Furthermore, graphite adds volume to the feed material during leaching processes, resulting
in a high reagent consumption and leading to challenges in the dewatering stage [22]. In
pyrometallurgical processes, graphite can be used as a reduction agent for the lithium-metal-
oxides (LMO), however, it often exceeds the stoichiometrically needed content, resulting in
a reduced smelting ability [30].

To separate the anode graphite and the LMO before a downstream process, froth
flotation, a separation method using differences in surface wettability, might be a potential
solution. The graphite particles have a size typically less than 25 um. To achieve satisfactory
separation of the graphite, the feed to the flotation stage needs to be rather fine compared
to typical ore flotation [31,32]. Although the differences in wettability are pronounced, the
particle size renders it an instance of fine flotation with its inherent difficulties in terms
of the concentrate grade and the recovery of the valuable phase. Several approaches to
improve the flotation performance, including chemical dissolution with Fenton reagent [33],
thermal treatment [34], and mechanical [35] or cryogenic grinding [36], have already been
tested and have shown promising results. However, they often fail when it comes to
scale-up processes. Only thermal treatment at temperatures between 400-600 °C (the
temperature range at which the binder starts to dissolve), ideal conditions for the flotation
process, reported high graphite recovery of up to 98% in the froth product, being at the same
time efficient and easy to use on an industrial scale [36]. As soon as the desired separation
accuracy between the LMO and graphite has been achieved, the LMO is processed using
downstream pyro-, hydro-, or bio-hydrometallurgical processes to ensure the sufficient
product quality of the metals for recycling into a circular economy [37].

In order to overcome the challenges of the recycling technologies for spent LIBs
currently available on the market, the scope of this paper was to investigate a novel possible
interconnection between pre-treatment and pyrometallurgy. Therefore, a hydromechanical
pre-treatment step with an electro-hydraulic fragmentation unit, a subsequent depletion
of the graphite via flotation, and finally an inductive pyrometallurgical plant, was chosen.
The pyrometallurgical plant used, the so-called InduMelt, is an inductively heated packed
bed reactor in batch operations. This technology has a significant advantage over state-
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of-the-art processes [27] since, in addition to the alloy, Li and P are not slagged and can
be recovered via the gas phase. To explain the result from this process chain respectively
and to optimize the quality of the obtained product in the future, results from further basic
research on meltability and how interfering elements influence it are presented.

2. Materials and Methods

The source material for the recycling process were discharged NCA-cells (Panasonic
NCR 18650A—LiNig §Co0 15Alg,0502), which were obtained by manually dismantling a
CUBE e-bike battery. NCA was selected as active material for this series of tests due to
its expected high market share and likely its greatest impact on the fluctuating recycling
stream’s overall black matter chemistry, as seen in Figure 1.

The experimental series can be divided into three substeps. In the beginning, the
battery cells of the NCA type are prepared in a hydromechanical pre-treatment. The re-
sulting fine black powder containing valuable metals, consisting primarily of an anode
and cathode material, in short, active material or black matter, and an electrode conductor
foil made of Al and Cu, are then further processed. From previous research activities [30],
it is known that for the reduction reactions in the InduRed process described in 2.3, a
maximum of the stoichiometric C requirement may be present in the material since an
oversupply would impair the necessary melting ability. Accordingly, in the next step,
the C content was reduced via flotation from 34.57 wt.% to around 20 wt.%, correspond-
ing to the theoretically necessary reducing agent requirement. The flotation fines were
finally treated in the InduMelt plant for further valuable metal recovery. Consequently,
the individual steps and the used analytical methods are described in more detail in
the following subsections. In addition, the methodology for determining meltability is
also discussed.

2.1. Hydromechanical Preparation

The hydromechanical processing of the battery cells was conducted at ambient con-
ditions involving an electro-hydraulic fragmentation device (EHF-400, ImpulsTec GmbH,
Germany), which was applied to produce NCA black matter. During this treatment,
40 single-round cells per batch were treated in 20 L water at a voltage of 40 kV and a fre-
quency of 1.5 Hz within a stainless steel reactor. This procedure was conducted until all the
batteries were opened and successfully disintegrated. The applied process (schematically
drawn in Figure 2) is based on shock waves generated by discharges between the elec-
trodes through the water in the reactor and targeted to separate LIBs along their weakest
points, typically phase and material boundaries. At this point, it must be mentioned that
in individual cases, the discharge can pass through the material (electro-dynamic frag-
mentation), which occurs as an undesirable side effect only to a small degree. Due to the
different mechanical properties of battery materials, a high fragmentation selectivity and
higher purity can be achieved via electro-hydraulic fragmentation, especially compared
to conventional mechanical shredding, which is advantageous for further recycling. For
more in-depth information on this technology, refer to previous publications [28-31]. After
shock wave treatment, the suspension from the reactor was screened through a 500 pm
sieve to separate the coarse fractions from the much finer anode and cathode particles.
Subsequently, the fine fraction was vacuum filtered to separate the black matter from the
water. Finally, after drying at 80 °C for 72 h, the obtained black matter was homogenized
for subsequent experiments and analytics using mortar and pestle.
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Figure 2. Schematic functional principle of electrohydraulic fragmentation.

2.2. Flotation

The flotation tests were performed in two stages. As only about 100 g of NCA was
available to complete any preliminary tests, a small custom-made flotation device with a
500 mL tank size was used at this point, which is well-suited for such basic tests (Figure 3a).
This device has been used at the Chair of Mineral Processing for several decades and is
well-suited for such basic tests. For detection of the C amount, parallel trial with a Leco
CHN 628 has been conducted. Prior checks with test tubes had shown that dispersion of
the sample in water is no challenge. Furthermore, the suitability of two commercial reagent
blends was confirmed for this task: Ekofol (EF) 440 and EF 452, which are sold by EKOF
for the flotation of coal and graphite. They contain aliphatic alcohols, esters, and ethers; the
exact composition is not disclosed. EF 452 was chosen for the tests.

To achieve good separation with the fine particle sizes present, the flotation test
was performed in a rather conservative way: low solids concentration of about 5 %-
vol; frother/collector EF 452 added in several increments of 200 ppm each; discharge of
concentrate for as long as the froth carried particles; thick froth layer; skimming froth off
only superficially; low airflow. The pulp was dispersed for 5 min at 1200 rpm prior to the
first addition of EF 452 and conditioning.

When the actual NCA sample—close to 2000 g—was available, the flotation tests
moved to the Denver laboratory machine D-1, with its larger working volume of either 1.2
or 2.3 L (Figure 3b). Four batches were basically treated with the same general attitude
as in the preliminary test. The rotational speed of the impeller was 800 rpm. As the
characteristics of the two impeller systems are different, a direct comparison with the
speed of the preliminary test is not valid. In contrast to the initial examination, solids
concentration was about 10%-vol for the four batches. Separation was no longer satisfactory;
possible reasons will be discussed later.

The remaining six flotation tests for the Denver D-1 aimed at improving the separation
result and settings varied within this series. The most important changes were a signifi-
cantly more intense dispersing stage (15 min at 1200 rpm and solids concentration of up to
20 %-vol), higher reagent dosage, and a higher impeller speed (1000 rpm) during flotation.
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(a) (b)

Figure 3. The flotation devices used for graphite removal from NCA samples: (a) the custom-made

cell used for the preliminary flotation test; (b) Denver laboratory machine D-1 used for the actual
NCA sample.

2.3. Pyrometallurgical Treatment

The plant setup designed at the Chair of Thermal Processing Technology, the so-called
InduMelt plant with its InduRed reactor concept, is shown schematically in Figure 4.

The main advantages of this system compared to, for example, a shaft furnace, are the
high contact area between the hot graphite cubes and the active material, the homogeneous
radial and horizontal heat supply, and short diffusion paths for volatile elements such
as phosphorus or lithium through the resulting melt film. As a result of the engineering-
related advantages of the reactor principle compared to conventional pyrometallurgical
reactor concepts, valuable components like lithium are not being transferred to a mineral
phase, and are thus able to be recycled. Additionally, the reactor produces a very limited
amount of mineral phase, resulting almost in a closed loop process. The graphite cubes
serve purely as susceptor material for providing heat on its surfaces and do not participate
in the reduction reactions.

For better comparability with previous experiments, the setup, experimental proce-
dure, and sampling are carried out precisely according to the scheme from Holzer et al. [38].
In summary, the crucible with a height of 60 cm and width of 20 cm consists of high
temperature-resistant MgO. The material to be reduced in this plant was pre-treated in the
hydromechanical step. Subsequently, graphite was partially separated through flotation.
The crucible is filled layer by layer with 400 g of the resulting active material and the
graphite cubes. The latter have a side length of 2.5 cm, an electrical resistance of 4-8 uQm,
and a density of 1.55-1.75 gcm ! [38].

It should be noted that the graphite from the battery anode materials acts as a reducing
agent. This creates an atmosphere in the reactor during the experiment with a high CO/CO,
ratio and low O, partial pressure.

To ensure appropriate temperature control, two type-K thermocouples are placed in
the bulk and one type-S in the thermocouple, each at the bottom and on the reactor wall
of the outside. After insulating the wall and floor area, as shown in green in Figure 4, a
ceramic pipe is installed in the lid insulation for controlled exhaust gas discharge. Above
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Distilled water

this is the gas exhaust hood through which a water jet pump draws the gas stream over
the fluid in the gas wash bottle. For this experiment, distilled water was used to avoid
unwanted reactions between the fluid and the compounds in the gas stream.
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Figure 4. Schematic illustration of the InduMelt plant [38].

For the protection of the refractory material, a maximum heating rate of 250 °C/h
was selected over an experimental period of 7.5 h. Consequently, the target temperature of
1550 °C was maintained for half an hour before the completion of the experiment. After
a cooling phase of at least 24 h at ambient temperature, the standardized sampling was
carried out. The resulting fractions (metal, powder, mineral phase) were extracted and
separated via magnetic separation and sieving and finally analyzed.

2.4. Analytical Methodology for Material Characterization

In general, samples, including the floated active material and the gained fractions
obtained after carbo-thermal treatment, were subjected to an SEM analysis. Except for the
metal fraction embedded in an epoxy resin as a ground-glass specimen, all other specimens
were prepared on self-adhesive, graphite-filled pads. In addition, the metal and mineral
fractions were sputtered with gold, whereby EDX software largely corrected the gold signal.
This publication’s analyses were performed in the SEM of model Vegal from Tescan (CZ)
with an acceleration voltage of 0.5-30 kV from an electron source in the form of a tungsten
filament. Additionally, with the aid of an energy dispersive X-ray analysis (EDX) model
5108 from Oxford Instruments type Si(Li), the elemental composition can be determined
within a 10 mm? area of the sample with a resolution at 5.9 kV of 137 eV. Therefore, with
the present instrumental setup, elements starting from atomic number 4 (i.e., carbon) can
thus be detected with SEM-EDX. Since this does not allow the determination of lithium,
laser-induced breakdown spectroscopy (LIBS) model EA-300 from Keyence (optics 300,
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laser-Nd: YAG 355 nm) was applied as supplementary to verify the SEM-EDX results by
means of a line-point analysis. This pool of analytical methods enables the determination
of elemental distribution based on mappings, point analyses of individual phases, and line
spectra with SEM-EDX and LIBS.

Powder X-ray diffraction (PXRD) samples were analyzed for phase composition using
an X-ray diffractometer (Empyrean, Malvern Panalytical, U.K.) within Bragg—Brentano
geometry using cobalt radiation (A = 1.789 A) at 40 mA and 40 kV. Diffraction patterns were
collected with a scan speed of 0.006° /s and a step size of 0.013° for the 20 range from 10 to
75° and evaluated using HighScore Plus software (Malvern Panalytical, U.K.) using the
inorganic crystal structure database (ICSD; FIZ Karlsruhe, Germany).

ICP-OES analyzed the chemical composition of several fractions during this investiga-
tion according to ONORM EN ISO 11885:200911.

2.5. Analyses Concerning High-Temperature Behavior and Influence of Impurities

For successively improving the product yield, the high-temperature behavior of the
cathode material NCA was investigated under the influence of contaminants such as Cu, Al,
and C. The aim was to determine the meltability of the cathode material by measuring the
sample’s change in cross-sectional area (CSA) during heating. For this purpose, a series of
tests were carried out using a Hesse Instruments EM 201 heating microscope with an HR18-
1750/30 furnace with cathode material from battery production and varying amounts of
Cu, Al, and C. To simulate the low CO/CO; ratio of the InduMelt plant, the experiments in
the heating microscope would have to be operated with a CO atmosphere. Since this is not
possible for technical and safety reasons, the trials were performed with a 2.5 L/min argon
purge to suppress undesired reoxidation reactions. Therefore, the C fraction for InduMelt
has to be converted in order to simulate reactions from C to CO, (occurring in the heating
microscope) to reactions from C to CO (occurring in the InduMelt). The cylindrical pressed
samples of about 0.1 g each were positioned on an Al,O;3 plate and heated up following
the standardized heating program from Table 1. The maximum furnace temperature of
1700 °C contained therein results in a sample temperature of approximately 1620 °C. After
the holding time at 1700 °C, the furnace load was switched off and the sample was left in
the furnace chamber under argon purging until room temperature was reached.

Table 1. Standardized heating program in the heating microscope for investigations of the high-
temperature behavior of NCA with different impurities.

Temperature Range Heating Rate
Start-1350 °C 80 °C/min
1350-1450 °C 50 °C/min
1450-1700 °C 10 °C/min

1700 °C 5 min holding time

Subsequently, a height stratification diagram was selected to simplify the presentation
of the results. The evaluation and execution of the experiments followed a consistent
scheme. Essentially, a total of 42 experiments were carried out in the heating microscope
with different mixing ratios. Based on the preparation of an Al-C-NCA system, these
investigated mixing ratios were extended in a selected range by adding 3 wt.%, 6 wt.%,
and 9 wt.% Cu in each case [39]. The selected range described above resulted from the
findings of Baldauf [40], who defined the meltable zone at a minimum carbon demand of
5 wt.%. It should be mentioned at this point that the stoichiometrically necessary reducing
agent required for a complete reduction of the oxide for NCA is around 11 wt.% C. Since
processing and preparation of more than 1500 data points per test is relatively costly, they
were processed as in Holzer et al. [30]. In essence, this was achieved via smoothing over
a polynomial, comparing the measurement points with the corresponding images, the
linear correlation of the corrected values, and the arithmetic mean of data with the same
temperature or logical continuation [30,40].
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3. Results and Discussion
3.1. Hydromechanical Preparation

In the hydromechanical processing of NCA cells, about 6000 pulses were required to
achieve complete disintegration of the battery cells and to separate the active materials
from the anode and cathode foils. In each batch, 40 cells with a total weight of about
1750 g were processed to produce about 1100 g of black matter and about 650 g of the coarse
fraction. Since this work focused on the recovery of the cathode metals, the coarse fraction,
which consists mainly of aluminum, copper, plastic foils and steel housing parts, was not
investigated further in this study.

Characterization of the black matter specimens (NCA_AM_start) via ICP-OES and
Leco analysis (see Table 2) revealed carbon (34.57 wt.%), nickel (31.0 wt.%), and cobalt
(5.02 wt.%) as the main elements. The relatively high carbon content is attributed to anode
graphite, carbon black, and possibly small residues of polyvinylidenfluoride binders. At
the same time, lithium, nickel, cobalt, and aluminum are associated with the NCA cathode
material (approximately LiNig gCoq 15Alp0502). The element concentrations for Cu, Fe, and
partially Al are caused by small impurities of metal particles that pass into the fine fraction
during processing.

Table 2. ICP-OES analysis of relevant elements in the sample after the hydromechanical preparation

in wt.-%.
Compound Li Co Ni Al Fe Cu C
NCA_AM_start ! 3.38 5.02 31.00 237 2.65 3.64 34.57

! Difference to 100% detection rate, mainly due to the proportion of O; amounts of other elements are negligible,
according to complete analysis via ICP-MS.

3.2. Flotation

The separation result of the preliminary test was quite good, even though only a
rougher stage was performed. Three consecutive C concentrates, and the residue R were
assayed for their C grade. The balance is given in Table 3.

Table 3. Balance of the preliminary flotation test. C1 to C3: carbon concentrates; R: residue.

Flotation Product Mass Yield [%] C Grade [%] C Recovery [%]
C1 53.2 452 72.8
C2 8.6 48.2 12.6
C3 11.9 27.3 9.9
R 26.2 6.0 4.8
total 100.0 33.0 100.0

The residue yields 26% of the feed, while its C grade has been lowered from 33% in the
feed to 6%. In this test, the 20% grade aimed for later on was already reached by removing
the first graphite concentrate C1, while almost half of the feed mass remained available for
the metallurgical tests. Terminating the separation after C2 would leave C3 and R as the
combined residue with 38% of the feed mass at 13% C grade.

In comparison, when conducting the experiments on the Denver D-1, only one of
the first four batches achieved some slight separation regarding C. The C grade of the
remaining froth products and residues was virtually the same as that of the feed. There
are two main reasons for inadequate separation in flotation: low degree of liberation,
and entrainment.

The degree of liberation measures how much of a certain phase is present in pure
particles. The rest of that phase is “intergrown” and is part of the compound particles.
As the physical /mechanical separation methods of mineral processing can only separate
particles from each other, good liberation is an essential prerequisite for any separation
success. The only way to improve liberation is by making the particles smaller.
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Entrainment occurs when non-hydrophobic particles report to the froth instead of the
flotation residue. They may be trapped between hydrophobic particles and thus be forced
into the wrong flotation product. Entrainment can be reduced by using the proper setting
of the flotation parameters.

The SEM analysis (not shown) confirmed that in the present case the problem was
the lack of liberation of graphite. Therefore, six more flotation tests were performed to
address this problem. Adding a rather long and intense mixing stage (15 min at 1200 rpm;
some tests even with about 15%-vol of solids) before flotation provided better liberation.
Diluting the pulp again to the previous 5 %-vol of solids and using 1000 rpm (vs. 800 in the
first four batches) during flotation, finally provided satisfactory separation results. Table 4
shows the C grades of graphite concentrates (C plus the number of trial and number of
extracted sample) and the residues (R plus the number of trial) of those flotation tests where
all products were assayed.

Table 4. C grades of flotation concentrates and residues after improving liberation.

Concentrates C Grade [%] Residue C Grade [%]
C5 42.7 R5 25.7
C9-1 35.5 R9 13.1
C9-2 29.5
C10-1 48.2 R10 14.9
C10-2 43.5
C10-3 33.3

As some intermediate residues had to be reworked several times, the C balances of
the separate tests are inconclusive. Six suitable froth products and residues were blended
for a combined C grade of 19.23% and yielded 710 g (34% of the entire NCA sample) to be
used for the InduMelt tests.

The difference in separation quality between the preliminary (see Table 3) and the
actual NCA sample is striking and demonstrates one of the frequent challenges when
processing secondary raw materials. Although samples may seem to be “the same”, assum-
ing identical characteristics and compositions can be very misleading. For example, even
the product line of one single producer of LIBs represents various states in its production
history. The particle sizes of components, the type of binder, the electrolyte, the actual
composition of NCA, etc., will all change, and such variations may impact mechanical
separation processes.

The chemical composition of the NCA black matter, the NCA active material after
flotation (NCA_AM), can be taken from Table 5. Compared to the material after the
electrohydraulic fragmentation (EHF) treatment in Table 2, a depletion during the flotation
process of mainly C and Al can be detected. The enrichment of Cu and Fe is particularly
interesting in this context. One possible explanation is the larger size and higher weight of
the Cu and Fe particles from the electrode conductor foil and battery assembly, compared
to the C and NCA. As a result, these elements are less likely to be entrained in the froth
during flotation and are concentrated in the residue. In contrast, the lighter Al from the
electrode conductor foil tends to be more readily transferred into the foam product due
to its low mass, the theory of which is consistent with depletion. The remaining elements
are found in the NCA structure. The comparison of the ICP-OES analyses confirms the
expected constant proportion of elements.
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Table 5. ICP-OES analysis of relevant elements in the sample after flotation for use in downstream
InduMelt experiment in wt.-%.

Compound

Li

Co Ni Al Fe Cu C

NCA_AM !

3.48

5.07 30.70 1.88 3.43 6.36 19.23

! Difference to 100% detection rate, mainly due to the proportion of O; amounts of other elements are negligible,
according to complete analysis via ICP-MS.

Figure 5 shows an SEM-EDX mapping of the material obtained from flotation, which is
subsequently further processed in the InduMelt plant. The different colors are characteristic
of the respective element present in the material, referring to the image of the SEM.

These microscopic investigations confirm the presence of spherical NCA particles
with a diameter of about 25 um within a carbon-rich matrix. In particular, the spherical
appearance and the size of the NCA cathode particles are typical features of these materials,
so it can be concluded that the EHF treatment only separates these materials from the
foils but does not destroy the original microstructure. Furthermore, these observations
are consistent with previous work conducted by Ohl [30] and Horn [31]. Carbonaceous
particles are seen predominantly in SEM-EDS mapping (Figure 5d) and are related to anode
graphite and carbon black being used as conductivity enhancers. In addition to these
overall findings, minor indications of Cu and Al are visible in the SEM-EDS mappings
attributed to minor contaminants from anode and cathode conductor foils. Generally,
Co and Ni (Figure 5e,f) show an overlapping pattern over the whole SEM picture. As
expected, the sample is rich in oxygen, which can be attributed to the oxidic components
in the NCA-active material. Moreover, finely dispersed iron content is determined in the
mapping with Fe-overlay (Figure 5h), which corresponds to traces of housing parts.

As expected, the PXRD pattern (see Figure 6) showed a lithium-nickel-cobalt-alumina
oxide phase (PDF 98-009-8451) with space group R-3m and a graphite phase (PDF 98-007-
6767) as the main components within the black matter specimens. Both phases correspond
to NCA-type lithium-ion batteries’ commonly used cathode and anode materials. In
addition, small diffraction peaks of elemental copper (PDF 98-062-7113) were detected,
corresponding to fine-anode foil particles, which pass during EHF processing into the
fine fraction.

@ (b)

Figure 5. Cont.
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(8) (h)

Figure 5. SEM picture and overlay of the elemental distribution of characteristic elements; (a) SEM
picture of NCA_AM, one of the characteristic NCA agglomerates is marked in red; EDX-Mapping of
(b) aluminum; (c) copper; (d) carbon; (e) nickel; (f) cobalt; (g) oxygen; (h) iron.
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Figure 6. PXRD pattern of NCA black matter after EHF processing and flotation.

3.3. Pyrometallurgical Treatment

To determine the quality of the products from the pyrometallurgical InduRed reactor
concept, the floated black matter was used in the InduMelt plant. The fractions obtained
can be subdivided as follows:

Sparse magnetic powder

Metal fraction, with a grain size larger than 1 mm

Powder smaller than 1 mm with magnetic properties

Product from the gas phase, which has been deposited in the washing water or the
exhaust hood

At this point, it should be mentioned that the primary objective of this process step
is to obtain a fully reduced, low-lithium metal alloy. At the same time, the formation of
slag or powder is not desired. For the successive optimization of the process, in addition to
the knowledge of the influence of interfering elements on the product quantity, detailed
analyses of the obtained fractions are necessary. Special attention is paid hereafter to the
economically interesting valuable metal.

Table 6 shows the weighted masses of the individual solid fractions. When looking
at these results, on the one hand, the deficient proportion of sparse magnetic powder
compared to metal and powder is striking. On the other hand, it can also be seen that
56.4% of the obtained materials’ mass was classified as powder and 42.4% as metal. If
the results are compared with pure cathode material from battery production with the
identical experimental procedure and apparatus from Holzer et al. [37], this value is about
20.1% powder and 78.8% metal. From this finding, it can be deduced in the first step that
non-separated accompanying elements from the LIB, such as Cu and Al of the electrode
conductor foil, harm the metal yield.
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Table 6. Amount of the input and output fractions of the InduMelt experiment in grams.

Powder-Sparse
Magnetic [g]

400.0 2.7 92.5 123.0

Input [g] Metal [g] Powder [g]

3.3.1. Analyses of the Powder Fractions

From the ICP-OES analysis of the sparse magnetic powder shown in Table 7, it can
be seen that there is a significant amount of Li. Still, according to the small amount in
the overall system (Table 6), this plays a minor role in the process. This fraction consists
mainly of carbon, accompanied by particles in the mineral phase, both of which could be
confirmed through SEM-EDX investigations.

Table 7. ICP-OES analysis of relevant elements in the produced powder fraction after the InduMelt
experiment in wt.-%.

Compound Li Co Ni Al Fe Cu
Powder-sparse 533 0.18 7.29 2.89 0.18 0.23
magnetic
Powder ! 0.23 9.63 56.60 2.66 5.37 11.10
! Difference to 100% detection rate, mainly due to the proportion of O and C or measurement uncertainties and
complex sampling; amounts of other elements are negligible, according to complete analysis via ICP-MS.

If these findings are supplemented with PXRD analyses, the characteristic diffraction
peaks of graphite and LiCOs in the monoclinic zabuyelite structure (PDF 98-001-6713) can
be recognized, as seen in Figure 7a.

. + Graphite
1 # Lithium Aluminium Oxide
» Zahuyelite
i il Metal phase
+ Graphite
- '; #
s s,
2 2
£ S
a c
2 ]
= £
#
* " .
L= Nx R s *
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2 Theta [°] 2 Theta [°]
(a) (b)

Figure 7. PXRD pattern: (a) results of sparse magnetic powder; (b) results of powder.

The powder has an entirely different chemical composition compared to the less-
magnetic powder. By comparing the ICP analyses of the initial NCA_AM material used
from Table 5 and the powder from Table 7 and its magnetic property, it is reasonable to
assume that this is partially reduced active material. The SEM and XRD show a significant
amount of C, since the initial round 20 wt.% C in the NCA_AM represented the stoichio-
metrically necessary mass to reduce the lithium metal oxides. Its presence in the powder
underscores the presumption of an incomplete reduction. The PXRD measurements could
confirm these overall findings in Figure 7b, where the characteristic diffraction peaks of
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DET: SE Detector
WD: 35.0000 mm
HV: 20.0 kY

"~ View field: 3.15 mm

SEM MAG: 92 x

gamma-LiAlO, with tetragonal symmetry could be detected in addition to the graphite. In
addition, two intense diffraction peaks were detected at 51.8 and 60.0° 2 Theta, possibly
corresponding to an unspecifiable cubic metal phase.

3.3.2. Analysis of the Metal Fraction

In addition to the elemental analysis using ICP-OES (Table 8), the combination with
the SEM-EDX and LIBS provides comprehensive insights into the elemental assignment
of existing phases. Figure 8 shows an SEM image of secondary electrons from a different
ground-glass specimen compared to the metal fraction embedded in epoxy resin. The
examined particles are interspersed with elongated graphite crystals (flake graphite), while
shrinkage in varying degrees can also be determined. Moreover, as expected, the polished
metal pieces are infiltrated with holes and show different structures, which can be attributed
to the experimental setup of the non-continuous batch operation process of the InduMelt.
However, according to the SEM-EDX analyses of various metal particles, the elemental
composition of the metal alloy itself is consistent in a certain range.

Table 8. ICP-OES analysis of relevant elements in the produced metal fraction after the InduMelt
experiment in wt.-%.

Compound Li Co Ni Al Fe Cu
Metal ! 0.00 12.60 63.80 2.86 7.50 14.30

! Difference to 100% detection rate, mainly due to measurement uncertainties and complex sampling; amounts of
other elements are negligible, according to complete analysis via ICP-MS.

[

1 mm Vega @Tescan

DET: SE Detector View field: 12.59 mm

Name: Metall Probe1_pic1 VTIUmuL VD 24.0172 mm SEM MAG: 23 x 5mm Vega ®Tescan
HV: 20,0 kv Name: Metall_Probe1_pict VTIU-MUL
(a) (b)

Figure 8. SEM-secondary electron images of cut and polished specimens of the metal-fraction
embedded in epoxy resin: (a) metal droplet with blowholes and elongated graphite crystallite;
(b) metal droplet with holes and spherical inclusions.

Figure 9 shows the SEM-EDX mapping of the sample corresponding to the partial
image in Figure 8b, with the metal particle mainly shown in this latter figure. Furthermore,
a part of the conductor path (upper-right edge) and mineral caking can be seen at the
upper-left edge. However, mineral caking represents only a small percentage of the
total metal fraction mass. The metal droplet consists of a Ni-rich alloy intermixed with
significant amounts of Co, Fe, and Cu. C is likely to be dissolved in the alloy, where larger
accumulations in the holes come from the resin. While higher O and Al amounts in the
caking indicate the primary presence of oxidic components, the remaining metal alloy is
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evenly distributed with both elements. It can be assumed that Al from the conductor foil
has a high affinity for oxygen and is therefore bound with the remaining oxidic Al from the
active material into the mineral phase.

As previously described, numerous metal droplets show an adhesion of oxidic origin.
For that reason, according to Figure 10, a line spectrum of a characteristic metallic piece
with mineral caking is investigated with the SEM-EDX. Twenty measuring points assigning
only a qualitative composition due to the low elemental retrieval rate are summarized in
Figure 10b. The obtained results are in good accordance with the identified elements of
the depicted mapping in Figure 9. In particular, two main phases could be determined: a
Ni-rich metallic phase (points 1 and 9-18) with additional alloying elements such as Co, Fe,
Cu, Al, and C of consistent composition; on the other hand, a mineral phase (points 2-8
and 19, 20) commonly consisting of O and Al with differing minor amounts of Mg and Ca.
Moreover, points two and three are enriched with C. Comparing the results from Figure 10b
with those from the chemical analysis using ICP-OES in Table 8, a good correlation can
be observed.

In Figure 11, a digital microscopic image with corresponding LIBS measurements of
two neighboring grains in the metallic and mineral phase is shown, whereas along the
grain boundaries, higher amounts of Li combined with O, Al, and C can be proven. In some
phases of the mineral caking, Li in minor amounts is also detectable. It can be assumed
that Li compounds neither preferentially dissolved in the gradually formed metal nor in
the separated liquefied O- and Al-rich mineral bath during high-temperature treatment.
Therefore, Li species accumulate preferably at the grain boundaries before forming gaseous
Li. Nevertheless, further scientific investigations should be encouraged by the outcomes
of the SEM-EDX and LIBS, especially to focus on the Li behavior during carbo-thermal
reduction. Again, the LIBS can verify the elements identified from the ICP-OES and
SEM-EDX in a reasonable composition in both phases mentioned.

2mm

2mm
(a) (b)

Figure 9. Cont.
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2mm 2mm

(8) (h)

Figure 9. SEM picture and overlay of the elemental distribution of characteristic elements; (a) SEM
picture of the metal after InduMelt experiment; SEM-EDX mapping of (b) aluminum; (c) copper;
(d) carbon; (e) nickel; (f) cobalt; (g) oxygen; (h) iron.
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Figure 10. Line spectrum through a metal piece with mineral caking; (a) SEM-picture of the particle
with the associated analysis point position; (b) related composition of each analysis point from (a)
using EDX analysis.
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Figure 11. Digital microscopic image of the interface between metal and mineral phase with corre-
sponding LIBS measurements.

3.3.3. Analysis of the Gaseous Fraction

The PXRD analysis of the white powder precipitated within the water-filled gas wash
bottle is shown in Figure 12. Only two intense diffraction peaks were detected in the
measured 2 Theta range, which generally indicates a phase with high, probably cubic,
symmetry. In addition to these structural data, the ICP-OES analysis (Table 9) revealed a
high lithium content of 640 mg/L in the water, so a lithium phase could also be assumed
for the precipitate. After comparison with the database, only a cubic griceite-like phase
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(LiF, PDF 98-005-2234) with space group Fm-3m could explain the observed diffraction
peaks, which generally corresponds to the low solubility of the LiF in water (1.3 g/L at
25 °QC). Slight residues of the PVDEF binders in the black matter could be a likely source of
the fluorine, decomposing at the high temperatures of the InduMelt process and forming
the LiF together with the degassing Li.

v

v V Griceite
S
5,
3
‘0
[
L]
=

L —
T T T T T T T T —
20 30 40 50 60 70

2 Theta [°]
Figure 12. PXRD pattern of the filtrate of the fluid in the gas washing bottle.

Table 9. ICP-OES analysis of relevant elements in the produced gas stream after the InduMelt
experiment in mg /L.

Compound

Li Co Ni Al Fe Cu

Gas washing water 1

640.0 0.0 25 0.7 0.0 9.0

! Analysis quantity: 50 mL.

3.4. Optimization of the Metal Amount

As discussed in Section 3.3 concerning pyrometallurgical treatment, the metal yield is
subject to optimization potential. From previous experiments by Holzer et al. [30], it was
found that the main factors influencing the melting ability are Al and Cu from the electrode
conductor foils, as well as the C from the anode material. The influence of other possible
concomitant elements was not investigated further since, from the analyses of the initial
sample, a negligible value was found compared to Cu and Al. The experiments generated
in the heating microscope with varying Al, Cu, and C contents can be seen in Figure 13.
In the figures, different melting-ability ranges are marked, which were determined by
comparing the recordings from the heating microscope with the final optical appearance.
The area for good melting-ability was observed within the light red continuous line. The
dark red dashed line indicates where the results deviate from the optimum range but still
provide tolerable performance. Outside this range, poor-to-no melting can be assumed.
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Figure 13. Representation of the change in cross-sectional area from the heating microscope with
changing composition of the AI-C-NCA system at 1550 °C in a height stratification plot: (a) without
addition of Cu; (b) constant Cu content of 3 wt.%; (c) constant Cu content of 6 wt.%; (d) constant Cu

content of 9 wt.%.

In Figure 13a, without adding Cu, it can be seen that the optimum range is close to the
stoichiometrically necessary C content of 11 wt.% for the complete reduction of the oxides
mentioned at the beginning. However, its absolute optimum is in the range of between
6 and 7 wt.% C. This can be attributed to the fact that aluminum from the electrode
conductor foils, with its strong oxygen affinity [41], acts as a reducing agent [27], resulting
in a C excess. This, but also generally an oversupply of reducing agents, has a negative
effect on meltability.

The addition of Cu to the AI-C-NCA system is shown in increasing ratios from
Figure 13b—d. It can be seen that the melting range gradually increases, and that the
optimum range moves in the direction of the lower C content and higher Al content.

Applying these findings to the chemical composition of the NCA material hydrome-
chanical processing and flotation, as shown in Table 5, results in the height stratification
diagram with a Cu content of 6.36 wt.%, as presented in Figure 14.
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Figure 14. Height stratification diagram of the AI-C-NCA system at constant Cu content of 6.36 wt.%
at 1550 °C.

Considering the argon atmosphere in the heating microscope instead of the high
CO/CO;, ratio in the InduMelt results in a comparative C content of 10.64 wt.%, instead
of the 19.23 wt.% present in the material. For a more transparent representation, the
10.64 wt.% C and 1.88 wt.% Al were marked with a black line in the diagram. The intersec-
tion point consequently shows that the present mixture can be identified as not optimal for
use in the InduMelt plant. This fact now coincides with the comparatively high powder
content, as discussed in more detail in Section 3.3.1 concerning the analyses of the powder
fractions. This is also reflected in the appearance of the metal fractions. In Figure 15, the
optical difference between the metal fraction obtained from the identical experiments in
Holzer et al. [37] with the material without a Cu and Al addition (Figure 15a) and that in
the InduMelt series of experiments in the presented paper in Figure 15b can be seen. In
Figure 15a, metal nuggets of several cm could be obtained. Figure 15b shows smaller metal
spheres with various adhesions, which have already been discussed in detail in Chapter
3.3.2 concerning the nalysis of the metal fraction.

Its C grade would have to be reduced considerably to provide a more favorable
composition of the InduMelt feed. As demonstrated by the subsequent concentrates in the
preliminary flotation test, this can be achieved via longer flotation times, provided that
the graphite is sufficiently liberated. However, mineral processing always has a trade-off
between the concentrate grade and the recovery. The achievable separation results are
limited by the liberation and intergrowth of the relevant phases in the feed material, so
reducing the feed’s C grade to InduMelt requires less feed during the metallurgical stage. If
the losses of the metals are not acceptable, flotation must be assisted by some pre-treatment
that improves liberation. One quite effective solution may be the removal of the binder, as
indicated in the introduction.
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(a)
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Figure 15. Digital images of the metal fractions obtained from different InduMelt experiments for
comparison: (a) trial with NCA without impurities such as Cu and Al [38]; (b) trial with NCA_AM.

4. Conclusions

In this work, a new combined process flow for LIB recycling has been reported,
including hydromechanical pre-treatment, flotation of graphite from the anode material,
and pyrometallurgical recovery of the valuable metals with the simultaneous separation of
lithium via the gas phase. In addition, in-depth results from basic research were presented,
which will serve future process optimization.

During these experimental investigations, it could be shown that the black matter
obtained using the material-selective electro-hydraulic fragmentation after 6000 pulses
fulfils the requirements for the InduRed reactor concept. Analyses confirmed that the
shock wave treatment does not destroy the original microstructure and separates the NCA
particles from the electrode foils, which is essential for further downstream steps. However,
traces of copper and aluminum were found, which have been identified as unfavorable for
the meltability. In order to improve the purity of the black matter and to reduce the number
of pulses and thus the energy consumption, further studies on different pre-opening steps
are currently planned to increase the overall efficiency

The flotation process needed to be modified compared to the standard procedure due
to the lack of decomposition in the graphite/NCA agglomerations. This was addressed
through the use of a more intense mixing phase of 15 min at 1200 rpm with approximately
15%-vol of solids in the pulp, followed by a dilution to 5%-vol, and the flotation phase
being set to 1000 rpm. Consequently, a C depletion to 19.23 wt.% could be achieved,
which corresponds to the approximate stoichiometrically necessary content for a complete
reduction of the NCA amount within the sample.

Analytical results revealed a Li-free and Ni-Cu-Cu-rich alloy as a result of the py-
rometallurgical treatment. In addition, Li and Li-compounds (e.g., LiCO3 and LiF) were
detected within the samples in the off-gas stream. Finally, a detected Li-rich phase (Li con-
tent up to 65.5%) at the grain boundaries between the metal and the mineral phase clearly
implicates the segregation and degassing of Li at high temperatures. However, compared
with preliminary tests with the pure cathode material, it was also found that much smaller
amounts of metal could be recovered, and the ratio shifted toward undesirable powder,
containing lithium aluminum oxide.

To improve the lithium yield via the gas phase, minimization of the powder content is
fundamental, which in turn leads to an increase in Li-free alloy. For this purpose, a limit
determination of the interfering elements Cu, Al, and C was carried out. The resulting
height-stratification diagram enabled a quick and easy evaluation of the usability of the
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black matter in the reactor, indicating poor meltability in this work. So, it can be stated that
further improvements in the metallurgical stage are possible by adjusting the composition
of the feedstock so that the advantages of the InduRed reactor concept can be fully utilized.

In summary, a promising future for interconnection methods concerning individual
process steps for spent LIBs could be possible with the findings mentioned above, which
provide great potential for further developments of holistically efficient recycling processes.
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Appendix A

The following tables and calculations shall explain Figure 1 of the introduction. The
World Economic Forum (WEF) published in 2019 a report called “A Vision for a Sustainable
Battery Value Chain in 2030” with data regarding the global installed battery capacity until
2030. Figure 1a with corresponding data in Table A1 shows an adapted version of this data.

Table Al. Global battery demand by application in GWh for the year 2030, WEF base case [15].

Year 2018 2020 2025 2030
Electric 142 229 808 2333
mobility

Energy storage 0 10 105 221
Consumer 38 43 58 69
electronics

To draw Figure 1b based on data licensed under a Creative Commons Attribution
4.0 International License (https://creativecommons.org/licenses/by/4.0/, accessed on
21 December 2022), the following assumptions have been made: as described by Zhao
et al. [15], 33.7% of the overall battery market in 2019 consited of LIBs; until 2024, the
growth in the total battery sector caused by LIBs will be 81.77%; and assuming that in 2018
the share of the overall battery market was more or less the same as it was in the beginning
of 2019, the following data, as seen in Table A2, have been calculated.


https://creativecommons.org/licenses/by/4.0/

Batteries 2023, 9, 15 24 of 26

Table A2. Global LIB battery demand by application in GWh for the year 2030, WEF base case [14],
including forecasts by Zhao et al. [15].

Year 2018 2020 2025 2030
Electric 47.9 119.0 592.4 1839.4
mobility

Energy storage 0.0 8.2 85.9 180.7
Consumer 12.8 16.9 29.2 282
electronics

SUM 60.7 144.1 707.5 2058.3

These so-calculated sums were then multiplied by the percentages of cathode
chemistries published by Xu et al. [16]. In Table A3 the data for Figure 1b can be seen.

Table A3. Global LIB battery demand by cathode chemistry in GWh for the year 2030, WEF base
case [14], including forecasts by Zhao et al. [15] and data from XU et al. [16].

Year LFP NCA NMC111 NMC532 NMC622 NMC811
2018 14.0 7.6 10.9 18.0 9.2 1.0
2020 46.6 54.4 5.9 15.4 17.6 4.2
2025 13.4 319.1 27.6 41.7 181.1 124.5
2030 51.5 794.5 39.1 74.1 568.1 514.6
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APPENDIX C: ERRATUM

Appendix C: Erratum

In Publication 2 of this thesis “Optimization of a Pyrometallurgical Process to Efficiently
Recover Valuable Metals from Commercially Used Lithium-lon Battery Cathode Materials
LCO, NCA, NMC622, and LFP” [69], reference errors were found after publication:

e Page4:

Published: Figure 1. Schematic illustration of the so-called InduMelt crucible concept
[23]

Correct: Figure 1. Schematic illustration of the so-called InduMelt crucible concept
[26]

e Page 14:
Published: Table 11 illustrates the individual reactor weight before and after the test,
as well as the resulting difference.
Correct: Table 15 illustrates the individual reactor weight before and after the test,

as well as the resulting difference.
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