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Abstract

In response to our society's environmental challenges, great efforts are being made worldwide to
achieve climate neutrality: one of the actions is the electrification of transport, with significant
help from rechargeable batteries mostly based on Li-ion chemistries. However, with this
increasing demand for Li-ion batteries, many concerns have arisen regarding their life cycle, from
raw materials supply to waste management. Recycling is necessary not only to dispose of the
waste safely, but also to recover the critical metals such as Li, Co, Ni, Cu, and Mn.
Hydrometallurgical techniques have been favoured in the last decades, as they enable the
recovery of most elements (including Li) at a high rate and purity. This thesis investigates two new
recycling strategies based on early Li recovery, which aim to increase the Li yield and allow the
recovery of cathode metals together as precursors to directly re-synthesize the electrode
material. The first strategy is based on the pyrolysis of the black mass, followed by water leaching.
The second approach is based on using oxalic acid for the selective recovery of Li. In the first
route, it was shown that during pyrolysis, the cathode material was reduced and transformed to
more leachable forms: a mixture of Co, CoO, Ni, NiO, MnO, Mn,0s3, and Li.COs. Since Li»COs is
sparingly soluble in water, water leaching was applied, and up to 70% of Li was recovered from
the sample pyrolyzed at 600°C. Li recovery limitations could be connected to the formation of 3
distinct by-products of the pyrolysis: LiF, Li3PO4, and LiAlO,. The presence of Al and fluorine in the
final leachate solution was considered to be unavoidable. However, the pyrolysis positively
impacted the transition metal leachability, and they could be recovered with sulfuric acid without
a reducing agent. The second strategy investigated the direct use of oxalic acid without any
thermal pretreatment. The best operating conditions were determined as a temperature of 60°C,
a solid to liquid ratio of 50 g/L, and an acid concentration of 0.6 M, corresponding to a molar ratio
of 1:2.5 (cathode material metals: acid). This leads to more than 95% recovery of Li and 100% of
Al. It was determined that the Li dissolution rate is chemically controlled, and the activation
energy was estimated to be 76 kJ/mol. The leaching residue comprises a mix of graphite and a
disordered (Co,Ni,Mn)C,04 -2H,0 phase. This residue was then leached with sulfuric acid to
dissolve the metal oxalates and separate them from the graphite. A one-stage leaching (2 M
H2S04, 65°C, 120 min, S/L =20 g/L) results in more than 95% recovery of Ni, Co, and Mn and about
70% of Cu. Solvent extraction was used for Cu removal, and a 30 vol% Acorga M5640 in ESCAID
was applied for 30 min at 25°C, with 8 = 4 and 4 stages. The resulting recycled solution, free from
Al, Li, and Cu, represents a promising feedstock for producing NMC 111 (LiNi13sMn1/3C01/30,).
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Abbreviations and definitions

The following abbreviations and definitions are used throughout this thesis:
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Ca.

CAM
CMC
CO;

D
DE2HPA

DMF
E

Ea

EU
EV
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GHG
ICP-OES
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INC

NMC
NMP
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Black mass
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Distribution ratio
Bis(2-ethylhexyl) hydrogen
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Energy of activation [kl]
European Union

Electric vehicle
Fourier-Transform Infrared
Spectroscopy

Greenhouse gasses
Inductively coupled plasma —
Optical emission spectrometry
International energy agency
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lon exchange

Kinetic constant [min]
Solubility constant

Life cycle assessment

Lithium cobalt oxide

Lithium iron phosphate

Lithium-ion Battery

Lithium manganese oxide

Avrami order

Theoretical number of stages

Lithium nickel cobalt aluminium oxide

Lithium nickel manganese cobalt oxide
N-methyl pyrrolidone
Oxalic acid

PCM
PE
pHeq
PP
PVDF
PYRO
RZ

rnm
pr

S/L
SBR
SCM
SEM -
EDS

SX

™
TOC
UN
us
vol%
WEEE

wt%
XRD

AG

%P

Progressive conversion model
Polyethylene

Equilibrium pH
Polypropylene

Polyvinylidene fluoride
Pyrolysis

Coefficient of determination

Rotation per minute
Weight profile R-value

Solid to liquid ratio
Styrene-butadiene rubber
Shrinking core model

Scanning electron microscopy -
Energy dispersive X-ray
spectrometry

Solvent extraction

Time [min]

Temperature [°C]

Transition metal

Total carbon content

Untreated material

Ultrasound
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Waste electrical and electronic
equipment
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X-Ray Diffraction
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Free Gibbs Energy [kJ]
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1 INTRODUCTION

Our modern world faces several environmental challenges, such as climate change, biodiversity
destruction, deforestation, and ocean acidification, all caused by human activities, principally
through greenhouse gas emissions (GHG) [1]. Many efforts are being made worldwide to achieve
climate neutrality in response to these challenges. One transition path is the electrification of our
societies, which, through the energy transition, offers cleaner alternatives to fossil fuels [2]. This
change is concomitant with rising concerns about energy consumption, waste electrical and
electronic equipment (WEEE) and the environmental impact of production and disposal. Li-ion
batteries (LiBs) have become an essential part of our daily lives, as these rechargeable energy
storage devices can be found in various portable electronic equipment like smartphones, tablets,
and laptops [3]. Lately, thanks to performance improvements, LiBs have found large applications
in the field of electric mobility and energy storage systems. The transport sector is one of the
major contributors of GHG, responsible for 37% of CO, emissions from end-use sectors in 2021
[4], equating to approximately 15% of global GHG emissions. In 2020 alone, the use of electric
vehicles (EVs) contributed to more than 50 Mt CO,-eq of savings in GHG emissions globally [5,6]

The extensive usage of LiBs has resulted in significant pressure on the market for critical and
strategic materials needed for battery production, including natural graphite, Li, Co, Cu, Mn, and
Ni, classified as such by the European Commission due to their significant economic importance
and elevated supply risk [3,7,8]. Moreover, the production of these raw materials from primary
resources is associated with GHG, technological, and societal issues [9—12]. For example, life cycle
assessment (LCA) data indicate that recycled LiOH yields a 37 or 72% reduction in GHG emissions
compared to virgin LiOH production from Chilean brine and Australian ore, respectively. Similarly,
the production of NMC811 cathode active material using recycled materials results in a 40-48%
decrease in life cycle GHG emissions relative to virgin material production [10]. Furthermore,
significant waste volumes are expected by the end of the decade [6], and its disposal will pose
significant environmental challenges as it can lead to the release of hazardous compounds (metal
oxide, organic solvents, fluorinated compounds, ...) [3,11,13,14]. Our modern society is concerned
about the different environmental impacts of the LiBs value chain, from raw materials extraction
to waste disposal. The circular economy concept dictates a paradigm shift toward the reusability
of each waste component with minimal resource usage; this outlines that new raw material
mining should be kept at a minimum and that recycled material should be fed into new products
[14,15]. Regarding waste management strategy, the established hierarchy for waste handling
prioritizes the following levels:

Prevention / Reduction > Re-use > Recycling > Recovery > Disposal

In the case of batteries, reuse accounts for only a limited share due to technical and economic
challenges, with only 10% of the global storage demand being met by reuse in 2050 [3]. Recycling
is an inevitable option for end-of-life management of LiBs [3]. It would have various positive
impacts, such as creating a secondary source of supply that reduces the burden on the primary
supply from new mines, providing enhanced security for countries and regions with clean energy
technology deployment but limited mineral resource endowment, and lowering the
environmental footprint of clean energy technologies [5,6]. For example, it is estimated that 250
tons of ore are processed to produce 1 ton of Li (Li carbonate equivalent - LCE), when 256 EV
batteries would be needed to achieve the same production.
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Worldwide, policymakers are working to establish a framework to improve the recycling of all LiBs
components and enable the reuse of recycled materials in battery production. For instance, EU
battery regulations (No 2023/1542) have been adopted in July 2023 [16]. It provides a legal
framework for the entire battery life cycle, particularly emphasizing recycling practices. Notably,
the regulation mandates that all spent LiBs collected by the end of 2030 must undergo recycling
processes, achieving a minimum recycling efficiency of 70% by weight. Furthermore, it imposes
minimum recovery rates of 80% for Li and 95% for Ni, Cu, and Co by the end of 2031 [16].
Moreover, the implementation of a percentage requirement for recycled material in newly
produced batteries is pushing toward better recycling processes. For the same timeline, new LiBs
are expected to contain a minimum of 16% recycled Co, 6% recycled Li, and Ni [16]. The regulation
mandates that recyclers utilize the so-called Best Available Techniques to achieve the specified
recovery rate targets.

Goal and driving force for this thesis

In practice, LiBs recycling poses significant challenges. Three major recycling family processes
exist: direct recycling, pyrometallurgy, and hydrometallurgy. The latest option enables high
recovery rates and requires lower energy consumption, but it is a complex and chemically
intensive process [17]. It has been the subject of various research over the last decades [6]. Pilot
and commercial systems already exist, but researchers are still pushed to develop innovative
solutions that enhance the circular use of critical minerals, minimize recycling’s environmental
impact, and support a more sustainable and resilient supply chain [3]. As an example, the
International Energy Agency (IEA) states that next generation leaching techniques should be
based on a selective leaching approach with maximized recovery [3].

This thesis is part of a larger initiative to develop a more sustainable and circular process using
eco-friendly chemicals such as organic acids and water. The process's key innovation is 1) the early
Li recovery coupled with 2) the direct production of NMC cathode material from recycled
solutions. This would significantly reduce the number of stages required for metal recycling and
close the loop in the recycling process, thereby promoting and simplifying a circular value chain
for materials and sustainable resource management. On that account, two approaches have been
investigated, both starting with the early Li recovery: the first combines pyro- and
hydrometallurgy, and the second consists of hydrometallurgy only. The synthesis of the recycled
cathode material is not investigated here.

This thesis is divided into several sections. The initial section establishes the current state of LiBs
hydrometallurgical recycling, leading to the research's objectives and limitations. Following this,
the fundamentals aspects of each unit operations employed throughout this research are
provided and explained. Subsequently, all the materials and methods used are listed. Finally, the
last section analyses the key results, discusses, and offers insights into practical applications. The
document finishes with a summary and conclusion of the work, outlining the remaining steps
needed for industrializing the process.



2 BACKGROUND

2.1 Li-ion Battery

Over the past decades, multiple battery chemistries have been investigated and implemented for
energy storage applications. So far, due to its small atomic radius and high electrochemical
potential, Li is an ideal charge carrier, leading to its widespread use in batteries. However, Na-ion
batteries have seen their market share increase, and research is ongoing to develop this
technology [18]. Moreover, next-generation batteries, like solid-state batteries, are under
development, and there could be many breakthroughs in the future.

LiBs comprise a series of cathode and anode layers wrapped multiple times, soaked in liquid
electrolyte within a casing, which forms a battery cell. The casing is usually made of steel, Al, and
plastic. Depending on the application, the produced battery cells are interconnected in series to
form a module, and these modules are further assembled to create a battery pack. An EV battery
pack can weigh around 300 to 900 kg, with a capacity ranging from 30 to 100 kWh [19]. For
example, the battery system of the Audi e-tron Sportback comprises a pack of 36 modules with
12 pouch cells (providing 95 kWh with a voltage of 396 V) for a volume of 1.24 m? and a mass of
700 kg [20]. The different components of a battery cell, with their average weight composition,
detailed in Figure 1, include the following:

1. The anode electrode is composed of an active material, commonly graphite (about 10 to 20
wt% of the battery cell) [21-23]. Its specific capacity can be improved by adding silicon particles
up to 5 to 10 wt% of the active electrode material, which could be problematic for recycling.
The active material and conductive agent are bound to a Cu current collector using a binder;
polyvinylidene difluoride (PVDF) is commonly employed. Although greener alternatives such
as carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR) are increasing in
popularity [21,22,24]. The Cu foil constitutes ca. 7 to 17 wt% of the cell.

2. A separator avoids electrode contact; it is commonly a porous polyolefin membrane allowing
Li ions’ flow, representing 3 to 12 wt% of the cell. The composition of the separator includes
polyethylene (PE), polypropylene (PP), and their blend [21,23-25].

3. The liquid electrolyte (10 to 20 wt% of the battery cell) is composed of a Li salt, with LiPFs being
the most widely used, and a solvent comprising a mixture of alkyl carbonates, among which
ethylene carbonate, propylene carbonate, dimethyl carbonate, diethyl carbonate, are the
most popular, but may more molecules can be identified [21-23].

4. The cathode electrode (15 to 41 wt%) is composed of an active material bound together with
a conductive agent (typically acetylene black) to an Al current collector (4 to 7 wt% of the cell)
with a binder (typically PVDF) [17,23,26]. The binder is present in a range of 1-4 wt% [26,27].

The cathode active material (CAM) can be a Li-transition metal oxide, giving the battery its name,
i.e. lithium cobalt oxide (LiCoO,, LCO), lithium manganese oxide (LiMn204, LMO), lithium nickel
manganese cobalt oxide (LiNixCoyMnix,0,, NMC), and lithium nickel cobalt aluminium oxide
(LiNixCoyAl1xyO2, NCA) or phosphate based compound such as lithium iron phosphate (LiFePOa,
LFP). For NMC-type batteries, transition metal molar ratios can vary from one battery type to
another, and the ratio is typically indicated in the name (NMC111, NMC811, ...). Nowadays, Ni-



rich chemistries and LFP dominate the EV market [3,28,29], Figure 1b presents the current and
projected market shares for batteries. The elemental composition of the CAM varies, accounting
for approximately 5 - 7 wt% Li, 5 - 15 wt% Ni, 5 - 10 wt% Mn, and 5 - 20 wt% Co, and about 15
wt% of organic matter, and about 7 wt% of plastic [27]. It is worth mentioning that the average
content is much higher than the average grade of corresponding primary ores (i.e. in China
average content can be the following: Li ca. 2.75 wt%, Ni ca. 0.02 wt%, Co ca. 1.5 wt%), once again
showing the genuine interest of recycling the waste [23]. In fact, battery recycling could meet 20
to 30% of Li, Ni, and Co demand by 2050 [3].
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Figure 1: a) Generic composition of LiB cell in weight percentage (wt%) (mix LCO and NMC) [22,27,30,31]
and b) EV battery cathode development projection — (Low-Ni chemistry includes NMC333, NMC532, while
High-Ni includes NMC622, NMC721, NM(C811, NCA, and LNO) [3,28,29].

There are several methods to produce the CAM, such as co-precipitation, sol-gel synthesis, or
spray pyrolysis [32]. The most common is the co-precipitation of CAM precursor [32] before its
roasting to transform it into the actual active material; typical CAM precursors are transition
metal (TM) hydroxides. TM carbonates and oxalates are also considered effective precursors [33—
35]. One standard procedure is that TM sulphates are precipitated as hydroxides under a
controlled environment (pH, temperature, mixing rate, reagent concentration, drying rate, ...) to
obtain uniform spherical particles with homogenized chemical distribution. The atmosphere must
be inert, because elements such as Mn are prone to oxidation, which would decrease the purity
of the hydroxide. A chelating agent is usually needed to control the crystallinity of the precursor
and produce a single-phase structure. In the case of hydroxide, typical precipitation and chelating
agents are NaOH and (NH4)OH [36]. Then, CAM precursors are mechanically combined with a Li
source such as LiOH or Li;COs. Typically, LiOH is used to produce NMC cathode material. The
mixture is then calcinated and sintered to obtain the CAM. This method is already applied in
industry and is cost-effective. It allows efficient particle size, morphology, and tap density control
[32].

In this thesis, the waste received for investigation is NMC111-based; this remains one of the most
significant batteries on the market, and the waste volume is projected to reach millions of tons
worldwide per year by 2030 [3,4,6]. Hence, a solution for its recycling is urgently needed to
maximize metals' circularity.



2.2 Collection and Sorting of Spent Li-ion Battery

No waste management strategy can be sustainable without a proper collection system, which is
often seen as the bottleneck in waste handling. Different policies have been made globally to
increase collection, i.e., the extended producer responsibility in Europe involves the battery
producers in end-of-life management [37]. Recycling centres are emerging worldwide and will be
responsible for sorting, assessing, and storing the batteries [38,39]. The vast diversity of battery
technology makes these steps challenging regarding logistics and safety. A global agreement on
battery labelling would be beneficial, such as the European battery passport or QR code in China
[40,41]. Moreover, researchers and companies are developing tools to screen the left battery’s
performance and evaluate whether it should be reused, repaired, or sent for recycling [5,41,42].

2.3 Recycling Options for Spent Li-ion Battery

The following sections will detail each recycling option's process parameters, benefits, and
drawbacks. These existing primary processes for battery recycling are summarized in Figure 2,
based on the literature presented below [44-95].
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Figure 2: Summary of the significant recycling routes after collection of the batteries.



2.3.1 Pre-treatment

Discharge

Once the batteries are collected, they are discharged (forcing Li* ions to transfer to the CAM
structure). This is a crucial step to prevent thermal runaway and product loss through fires while
opening the battery [22,43]. Three predominant methods exist on the market: salt-water baths
(such as sodium chloride or sulphate), electrical discharge, and thermal treatment. Salt discharge
is done more at the cell level. During LiB insertion into the solution, violent reactions might occur,
and corrosion of the casing may lead to polluted brine water, which will be complex to handle.
Hence, electrical discharge is usually preferred in the industrial landscape; the potential energy
recovery and reuse would make the operation more economic [43].

Mechanical treatment

Discharged modules or packs are then disassembled to access the cells. This step can be done
manually or automatically. So far, it is mainly done manually, as automation is very challenging
due to the large variety of batteries. However, a lot of research and development is being done,
as it would reduce the risk and cost of the operation [42,43]. The following steps consist of
crushing and separating the battery components into different fractions, including electrolyte
solvents, plastics (from separator or casing), steel casing, current collector foils (Al and Cu), and a
fine fraction called black mass (BM), a blended mixture of the active materials [17]. Crushing must
be carried out with strict safety procedures, as the electrolyte can react with air and risk burning
due to oxidation and heat release. Hence, it is usually done under a dry, inert atmosphere. Wet
crushing has also been investigated, but it is associated with large wastewater volume, and the
resulting BM contains more impurities, making this option less preferred [38]. One major
challenge of this step is handling electrolyte solvents. One option is to crush at a medium
temperature (under 170°C) to cause the volatilization of the solvent, which can be collected after
distillation. More intense heating operations can be applied (300°C max) to decompose the anode
binder and organics. Following crushing, a sequence of separation steps separates the
components based on their physical properties, such as particle size, density, or conductive and
magnetic properties.

The BM fraction is considered to have high economic value, varying depending on the content
of Li, Co, Ni, Mn, and other impurities [3,44]. The BM composition significantly influences the
downstream hydrometallurgical process; rigorous specifications on its content are needed to
enhance the metal recycling rate and purity later. Currently, the most significant impurities are
Al, Cu, Fe, electrolytes (salt and solvent), and traces of separator.

Additional novel techniques have been investigated to enhance a higher recovery rate for the
production of purer BM ( i.e., supercritical fluid, graphite flotation) or to optimize the separation
of the CAM from the current collector foil (i.e., binder dissolution, alkaline Al selective dissolution,
ultrasonic separation), all methods are listed in Table 1, a combination of all of them could be
considered if proven efficient and economically reasonable [45]. These pre-treatments would
have a substantial impact on the whole recycling process. It was suggested that deep separation
and recovery of Al before hydrometallurgical treatment would have a significant positive effect
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on the carbon footprint of the overall recycling process [11]. A thermal treatment can also be
applied as a BM pre-treatment, developed later in the text.

Table 1: Additional pre-treatment options for the electrolyte removal or the separation of the active
material from the current collector foil [47-54].

Methods How Pros Cons

Supercritical Fluid under controlled P | Remove and recover the | Solubility limit might
fluid [27,46] and T, mainly CO; (with | electrolyte solvent or binder. necessitate the use of co-

potential co-solvents), solvents.

with a gas trap at the Research level only.

exit.
Graphite Water (with potential 85% of the graphite recovered | Significant losses of CAM.
flotation [47] | frothers or collector in the overflow product:

agents) in a flotation potential regeneration or

column. downcycling, i.e., to graphene.
Binder N-methyl Weakens the adhesion of the | Solvents' high cost and
dissolution pyrrolidone(NMP) or binder with CAM, facilitating | toxicity present significant
[45,48] Dimethylformamide its removal from Al foil. environmental and health

(DMF) dissolution. concerns.
Al dissolution | Alkaline leaching, Al leaching yield can reach Li losses, and the alkali
[49,50] mainly with NaOH. over 90%. wastewater containing Al

is complex to purify.
Ultrasounds Cavitation effect (probe | Efficient separation of CAM | Hard industrialization and

[51] or bath in lab scale). from Al. high energy costs.
Mechano- High power milling (ball | Structural and | High energy cost.
chemical or disk mill). physicochemical properties of

methods BM change, facilitating

[52,53] leaching.

2.3.2 Direct recycling

Direct recycling is part of a holistic paradigm change for recycling, where waste is treated for its
direct reusability with minimal resource inputs in terms of time, energy, chemicals, and costs [19].
During its usage, the CAM loses performance due to different degradation phenomena (crystal
defects, Li atom losses, ...). Still, its crystal structure remains relatively stable, and there are
potential solutions to correct structural defects and re-lithiate the structure to regain its original
performance. CAM regeneration can be performed via hydrothermal, solid state,
electrochemistry, ionothermal re-lithiation, or molten salt solution treatment [19,54,55]. These
challenging operations require stringent CAM pre-treatment; the electrolyte must be removed
efficiently, and the CAM must be delaminated from the current collector foil. One can add that
direct recycling is a specifically favoured route for the scrap production of LFP CAM, which, as
they contain less valuable material, will not be as interesting for the recycling market. Graphite
and electrolytes recovery are also under investigation, but fewer options exist, and there is less
economic incentive to recycle these fractions so far. One big market challenge for direct recycling
is the constant evolution of battery chemistry. Indeed, LiBs with obsolete battery chemistries
cannot be short-loop recycled but must be chemically processed into a more relevant cell
chemistry [42].



2.3.3 Pyrometallurgy methods

Smelting (above 1000°C)

In this operation, LiBs are smelted at a high temperature (1000-1200°C), allowing the production
of an alloy containing Co, Ni, Cu, and Fe since those elements have a low oxygen affinity. This alloy
must be further processed using hydrometallurgical techniques to separate the metals. Two
major by-products can be recovered: the slag mate and flue dust. The slag comprises high oxygen
affinity elements such as Li (and all alkaline metals), Al, and Mn [56,57]. Besides the slag, some Li
may be present in the flue dust stream due to the low vapor pressure of Li compounds, such as Li
metal, fluoride, or carbonate, and some other volatile elements and fluorinated compounds. All
carbon and organic compounds are burnt and leave the furnace as off-gases (CO and COz2) [7]. The
pyrometallurgy process is a mature technology; commercial processes already exist. For example,
Umicore (Belgium) is currently recycling batteries using a pyrometallurgical treatment called
ultra-high temperature (UHT), and recovering Ni, Co, and Cu from the alloy using a
hydrometallurgical process after smelting [56]. The predominant advantages are handling large
volumes of battery waste and the high flexibility regarding the input material, since there is no
need to sort collected batteries based on their chemistry. Moreover, no prior discharge or
mechanical treatment is needed. However, the need for energy in such a process is concerning,
and various gases are emitted. Lastly, Li is distributed among the flue dust and slag, making it hard
to recover [7].

Heat pre-treatment (above 500°C)

Pyrometallurgy techniques can also be used to pre-treat waste. Here, the temperature applied
will be lower than in the smelting process; typically, it is between 500°C and 900°C under a
controlled atmosphere (Air, Oz, Ha, N,, Ar, etc.). The sole BM processing can already have a
substantial effect, as the carbon in the waste can trigger the carboreduction of the CAM (forming
Li carbonate and reduced TM, more details are given in the next section) [58—61]. Additionally,
some reagents can be added to the BM to assist the roasting operation. These agents are selected
to help transform Li metal oxide into more soluble substances such as sulphate, chloride, or
nitrate [58,60,62]. This strategy has some advantages; again, the batteries can be inserted without
preliminary discharge, and it would reduce waste volume, facilitating transport [63]. Moreover,
the binder will decompose, allowing easy separation of the active material from the current foils
[17]. This benefits the hydrometallurgical processes, concentrating the BM and increasing the
contact surface between the valuable elements and the leaching agent. Lastly, the Li metal oxides
from the cathode material can be transformed into more leachable species and offer the
possibility for selective Li recovery, as explained later in the thesis.

2.3.4 Hydrometallurgy methods

Compared to the pyrometallurgy route, hydrometallurgy methods enable higher recovery rates,
along with lower hazardous gas emissions, and require less energy [38,64]. They have high
potential for industrial realization. However, they are a more complex and chemically intensive
process involving metal leaching, followed by separation and purification through chemical
precipitation, solvent extraction, or electrochemistry techniques such as cementation.



Black mass leaching

The valuable metals in the BM (Li, Co, Ni, Mn, Al, Cu, Fe) are first dissolved in the leaching medium.
At the same time, insoluble components, such as graphite or plastic fragments, are recovered in
the solid leaching residue. The commonly used acids are mainly inorganic, such as HCI, H,SO4, and
HNOs3 [65—-68]. Usually, adding a reducing agent is needed to reduce the element into a more
leachable oxidation state, i.e., from Co(lll) to Co(ll) or Mn(IV) to Mn(ll). In fact, the NMC
dissolution mechanism with mineral acid has been investigated [65]. With sulfuric acid (which has
a low reducing power), the mechanism is shown to be in two steps: first, the structure is de-
lithiated, which, by charge compensation, initiates the dissolution of TM [69]. Then, the
mechanism is chemically controlled by the solution pH, and the dissolved TM can act as a reducing
agent, enhancing the TM recovery. Some authors showed that Al, Cu, or Fe from the BM could
take part in the dissolution mechanism, acting as reducing agents, but their low content implies
using an external reducing agent [67,68]. The most common acids and reducing agents used are
sulfuric acid and hydrogen peroxide [22]. The leaching conditions vary depending on the chosen
process, operation parameters can be acid concentration from 1 to 5 M, H,0; addition from 3 to
10 vol%, temperature from 50 to 90°C, time from 1h to 6h, and a solid-to-liquid ratio (S/L) from
20 to 200 g/L [17,21,24,70].

Using these inorganic acids is associated with various gaseous emissions such as SOy, Cl, or NOy,
depending on the acid used, and the formation of waste streams and wastewater [28,30,64,71].
Therefore, some research is ongoing to replace inorganic acid with organic acid (citric, malic, or
oxalic acid) to avoid gaseous emissions. They are usually considered more environmentally
friendly than classic inorganic agents [30,64,72]. The composition of the leaching solution will
depend on the feed material, the impurity content, and the wrong sorting of battery type, which
can lead to a higher content of certain elements. For example, some authors tested the leaching
of a mixture of synthetic NMC material and LFP to assess the impact of higher Fe content on the
sulfuric acid leaching. It was shown that by adding LFP, the transition metal extraction increased
(as the presence of Fe(ll) lowered the redox potential), as well as the acid consumption.
Additionally, H,0, was decomposed by the high concentrations of Fe(ll) and Mn(ll), reducing its
total efficiency.

Towards mono-elemental compounds production

Leached metals can be recovered and purified using different techniques, such as solvent
extraction (SX), ion exchange (IX), precipitation, or crystallization; wherein, selectivity is a very
important factor in minimizing valuable metal losses and enhancing battery recycling costs.

Impurities such as Al, Cu, and Fe can be eliminated through precipitation [73,74]. Typically, NaOH
is used as a precipitating agent; the equilibrium pH to remove Al and Fe is ca. 4-5. However, co-
precipitation of Mn, Ni, Co, or Li can occur at different levels, up to 21%, depending on the amount
of Al to be removed [49,75]. Temperature is known to decrease pHeq but to increase co-
precipitation, thus, it must be controlled carefully [76]. Researchers explore other reagents or
methods to mitigate the losses, like IX or SX [22]. For example, LiOH or Na;PO4 can be used as
precipitating agents. The first one can reduce valuable metal losses by 50% and avoid Na* ion
addition [75]. Meanwhile, precipitation with phosphate reduces losses and increases the



filterability of the Al-Fe cake by avoiding the formation of Al(OH)s particle gel-like colloids [76,77].
Although Cu could be precipitated, it usually involves higher Ni losses. Hence, other separation
techniques, such as cementation before Al and Fe removal or SX (Acorga M5640 or LIX extractant
can be applied), are typically used.

Downstream, Ni, Co, and Mn separation is typically executed through SX, IX, or precipitation
methods. Although precipitation with LiOH, NaOH, or Na,COs is efficient and viable, pH control
complexities may lead to the co-precipitation of other elements [17,27,64,78]. For instance, Li
losses can be up to 25% in total when using NaOH [22]. Solvent extraction techniques can mitigate
these losses and recover highly pure compounds. It separates the metal ions using organic
extractants such as D2EHPA (Bis(2-ethylhexyl) hydrogen phosphate), Cyanex 272 (bis(2,4,4-
trimethylpentyl) phosphinic acid), PC-88A (2-ethylhexyl 2-ethylhexylphosphonic acid), or TODGA
(tetra-octyldiglycolamide) [70]. Many flowsheets have been developed at different scales. One
possible process is the use of D2EPHA to recover Mn from the leachate (at a pH of 2-2.5) [17].
Cyanex 272, an organophosphorus acid extractant, is frequently used in the mineral industry to
separate Co from Ni in sulphate solutions. Co is extracted at a pH of about 5, while Ni is efficiently
recovered at a pH of about 6.5 [17]. Their main disadvantage is the complexity of such a method,
with multiple extraction stages, and the high cost of solvent, which in many cases is toxic [22].

Finally, Li is recovered using Na,COs as a precipitating agent [78,79]. A significant amount of
Na,S0O, is generated (about 2 kg for every 1 kg of Li,COs produced) as a secondary waste stream,
currently unused and disposed of. Since Li is obtained at the end of the recycling flowsheet,
different extraction steps lead to Li losses, resulting in lower Li recovery. The exact loss percentage
is hard to obtain, but an estimation of around 20% is very probable. For example, some authors
evaluated the presence of Li in large quantities in the waste process water (from 1 to 5 g/L [80]).
Thus, more research has been performed to increase the overall Li recovery from process water
or end stream solutions via direct Li extraction. For example, precipitation with sodium and
choline alkanoate soaps was proven efficient to reduce the Li concentration to the ppm level (less
than 100) [80]. In the same way, cationic resins or Mn and Al-based adsorbents can be employed
to remove Li, but they have low selectivity towards other alkaline cations (Na, Mg, etc.) [81,82].
Finally, some SX systems were investigated [83,84]. These techniques are still at the laboratory
level and require some optimization to be industrialized for the recycling of LiBs.

Towards the direct reproduction of CAM

Due to the similarity of TM ions like Co, Ni, and Mn in solution, their separation is challenging. To
simplify the recycling process and reduce costs, a precursor material can be directly prepared by
adjusting the leaching solution's composition, followed by the cathode material's regeneration
through co-precipitation or sol—-gel methods. This approach has started to be widely investigated
in recent years [85-90]. For example, Sa et al. [86] demonstrated the feasibility of synthesizing
the precursor NiisMni/3Co1/3(OH)2 from the leachate of mixed LiBs using co-precipitation with
carefully controlled reaction parameters, thereby reducing the complexity of separating these
metals.

Factors such as pH, temperature, and metals’ concentration must be optimized to maximize the
CAM production. One challenging aspect of this method is impurity management. The primary
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contaminant in the TM-loaded solution, regarding its potential for CAM precursor, is Cu [91-93].
Metallic Cu is known to have a negative effect on the electrochemical performance of the
regenerated NMC materials. A moderate amount of Cu ions could promote particle nucleation,
enhance primary particle growth, and reduce cation mixing in the NMC cathode. However, an
excess of Cu would degrade electrochemical performance [92,93]. It is worth noting that Liin very
low quantities will not affect the NMC synthesis [94,95]. On the contrary, it could participate
depending on the synthesis process chosen in the end.

State of the art of selective lithium dissolution

As stated above, the hydrometallurgy process can suffer from significant Li losses. Different
methods can be considered for its removal before the co-precipitation of TM. This early recovery
would have two major advantages: it would increase the recovery rate and reduce the concern
about impurity for CAM re-synthesis. The current state of the art for an early recovery of Li is
presented here (2 major strategies), which has been the starting point of this research project,
helping to identify the best operating conditions and strongly assess the process's limitations.

1. Combination of pyro and hydrometallurgy

The first method combines pyrometallurgy and hydrometallurgy techniques. Here, one potential
pre-treatment of the BM is evaluated to enhance Li dissolution, and the other metals later: the
BM is thermally reduced, followed by water leaching. Li carbonate, produced during metal oxide
reduction, is dissolved selectively in water while the remaining valuable metals remain in the solid
phase. Li carbonate crystals can then be obtained after evaporative crystallization at 95°C. Some
authors have investigated this technique, and the parameters corresponding to the optimal
leaching yield of Li are summarized in Table 2. This technique already shows high recovery rates
(between 60 and 95%), which makes it very promising. Previous research has been using synthetic
material mimicking industrial BM.

Table 2: Summary of conditions for Li dissolution after thermal pre-treatment and water leaching reported
in the literature (commercial cathode material *, INC: Incineration, and PYRO: pyrolysis).

Material Initial Thermal treatment Leaching
Active Reducing composition T T t S/L T t
material | agent Wt% (%) YPE o) | (min) | (g/1) | (°C) | (min)
LiMnO, Anode 4.8% Li, 0.1% INC 650 60 40 Amb. 20 83 [96]
material Ni, 51% Mn
LiMn;04 Anode Vac. | 700 45 40 Amb. 30 82 [97]
LiCoO, material - PYRO 83
NMC 66
*NMC 10% Coke 7.2% Li, 20.0% | PYRO | 650 30 34 25 60 94 [61]
111 Ni, 20.5% Co,
19.4% Mn
LCO 20% 6.5% Li, 1.6% PYRO | 700 30 - 0 60 36 [98]

activated Ni, 40.6% Co,
carbon 1.6% Mn, 7.8%
Al
NMC Anode + | 2.2%Li,6.2% Al | PYRO | 700 60 50 80 180 60 [99]
10% of
graphite
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2. The use of oxalic acid as a leaching agent

The second method is only hydrometallurgical-based, saving the use of the thermal treatment
method and avoiding inorganic acid. Oxalic acid is a good candidate as a leaching agent as it forms
strong chelating complexes, which makes the dissolution mechanism based on protonation and
complexation. Li reacts with oxalate ion to form a simple soluble oxalate, while Cu, Co, Mn, and
Ni are reported to form insoluble compounds [100]. Some authors have already investigated this
technique, and the parameters corresponding to the optimal leaching yield of Li are summarized
in Table 3.

Table 3: Summary of conditions for Li extraction using oxalic acid (OA) as a leaching agent reported in the
literature.

Preparation of the | Stirring Leaching yield (%)

feed material (rpm) i | Co Ni | Mn

LCO LCO powder from 3 50 80 90 300 99 | 04 - -
cathode and anode
after crushing and
magnetic separation
(18mesh)
LCO | Discharged, crushed 1 15 95 150 400 98 | <3 - -
by shear crusher,
and sieved (size <
1.43mm)

[ToT]

[zoT]

NMC Dismantling and 0.6 20 70 120 - 81 < < <
manual separation 15 15 | 15
of the anode and
cathode.
Cathode foil treated
with NMP to
recover active
material.
Pyrolysis at 700°C.
NMC Commercial NMC 1 10 95 12h - 96 < < 22
(111, 532, 811) 0.5 | 05

[€oT]

[v0T]
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2.4 Research Questions and Scope
2.4.1 Identified recycling challenges

Based on this state-of-the-art recycling for LiBs, a few challenges can be defined:

1. Long and complex processes may result in Li loss during precipitation or SX, diminishing
economic benefits and elevating pollution levels. The sequential TM separation adds further
operational costs, including chemicals and energy. This emphasizes the necessity for optimized
recycling technologies to reduce metal loss and enhance sustainability [105].

2. Leaching with inorganic acids for LiBs recycling presents environmental challenges due to
wastewater and gas emissions (i.e., CO;, Cl, SO3). This process contributes to equipment
corrosion and generates secondary waste over the long term [80,81]. Disposal of wastewater
containing acid, hazardous fumes, and acidic leachates is a significant issue leading to
economic and energy losses. The resulting low pH leaching solution complicates direct metal
extraction, further exacerbating the financial and energy losses associated with hazardous
fumes and acidic waste disposal [106].

3. Leaching mechanisms (with inorganic and organic acids) require further investigation.
Considerable effort must still be exerted to direct the selection of leaching reagents and
operating conditions. For instance, more research is needed to determine the alterations in
the crystal structure during the leaching process. This will offer valuable insights into the
reaction mechanism occurring during leaching. Additionally, the influence of different feed
material compositions should be analysed and considered, as a very diverse battery type can
lead to specific impurities (Fe, Cd, F, ...).

4. The rapid evolution of batteries can slow down the development of recycling processes; the
approaches developed must be versatile and very cost-efficient to achieve industrialization.
The incentive to recycle one day can be absent in a few years; a strong example can be given
with reducing the Co proportion in NMC material, which can lower economic motivation.

2.4.2  Project boundary and Research question enunciation

The project aims for a greener and circular LiBs recycling and production process, tackling the
abovementioned challenges. First, a selective and efficient recovery of Li will be investigated,
followed by testing the dissolution of the remaining valuable TM using environmentally friendly
chemicals or aiming at acid regeneration. Finally, after impurity removal, the solution (containing
Ni, Mn, and Co) will be used as feed for the CAM precursor, striving to close the loop of battery
production. The initial idea of the process is presented in Figure 3. Foremost, two strategies for
this early and selective recovery of Li were assessed as presented above. The thesis does not
include the investigation of the CAM re-synthesis, only the production of the so-called recycled
leaching solution.

The primary focus of the research is optimizing selected methods and improving our
understanding of their mechanisms, complemented by evaluating their feasibility.
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Figure 3: Proposed recycling flowsheet in the research project based on early Li recovery — NMC
re-synthesis is not investigated here.
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3 THEORY of EXTRACTIVE METALLURGY

The following section provides the fundamental aspects of extractive metallurgy, focusing on
concepts necessary to understand the research performed in this thesis.

3.1 Carboreduction of Metal Oxides
3.1.1 Overview

Solid-state carbothermic reduction is described as reducing metal oxides (written as MO in the
equation) to a lower oxidation stage using carbon as a reductant. The main reaction products are
reduced metals, CO, and CO,. This phenomenon is happening above 500°C [107,108], and likely
occurs through two mechanisms [108]. The first one is a direct reduction between the two solid
species in contact with each other (Equation 1), and the second one is an indirect reduction, which
occurs through the gaseous intermediate products and the metal oxides (Equation 2). The
produced CO; can react again with carbon, regenerating CO (Boudouard reaction). This can be
performed under an inert atmosphere, the operation is called pyrolysis, or in the presence of
oxygen, it is called incineration.

3MOs+2Cs—> 3Mg+ COy+ COyy Y]
MO; + CO; > Mg+ CO,y4 (2)

3.1.2 Black Mass Carboreduction

Carbothermal reduction is one of the most important methods of recovering CAM in
pyrometallurgy. The reducing agent plays a pivotal role in facilitating the degradation of oxygen
octahedra within Li-oxygen batteries, catalysing the progression of the reaction [58]. BM can
contain ca. 10 to 45 wt% of carbon, present as graphite (20 — 45 wt%), separator (mainly PP or PE,
3 — 10 wt%), residual active carbon, or electrolyte solvent [22]. Graphite is a known reducible
source. Beyond 500°C, PP and PE also completely decompose, forming CO, CO», and H,0, which
can participate in the reduction.

The LiNi1;sMni/3C01/30; structure is reduced, forming different phases: Ni, NiO, Mn304, MnO,,
MnO, Co, CoO, and Li»0 [28,63,109—-111]. While Co and Ni can be reduced entirely after optimal
pyrolysis, Mn keeps an oxidation state higher than 0 (at +2). Their different phase ratio differs
depending on the thermal treatment conditions and how effective the reduction could be. Li;O
reacts with CO; to form the Li»CO3; compound [112]. Less CO; is emitted during pyrolysis, which is
more sustainable than incineration [34]. These reactions were considered when analysing the
results of Papers | and Ill. The reduced oxides will be more easily leached, which decreases the
consumption of expensive reductants [113].

PVDF decomposition occurs when subjected to temperature; it starts at 450°C under nitrogen,
while oxygen concentration decreases the initial decomposition temperature to 320°C [114]. The
primary decomposition product is gaseous HF and other fluorinated compounds; generating such
hazardous gaseous substances requires stringent off-gas cleaning, typically done by a water trap
at lab scale. Another source of HF is electrolyte salt decomposition, LiPFs, at a temperature higher
than 200°C in the presence of water [57], presented in Equations 3 and 4. POF; generated can
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continue reacting, generating more HF. Moreover, the gaseous HF formed can react with Li,O or
Li,COs to form LiF (Equations 5 and 6). At 600°C, those reactions are spontaneous with a Free
Gibbs Energy change (AG) of -224.2 kJ and -135.0 kJ, respectively.

LiPFs = LiF(s) + PFs(g) (3)
PFs(g) + H,0 = POF5(g) + 2HF(g) (4)

Li,0 + 2 HF (g9) = 2 LiF + H,0 (g) (5)
Li,COs + 2 HF (g) = 2 LiF + H,0(g) + €O, (g) (6)

Finally, Al melts at 660°C. The thermal treatment should aim to be under this limit, as melted Al
can prevent carbo reduction and coat the product, limiting the downstream leaching. Al is most
likely to form the stable oxide Al,Os in the presence of oxygen.

3.2 Chemical Fundamentals of Metallurgy
3.2.1 Thermodynamics and equilibrium considerations

Metals or minerals interact with chemicals through different reactions. Thermodynamics can be
used to determine if a considered reaction is likely to occur under specific conditions
(temperature, pressure, ...) [115,116]. The Gibbs free energy change of a reaction at a specific
temperature, T, is described by Equation 7. Q is the ratio of products’ activities over reactants’
activities in nonstandard conditions (molar concentrations can be used if ideal solution
assumptions are made), when AHg and ASg are the enthalpy and entropy change of the reaction,
respectively.

AGg (T) = AGY(T) + RTInQ = AHp (R) 4+ T AS, (T) (7)

At equilibrium, AGg(T) = 0, meaning that the system has no free energy to gain or lose and no
driving force to induce any modification. In that case, the standard free energy of a reaction may
be calculated from Equation 8 and a negative value will describe a spontaneous reaction. Q
becomes Kz, the equilibrium constant. If a system at equilibrium is subjected to any variation (i.e.,
temperature, addition of reactants, ...), the system adjusts to reestablish equilibrium, a principle
known as Le Chatelier’s Principle [115-117].

AGg(T) = —RTInKy = AHg(T) + TAS}%(T) (8)
3.2.2 Metal ions in solution

Basics of coordination chemistry

In a water solution, a metal ion is typically associated with water molecules; we speak of
coordination chemistry when ligands replace these water molecules in the inner coordination
sphere. A ligand is a compound that can coordinate to the metal ion via a donor atom to form a
complex (Lewis acid-base association); it can be anionic, neutral, or even cationic [116]. Some
ligands, known as polydentate, present more than one donor atom (coordination sites) and
produce chelate complexes. Such complexes generally have additional stability due to the chelate
effect [118].
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Complex formation is a step mechanism where one ligand is coordinated to the metal or metal
complex at a time. Equation 9, 10, 11 present these first steps in the case of a metal ion (M,
charged 2+, omitting its hydration sphere) with a ligand (L, charged negatively). Each step, n, can
be defined by the stability constant, k.

M2+ + L~ = ML+ k — (M—m (9)
B LML)

ty L= K, = k) (10)
ML* 4+ L~ = ML, 2= LY. (1)

ML, + L~ = ML; k—ﬂ 11

2 = M >~ (L) () (v

Consequently, the general expression of complex formation for a generic metal, M, and ligand, L,
is expressed in the Equation 12. Here, Bn is the cumulative stability constant. In general, the
greater the value of B, the greater is the complex stability. The (..) denotes the compound's
concentration, generally mol/L.

—-(ny-z)
_ —(ny— (ML )
M 4+ nl¥~ = ML, ™™ By = kyiky...ky = n

ey Y

Basics of solubility

As described above, different ionic species can combine in solution; precipitation occurs when the
product of reactant activities exceeds the solubility constant (Ksp), which is only valid at
equilibrium [115,116]. Conversely, the precipitate would re-dissolve if the solubility product is not
exceeded. The constant is written for the dissociation reaction as described in Equation 13. Ksp is
typically lower than 1 for an insoluble product; the more negative the log Ksp, the less soluble the
compound. This concept is essential for all research (Papers |, II, IV, and V).

Ko = (M*"). (L))" (13)

Speciation and phase diagram

Speciation diagrams help determine the effects of conditions (pH, ligand concentration, potential,
...) on species distribution. They can provide a visual and quantitative representation of species
availability at equilibrium. For example, Figure 4 provides the speciation of oxalic acid in water
under standard conditions. Metal speciation in different systems can also be provided. It is worth
mentioning that at low pH values, protons can compete with the metal ions for the ligand, and
the extent of complex formation will, therefore, depend on the pH in the case of many ligands.
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Figure 4: Predominance diagram of oxalic acid at 25°C [119].

3.3 Leaching — Metal Extraction
3.3.1 General principle

Leaching aims to dissolve desired elements from a solid phase into a liquid medium called the
leaching solution or leachate. Typically, leaching involves a heterogeneous reaction between a
target compound in the solid and the liquid leaching reagent. Such a reaction results from multiple
phenomena that operate in series; the particle morphology will strongly influence the
mechanism. For a dense spherical particle, the dissolution will likely follow these steps [117,120—
122]:

1. Reactant mass transfer from the bulk to the outer surface of the solid particle.

2. Diffusion of the reactant in the solid-liquid interface.

3. Interface reaction. The interface reaction mechanism of oxide dissolution usually comprises
different reaction steps, starting with protonation, then complexation and/or reduction. The
latest can be combined, one promoting the other. In general, the protonation mechanism is
the slowest. To study these intrinsic reactions and not bother with mass transport, it is
necessary to work with a stirring factor that makes the liquid composition on the surface equal
to the bulk [121]. At a fixed stirring speed, it can be possible to identify which of the diffusion
or intrinsic reactions is rate-controlling.

4. Diffusion of the product in the interface.

5. Product mass transfer to the bulk.

Overall, several factors influence the operation, including process conditions (such as
temperature, stirring speed, S/L ratio, or time), solid characteristics (such as composition, size, or
surface area), and leaching reagent characteristics (such as concentration, pH, or redox potential).
The leaching yield or conversion (Y) for each element corresponds to the ratio of this element,
which has transferred from the solid to the solution; it can be calculated following Equation 14.

C,xV
Y; (%) = TTLOX—W x 100 (14)
i

Where C;is the concentration of the element, i, in the final solution (mg/L), V is the volume of
leaching solution (L), mois the initial weight of the sample (mg), and wiis the elemental weight
percentage in the sample (%).
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3.3.2 Kinetics & Mechanism investigation

While thermodynamics provide insights into how a system can evolve by considering only the
initial and final states of the reaction, kinetics offer information about the timing of various
phenomena. By investigating chemical reaction rates, it is possible to understand the chemical
mechanism behind an operation, thereby helping in engineering design [120,121]. Different
models have been developed focusing mainly on the physical properties of the particle; the
progressive conversion model (PCM) and shrinking core model (SCM) are the two most applied
models [121]. SCM considers that the reaction starts from the particle surface and continues until
the particle centre is reached. Different scenarios can be considered, i.e., the particle size remains
constant or decreases during the reaction.

Through experimentation, an empirical rate expression can be derived for one target leaching
agent. The reaction rate generally depends on the temperature and concentration of different
species (S/L ratios and reagent concentration). Other factors can be considered, such as pressure,
chemical composition, and/or distribution of the compounds of interest in the solid.

This can then be juxtaposed with a rate expression derived from a theoretical sequence of
intermediate reactions, essentially an assumed reaction mechanism. This comparative analysis
allows for the elimination of mechanisms that do not align with the observed expression.
However, it's essential to note that multiple mechanisms can yield the same expression rate.
Consequently, relying on experimentation may not always determine which mechanism is truly
at play [120]. A complete reaction rate calculation is complicated if all steps have a rate constant
of similar magnitude. Usually, the rate constant for one of the above steps is significantly smaller,
and this step is rate-controlling, whereas other steps are close to equilibrium [120]. Several
different models describe the dissolution rate, the most relevant are presented in Table 4. Where
the leaching conversion or yield is noted Y, k is the reaction rate constant (min), and m is a
constant proper to the used model. The significance of each model evaluated will be discussed in
the results section.

Table 4: Models for the dissolution rate — Equation and physical background associated.

Physical background Equations

1D Diffusion Y2 =k.t (15)
2D Diffusion A-)In(1l-Y)+Y =k.t (16)
2 g 2
3D Diffusion [1 _ (1 _ Y%)] = 17)
. . 2
3D Diffusion ( 1— §Y) _a- Y)§ ket (18)
First order —In(1-Y)=k.t (19)
Second order 1 _
m -1=k.t (20)
i 1
Third order Sla-n7 -1 =kt (21)
Shrinking disk 1-(1- Y)% k.t (22)
Contracting sphere 1-(1- Y)% S (23)
Avrami order, m —In(1-Y)=k.t™ (24)
In(—In(1 —=Y)) = mlIn(k) + mIn(t) (25)
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The effect of temperature on reaction rate is described by the Arrhenius law as described in
Equation 26.

- E,
k= kyeRT (26)

With E,, the energy of activation in kJ, R the gas constant of 8.314 J.mollK?, and T the
temperature in K. E, can be determined by plotting log(k) as a function of 1/T. Chemically
controlled reactions are more sensitive to temperature, as the energy of activation of a reaction
is usually higher than the activation energy for diffusion during a leaching operation. However, at
high temperatures, the diffusion can become the rate-controlling step [121]. A value higher than
40 kJ/mol emphasizes the chemically controlled nature of the dissolution [117,121]. It is essential
to remember that a sequence of consecutive reactions involves steps with specific activation
energies; an increase in temperature can lead to the step with the lowest activation energy
becoming the rate-determining step [120].

3.3.3 Selective Li dissolution from Black mass

Water leaching of thermally treated Black mass

The water leaching mainly relies on the solubility of Li compounds in water. The solubilities of all
Li compounds expected in the thermally treated BM (Li,COs3 and LiF) are given in Table 5. Another
compound formed during the thermal treatment is Li,O, which spontaneously reacts with water
to form Li hydroxide (Equation 27 - AG® =-105.7 kJ at 25°C).

Li,O + H,0 = 2 LiOH (27)
Table 5: Solubility of Li compounds in aqueous solution [123,124].
Li>COs LiOH LiF
Solubility (g/L) at 20°C 13.3 110 1.2
Log (Ksp) -3.1 8.4 -2.7
Solubility (g/L) at 100°C 7.2 161 1.3

Oxalic acid leaching of Black mass

Oxalic acid is an acid with complexing and reducing properties (making the mechanism of
dissolution acid/complex based). Hence, BM oxalic acid leaching is a reactive leaching, where Li
reacts with oxalate ions to form a simple oxalate, while Cu, Co, Mn, and Ni form simple and
complex oxalates [100]. A simple oxalate complex is a complex in which a single oxalate ligand
coordinates to a single metal cation. The main dissolution reactions identified for the leaching of
LCO cells are seen in Equations 28 and 29 [102,125]. Verma et al. evaluated the energy of
activation of the LCO dissolution at 61.0 + 2.5 kJ/mol [71]. The leaching selectivity lies in the low
solubility of Mn, Ni, and Co oxalate formed, as seen in Table 6, additionally, the complex formation
stability constants for most metals in LiBs are given in Table 7. This is the base of paper Il

4’H2C204, + ZLI.COOZ (S) = Li2C204, + 2COC204 (S) + 4H20 + ZCOZ gas (28)

7 H2C204_ + 2LlC002 (S) = 2LlHC204, + 2COC204, (S) + 4H20 + ZCOZ gas (29)
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Table 6: Solubility and K, of oxalate compounds [124].

LiC204 CUC204 MI‘IC204 COC204 NiCzO4
Solubility (g/L) at 18°C 6.6 - - 0.035 0.003
Log (Ksp) - -9.4 -6,8 -7.2 -9.4

Table 7: Cumulative formation constant, K of metal oxalate compounds [124].

M(C204). - Metals Mn (1) Co (1) Ni (1) Al (1) Cu () Fe (1)
n=1 -Log(Ki) 4.0 4.8 5.3 7.26 6.16 9.4
n=2 -Llog(K3) 5.8 6.7 7.6 13.0 8.5 16.2
n=3 -Log (Ks) 9.7 16.3 20.2

3.4 Metal Separation Techniques

After the leaching operation, the resulting solution must be subjected to one or more chemical
operation steps to remove the impurities and/or concentrate the solution to recover the desired
metal in a pure form. These processes can involve precipitation, SX, IX, adsorption, cementation,
or crystallization. The first two are utilized in this research and are developed in this section.

3.4.1 Precipitation

The separation of impurities by precipitation is commonly used. This operation is carried out by
adding reagents that precipitate insoluble hydroxides or salts. The solubility of many metals in
aqueous media is pH-related; metals tend to form hydroxides at specific pH levels, as seen in
Figure 5. As mentioned in the background section, some metals will precipitate at the same pH
level (i.e., Cu and Ni around a pH of 7). Several factors, such as temperature, stirring speed, time,
and precipitation reagent characteristics, influence the operation. To evaluate performance, the
precipitation yield can be given as presented in the Equation 30. This method is used in Paper V.

Ci X Vsolution,t

%P = x 100 30)
Ci X Vsolution,O
Mn’" -
2+
e swpeass s 10" mol-L*
Co* S - o et
Nip _ 103mo|-L‘
cu® _ 10" mol-L™
CU _ | 10° mol-L*
Fe'| N )
12 34567 89 1011"

Figure 5: Hydroxide precipitation pH range for Cu®*, AP**, Fe3*, Ni?*, Co?* ions from 0.1 M to 10> M [95].

3.4.2 Solvent extraction

Solvent extraction or liquid-liquid extraction is a widespread unit operation in hydrometallurgy. It
is based on the distribution of the solute, typically a metal, between two immiscible liquid phases:
an organic phase (composed of an extractant in a diluent) and an aqueous phase (usually the
leaching solution).



The solvent extraction process comprises three steps [126]:

1. Extraction of the solute from the solution (Loading).

The extraction rate depends on fundamental parameters such as the extractant type and
concentration, the diluent, the phase volume ratio between the organic and the aqueous
phase, 6, the contacting time, the temperature, the pH of the aqueous solution, etc.

2. Scrubbing: co-extracted impurities are removed.

3. Stripping (unloading) of the solute via another aqueous phase. The depleted solvent can be
recirculated in the first step.

Finally, the metal compounds are produced using a chemical reagent (to extract it by precipitation
or complexation) or by evaporation (crystallization).

In LiB recycling, acidic extractants are mainly used [127,128]. The general mechanism for such an
extractant is described in Equation 31, where H,A, is the dimeric protonated form of the
extractant in the organic phase (indicated by the above bar) and MAn(HA)ZY is the neutral
complex formed and extracted in the organic phase. Protons are released in the reaction; the pHeq
strongly influences the reaction's completion as it governs the dissociation of the extractant in
the aqueous phase.

n

The distribution ratio, marked D, describes the metal partition between the two phases. It is
computed, using Equation 32, as the total metal concentration ratio between the organic
([M]¢o:) and aqueous phases( [M];,:), usually measured at equilibrium. The extraction
percentage can also be calculated using the Equation 33 to evaluate the performance of the
extractant, it relies on the elemental mass balance of the operation. It quantifies the transfer of

the metal, M, initially present in the aqueous phase ([M]o) into the organic phase ([M],) after a
specific time, t, and 8 is the volume ratio between the organic phase (Vorg) and the aqueous phase

(Vag).

o _ il -
[M] o
_ [M], _ [M],—[M], _ 100-D
F=D- ML o+, (33)

Finally, to develop a solvent extraction process, knowing how many stages are required to achieve
the expected purity and extraction rate is essential. Equation 34 presents a simplified expression
of the extraction percentage in the case of crosscurrent extraction. While Equation 35 is the
expression of the percentage extracted for counter-current extraction, also known as the Kremser
equation [126]. They can both be used to determine the theoretical number of stages (n) needed.

1
E=1-— 34
(1+D.o)" (34)
D.6—-1
E=1_D.9n+1_1 (35)
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4 MATERIALS and METHODS

4.1 Overview of the Experimental Work

The experimental work performed is presented in Figure 6, it is based on the five papers and
manuscripts attached to this thesis. In red, the limit of this research. The following section
presents all materials, instruments, or equipment used and the methodology applied to perform
the research.

Strate

gy 1 ‘ Black mass ] Strategy 2
(<500 pm)
y

( Thermal ) " —Y —
Selective leaching Oxalic Acid
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___operation  J Paper Il & IV
A 4 ) VL
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\ 4
[ CAM precursor ]
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Figure 6: Overview of the experimental work done in this thesis. CAM precursor synthesis was considered
but not investigated in the work.

4.2 Materials
4.2.1 Black mass

The industrial BM was obtained from dismantling 150 kg of EV spent LiBs provided by Volvo Cars
AB (Sweden). First, Volvo Cars AB discharged the battery packs, and Stena Recycling AB (Sweden)
dismantled them to the cell level. The cells (120 kg) were then processed through three steps:
crushing, mechanical sieving, and magnetic separation by Akkuser Oy (Finland). The processing
temperature stayed below 50°C. The fine fraction obtained represents 58.5% of the initial weight
and comprises the active materials from the cathode and anode, along with traces of the current
foils and separator. The fine fraction was further sieved under 500 um at Chalmers University of
Technology to obtain a homogeneous BM powder, more representative of the industrial
standard. The sieving was performed with a sieve shaker (Retsch) for 5 min at an amplitude of 1.2
mm in interval mode and a sieve aperture of 500 um. The obtained BM is NMC-111 based.
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4.2.2 Chemicals

The chemicals used in this work are listed below (Milli-Q water (18.2 MQ*cm) was used to prepare
all solutions):

- HCI, Merk Millipore, Chloric acid 37% w/w, used for solid digestion.

- HNOs3 Merk Millipore Nitric acid 65% w/w, used for solid digestion.

- HNOs, Merk Suprapure Nitric acid 69% w/w, diluted at 0.5 M for ICP dilution.

- Metal nitrate standard solution (1000 mg/L) for ICP standard preparation.

- Oxalic acid was prepared by dissolving solid oxalic acid dihydrate (Sigma Aldrich, 299%).
- Diluted solution of H2SO4, Sigma Aldrich, ACS Reagent, 95-98% w/w used for leaching.

- NaOH solution at 10 M (pellets, Sigma Aldrich, > 95%).

4.3 Equipment
4.3.1 Thermal treatment set-up

Thermal treatments were performed in a horizontal tube (high purity alumina tube 65 cm,
alumina tube, Degussit AL23, Aliaxis) furnace (Nabertherm GmbH Universal Tube furnace RT 50-
250/13). The samples were held in an alumina crucible. Two different types of thermal treatment
were performed: active pyrolysis under a constant pure nitrogen flow of 340 mL/min and
incineration under 340 mL/min of air. The exhaust gases were washed with a water bathing
system (plastic-sealed bottles) [31]. Upscaled pyrolysis was performed in a muffle furnace at IME
RWTH Aachen University (Germany).

4.3.2 Leaching

Three types of leaching reactors were used for this work. The first consists of small glass vials with
caps and magnetic stirrers (300 rpm) of 20 mL, used for preliminary experiments. The
temperature was monitored and sustained via a heating plate, coupled with a thermocouple, and
associated with an aluminium block in which glass vials were inserted. The second option was 100
mL PVDF-closed double-jacketed reactors equipped with inner baffles and a specific agitator
design with a headed electric stirrer. Lastly, a 2 L double-jacketed glass reactor with a mechanical
overhead stirrer and heating bath was used for upscale experiments. Solid samples were
introduced into the reactors when the leaching media had reached the defined temperature. The
solid sampling was performed using the coning and quartering technique to reduce the
uncertainty associated with grabbing a sample from a container [129]. During the operation,
samples were taken at different time intervals and filtered, so the concentration and pH of the
leachate were measured to follow the metals' behaviour. Finally, the obtained slurry was filtered
using a filter (VWR 516 0811 11 um particle size retention). The solid residues were dried in an
oven (T = 60°C) and collected for analysis. All experiments were carried out in triplicate.

4.3.3 Evaporative crystallization
Evaporative crystallization was conducted utilizing a heating plate associated with magnetic

stirring. Temperature 90 £ 5°C and low agitation (100 rpm) were maintained to facilitate
evaporation and crystal growth. Upon reaching the desired degree of supersaturation
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(percentage of evaporation), the resulting crystals were separated by vacuum filtration, washed
with water or ethanol, and dried at 50°C in an oven before further analysis.

4.3.4 Precipitation

Precipitation was performed by adding a controlled amount of the precipitating agent (NaOH 10
M) to reach the target solution pH, in our case at room temperature under constant stirring (300
rpm). The addition rate was not controlled but can be a determining factor for the quality of
precipitates (i.e., amorphous content, crystal size, co-precipitation, ...). Samples were taken to
follow the reaction's advancement until the metal concentration was stable. The precipitate was
then separated by vacuum filtration and dried at 50°C.

4.3.5 Solvent extraction

Batch experiments for solvent extraction were carried out in 3.5 mL glass vials; they were shaken
at 1000 rpm for 15 minutes under constant temperature (25°C + 1°C) using a shaking machine
(VXR basic Vibrax®). The organic phase was prepared with Acorga M5640 and ESCAID 100 as
diluent. All experiments were triplicated. Sampling was performed after satisfactory phase
separation was visually observed. The parameters allowing maximal loading, such as the
extractant concentration, contacting time, and temperature, were investigated.

4.4 Analytical Methods
All analytical instruments used in the research are presented in the following tables.

Table 8: Analytical instruments used for liquid sample characterization (Instrument name, target analytes,
and applied method).

Techniques ‘ Analytes ‘ Equipment Method applied
ICP-OES Li, Al, Cu, Thermo Fisher Sample dilution in 0.5 M HNO;s with internal

Ni, Co, Scientific, Model standard (1 ppmY).

Mn, P, Na, | iCAP™ 6000 Series. Calibration ranges from 0.3125 to 20 mg/L.

Si, Fe, Zn The limit of detection is ca. 0.1 mg/L.
lon-selective | F Fluoride-selective Sample dilution with TISAB IV solution (volume
electrode electrode + reference | ratio 1:1) for pH and ionic strength control. TISAB

electrode Ag/AgCls also binds with interfering cations and releases
(Metrohm) with a any complex fluoride.
double junction Additional needed dilution with MQ-water.
system. Calibration ranges from 10 to 100 mg/L.
pH meter pH Electrode Metrohm Calibration with pH 2, 4, and 7 buffer solutions (T
6.0258.600. =22°C+1°C).
Connection to Tiamo software.
Redox E Electrode Metrohm Connection to Tiamo software.
Electrode 6.0451.100.
Titration Oxalate Colorimetry. Redox titration using KMnOs solution in the
presence of concentrated H,SO4(2 M) at 50°C.
Change of colour when an excess of MnQg, no
oxalic acid isleft to be oxidized into carbon
dioxide.
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Table 9: Analytical instruments used for solid phase characterization (Instrument name, role, and applied

method).
Techniques \ Role Equipment Method applied
Acid digestion + Elemental Thermo Fisher | Sample digestion via aqua regia (HCI/HNOs: 3/1
ICP-OES analysis Scientific, volume ratios) leaching at 80°C for 4 h (S/L ratio
Model iCAP™ | 7g/L).
6000 Series. Slurry filtration (filter VWR 516-0811 11 um).
ICP-OES analysis of diluted sample.
X-ray diffraction Structural Bruker D8 Cu (A = 1.54184 A) radiation source in a 26 range
(XRD) analysis Twin-Twin of 10°-80° with a rotational speed of 15 rpm.
diffractometer. | Operating current 40 mA and voltage 40 kV.
EVA software and the JCPDS database.
Pawley fittings were done by Dr. Laura
Altenschmidt and discussed as a team.
Carbon analysis C LECO CS744. Approximately 20 mg of the sample was weighed
(TOC) in an alumina vial and introduced into the
machine to be oxidized to CO,, which was then
measured by an infrared detector.
Fourier- Functional Perkin Elmer 450 to 4000 cm™ range with a resolution of 2 cm-
transformed group Spectrum Two | and 16 scans.
infrared UATR.
spectroscopy
(FT-IR)

Laser diffraction Particle size | MasterSizer About 10 mg of solids were dispersed in water
size analyser 300 (Malvern with ultrasound to degrade the potential
Instrument — aggregation.

ms2000, UK).
Scanning electron Morphology | Phenom Pro X | BSD FULL 263 mode at an accelerating voltage of
microscopy (SEM) + Elemental | microscope 15 kV.
and energy analysis (Thermo Fisher
dispersive X-ray Scientific,
spectroscopy (EDS) USA).

4.5 Thermodynamics Considerations

The HSC Chemistry 10 software was used to calculate standard enthalpy, entropy, and Gibbs free
energy change for some expected reactions (papers |, IV, and V). Additionally, predominance and
species distribution diagrams for metal-oxalate systems, used to determine which oxalate species
can co-exist in aqueous solution (paper IV), were generated using the HYDRA (Hydrochemical
Equilibrium- Constant Database) and MEDUSA (Make Equilibrium Diagrams Using Sophisticated
Algorithms) programs [130].
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4.6 Design of Experiments — Statistical Methods

The factorial design of experiments is an efficient tool to investigate and optimize a chemical
operation while minimizing experimental efforts. The main objectives are to assess the main
factors, their sole influence or interaction, and obtain a model of the process response. The
response surface methodology and contour plots can assist in visually interpreting the modelled
responses [131]. Each factor (x) comprises two levels (min and max), and the process response (Y)
was defined as the leaching yield of each metal (%). To apply this method, the factors must be
fixed beforehand (usually through a literature review or preliminary experiments); factors with
less influence should be kept constant and out of investigations.

In this research, a cubic face-centered design is selected as shown in Figure 7. Axial points are
performed (2k axial points — Red points) at a distance of a = 1 from the central point to estimate
the second term and curvature. The test order must be randomized. The design was replicated
four times at the central level (black point) to assess the experimental error. The coefficients of a
linear second-order regression model representing the process response were fitted using the
linear least squares method (second-order regression models with two- and three-way
interactions), which was solved using Excel’s regression analysis tool. Only statistically significant
variables were included in the models (p-value < 0.05), and the significance of the models was
assessed using ANalysis Of VAriance (ANOVA). The existence of pure curvature was evaluated by
hypothesis testing, and the variance of the response accounted for by the models was assessed
using the coefficient of determination (R?).

This method was used in Paper Il, and the factors and respective levels used can be observed in
Figure 7. The design factors are oxalic acid concentration, leaching time, and temperature. They
were chosen based on the range of conditions from the state-of-the-art presented on page 11.
Setting a representative working range of conditions is essential when using such an approach, as
the model obtained is only valid within the experimental limits. The S/L ratio was fixed at 50 g/L
to have sufficient dispersion of the slurry and efficient mixing.

Factors / Levels Low Center High

(1)  (0)  (+1)

Oxalic acid concentration (M) (x1) | 0.3 | 0.6 0.9
- ./' ! Leaching time (min) (xz) 15 60 105
5 Leaching temperature (°C) (x3) 35 | 50 65

Figure 7: Face-centred cubic factorial design matrix and factor levels applied (Paper Ii).
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5 RESULTS and DISCUSSIONS

5.1 Black Mass Characterization

The BM powder elemental composition (fraction under 500 um) is given in Figure 8a, and its XRD
pattern is depicted in Figure 8b. It shows that the BM primarily consists of NMC 111, graphite,
and Cu. The particle size distribution, presented in Figure 8c highlights the existence of three
groups of particles: the first one ca. 5 to 30 um, then from ca. 30 to 110 um, and finally from ca.
110 to 140 um. Associated with the SEM images and EDS analysis (seen in Figure 8d), each group
can be associated with the different components of the BM: the smaller particles correspond to
graphite particles from the anode, the second group consists of active cathode material, and the
largest group comprises the remaining current collector foils, Al, Cu, and separator. Moreover,
the round morphology of the cathode material particle is seen with a smooth and flat surface;
particles seem closely bound together with the binder. The EDS analysis shows the even
distribution of all transition elements through the CAM (right image). The mapping (left image)
reveals the presence of fluorine in the sample, homogeneously distributed, which can be seen as
the binder footprint or electrolyte salt [13,132].

a) Elemental composition of the BM powder (STD given out of triplicate measurement)
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Figure 8: BM characterization a) XRD pattern (Graphite: PDF 00-056-0159, NMC 111: PDF 04-013-4379, Cu:
PDF 01-091-1717), b) Particle size distribution, and c) SEM image and element composition from EDS data
(Paper IV).
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5.2 Strategy 1: Based on Early Recovery of Li via Water Leaching after BM Thermal Treatment
5.2.1 Water leaching after incineration and pyrolysis of battery cells’ electrodes

The results presented here are based on Paper | [133] and Ill [134].

For this first part of the study, another feed material was used for thermal treatment: the anode,
cathode, and separator foils were directly cut from a Volvo battery pouch cell into small flake
pieces (after letting the electrolyte evaporate). The battery cell provided is NMC111-based. The
feed material consists of the three foils in equal proportion. The positive influence of the
separator during the thermal treatment was demonstrated for Li recovery (see Paper 1[133]), only
this data is presented here. The elemental composition of the material is presented in Table 10.

Table 10: Metal and carbon composition of the untreated feed material [3]

After both thermal treatments, a 5 to
20% weight loss was measured, |
associated with organic losses and NRIC (MnsOa
graphite transformation [31,107,111]. Li2CO3
The relative metal content (wt%) |
increases after thermal treatment due
to this material loss (exact values in
Paper 1 [133]), highlighting the
treatment's concentration effect.
Additionally, the binder has been
decomposed, releasing the active
material from the foil in many places.
A sieving stage would effectively
separate the BM (CAM and graphite)
from the Al and Cu.

Graphite (*)COO (*) (’f) Al

The XRD pattern for the untreated
(UN) and pyrolyzed feed material at
different temperatures is presented in
Figure 9. The untreated feed material
pattern presents the diffraction peaks
characteristic of the NMC111 material,
graphite, and metallic Al and Cu. This
confirms the chemistry of the battery
cell studied. At 400°C, the diffraction
pattern is unchanged, while above
500°C, the peaks of NMC material

decrease, and the peaks of reduced
metal or oxide phases (Ni, NiO, MnO, Figure 9: XRD pattern of the untreated feed material and

pyrolyzed at different temperatures (60 min) [31].

10 20 30

Mn30Qa, Co, and CoO) appear. Thus, the
carbothermic reduction of the oxide happens above 500°C. The higher the temperature, the
more efficient the reduction is. Over 700°C, the NMC 111 peaks disappear entirely, and the
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presence of Li;COs is more evident. Al does not show structural changes as it remains a metallic
element; Al,O3 could be expected, but is not visible on the pattern. Cu is oxidized despite the
inert atmosphere and is present as Cu and CuO. This is consistent with reported literature
[61,123,135]. Due to the instrument's detection limit, no other degradation products could be
identified.

The Li leaching yields for every feed material (untreated, incinerated, or pyrolyzed) are presented
in Figure 103, b, c, along with the concentration of Li and Al in the final leaching solution (after
thermal treatment time of 60 min), as visible in Figure 10d. Results are given after 60 min of
leaching, but the kinetics test shows that the dissolution reaches a plateau after 20 min (Paper |
[133]). Only Al is co-dissolved; the concentration of other valuable elements is under the ICP limit
of detection. The water leaching of the untreated material yields a 7% recovery of Li; this is
associated with the electrolyte salt dissolution, typically LiPFs in water, which will easily ionize or
dissociate, forming LiF and PFs as seen in Equation 3.

100%

s a) |b) c) e) INC 700°C - 60 min
:é’ 80%- A - ‘ ‘ ‘
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Figure 10: Water leaching yield (S/L = 20 g/L, 25°C, 1 h, 300 rpom) on a) the untreated feed material (UN), b)
incinerated and c) pyrolyzed feed at different temperatures (400 - 700°C) and treatment time (30 - 90 min),
error bar represented standard deviation from triplicates, d) Li and Al concentration in leaching solution 1
and e) XRD pattern of residue obtained after evaporative crystallization of the leaching solution 1 (LiCO3
PDF 00-022-1141; LiF PDF 01-071-3743).

Water leaching on incinerated sample - Effect on Li recovery

After 400°C incineration and water leaching, a 20% Li leaching yield is observed, with only a 10%
improvement over the untreated material. Thermal treatment time has a negligible impact on Li
recovery, suggesting shorter processing times should be applied to save energy cost. A notable
decrease in recovery occurs at 700°C. This can be attributed to Al melting above 660°C, which
coats particles and impedes carboreduction. Furthermore, water leaching demonstrates limited
selectivity for Li; the higher the thermal treatment temperature, the more Al leaches into the
water, suggesting that temperature influences the formation of a water-soluble species.

Optimal results were obtained by incineration at 500°C in 90 min, achieving 43% Li recovery and

90% solution purity. The respective Li and Al leaching solution concentrations are 215 mg/L and
ca. 25 mg/L.
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Water leaching on pyrolyzed sample - Effect on Li recovery

Conversely, pyrolysis is undoubtedly more efficient in terms of Li recovery. The optimal thermal
treatment conditions are a treatment time of 1 h at 700°C, which resulted in Li recovery of 61%
and a purity of 92%. Again, a portion of Al is dissolved, but slightly less than after incineration.
Under these conditions, the Li and Al concentrations in the leachate were 385 mg/L and ca. 42
mg/L, respectively.

At 400°C, Li recovery does not surpass recovery of Li after incineration at the same temperature,
remaining relatively low at 15%. This observation reinforces that the reducing conditions are not
established below 500°C, as illustrated by the persistence of the NMC structure in the XRD pattern
in Figure 9. Furthermore, given that PVDF decomposition initiates at 450°C under nitrogen, its
potential partial presence at 400°C may impede particle-leaching media contact. The pyrolysis
temperature positively and gradually influences the Li leaching yield, and the processing time
does not show a significant impact. Notably, Al co-leaching occurs again, decreasing the leachate
purity with increasing treatment time and temperature. This unexpected Al dissolution, not
previously documented, necessitates further investigation to identify the water-soluble Al species
formed during either thermal treatment, aiming to mitigate their generation. Its dissolution
decreases at 700°C, indicating a change in the thermal treatment mechanism above this limit. The
first hypothesis is that Al melting can hinder other surface reactions. XRD analysis could not
identify any other Al phase explaining this dissolution. After evaluating the potential
transformation reactions, one is more probable: the metallic Al could have reacted with gaseous
HF at its surface, forming AlFs, as presented in the Equation 36. This reaction is spontaneous at
high temperatures, with a AG of -446.4 kJ at 600°C, and AlFs is a relatively water-soluble
compound (solubility at 25 °C, ca. 0.559g/100 mL water [136]).

AL+ 3 HE, - AlF; + 1.5 H, (36)

Despite the demonstrated total reduction of all metal oxides at temperatures exceeding 600°C
(Figure 9), the incomplete Li recovery suggests the presence of Li in non-aqueous-soluble forms.
It is worth mentioning that some authors have shown that a temperature of ca. 800°C is required
for a complete reduction of the CAM [137]. On that account, the presence of residual NMC
material cannot be entirely discarded in our sample; even if the characteristic peaks are missing
on the XRD pattern, it could be left in a very low amount, undetectable by the instrument.

The Li concentration in the leaching solution is very low and under the Li»COs solubility limit; thus,
the solution is not saturated, showing that up to 40% of Li is in another speciation. LiF is a great
potential candidate, as shown in section 3.1 (Page 15), it is a decomposition product of the
electrolyte salt and can also be formed from the reaction of Li.O and HF gas. It is rather insoluble
in water, and other authors have highlighted its presence. For example, Safoura et al. indicate
that during pyrolysis, LiF will form regardless of the temperature applied [138]. Below 600 °C, the
predominant phases of Li are Li»O and Li,COs. Above that temperature, an additional phase can
be formed: LiAlO,, a product of the Li metal oxides’ reduction with Al, a stable oxide known for its
insolubility in water [139]. The Equation 37 describes the potential for Al to act as a reductant at
elevated temperatures, it is supported by a significant negative Gibbs free energy (AG = -511.8 kJ
at 600°C), indicating a spontaneous exothermic reaction. The higher the temperature, the more
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likely this reaction is to occur. This suggests that LiAlIO, formation is thermodynamically
favourable and likely contributes to the observed incomplete Li recovery.

Al + LiCo0, — LiAlO,  + Co (37)

Moreover, Safoura et al. also mentioned the potential formation of a LiAlFs product. The same
authors studied the fluorine behaviour during the thermal treatment, and they found that ca. 90%
of the initial fluorine content remains in the pyrolyzed sample [140]. This is of great importance
in understanding the mechanism, as only a small portion of fluorine is leaving the system. It reacts
with its environment, forming undesirable by-products. However, these by-products can be hard
to identify and characterize in the sample.

Evaporative crystallization of Leaching solution - Lithium compounds production

The XRD patterns of the Li crystals obtained after evaporative crystallization of the leaching
solution are presented in Figure 10e. The final product is a mixture of LiF and Li,COs. The presence
of Al was not detected using the XRD, which can be explained by the minimal amount of Al in the
product (< 2.5 wt%). After pyrolysis at 700°C for 60 min, the product has a Li purity of 92%. The
formation of LiF could be explained by the presence of F in the leachate solution, which would
react with Li* coming from the dissolution of Li>COs. The fluoride content is ca. 1 mmol of F per
gram of solid, representing 2.3% of LiF against 97.7% of Li,COs. Thus, to produce battery-grade
lithium material, more purification will be needed to remove free fluorine and increase the
recovery vyield.

This first investigation identified the best thermal treatment, a pyrolysis at above 600°C is
recommended. Already, some Li recovery limitations were observed, and the potential reasons
for such limitations were listed, including the LiF presence or the formation of LiAlO,. To continue
in the research and to be able to compare both recycling strategies, the process was applied on
the provided BM powder (its characterization is presented in Figure 8 — Page 29).

5.2.2 Water leaching on pyrolyzed BM at the optimised conditions (Leaching 1)

The pyrolysis temperature was fixed at 600°C, and treatment was performed for 2 h in a large
muffle furnace (performed at IME RTWH Aachen University). It was decided to proceed with the
pyrolysis using larger-scale equipment to be closer to an industrial setup for the pyrolysis and to
focus the research on the following hydrometallurgy process.

There are several differences between the sample used in the section 5.2.1 and the BM provided,
starting with the sample's morphology: the BM powder offers a higher surface area compared to
the foil flakes. Then, the composition is different, the BM production process has concentrated
the valuable elements (Li, Ni, Mn, and Co) while removing impurities; there is a lower presence of
separator foil, Al (ca. 1 wt% instead of 6.2 wt%), and Cu (ca. 2.4 wt% instead of 15 wt%). Moreover,
most of the electrolyte solvents should have been more efficiently removed from the waste,
which could decrease the presence of some decomposition products in the pyrolyzed BM.
Additionally, the lower presence of Al should reduce the formation of LiAlO; at 600°C [140].

33



Pyrolyzed Black mass characterization

The composition and speciation of the obtained pyrolyzed BM are presented in Figure 11. Again,
the concentration effect of the pyrolysis is underlined with higher metallic content. Despite the
absence of separator foils, the carbo-reduction occurred as anticipated. Compared to Figure 8b,
the XRD pattern lacks the characteristic peaks for the NMC material (18.4, 36.9, 38.5, and 44.6°
20), indicating its complete reduction. However, once again, due to detection limitations, the
presence of trace NMC material cannot be entirely excluded. The reduced phases are visible and
can be identified as Co, CoO, Ni, MnO, and MnO,.

This time, it is possible to identify more than one lithium compound in the pyrolyzed BM, first and
in a more significant proportion: the Li,CO3, with strong and visible peaks at 21.3, 30.6, 31.7, and
34.1° 206. Additionally, LiF can be evidenced despite its close structural similarities with Al, with
peaks at 38.6, 44.9, and 65.3° 26. Furthermore, LiAlO; and LizPO4 can be identified in very little
proportions as their characteristic peaks are very small. LizPO4 has its more intense peaks at 22.3,
23.1° 26; its presence has not been reported till now. A side reaction during the pyrolysis
treatment can explain its presence. Indeed, the POF3 produced during the LiPFs decomposition
(see Equation 4) can react with Li>O, forming LisPO4 and LiF, as presented in Equation 38. The
reaction is spontaneous and has a AG® of -311.4 kJ at 600°C. LisPOa has a very low solubility limit
(log Ksp = - 8.5); its presence can explain the limitation in Li recovery.

POF; + 3Li,0 = Li3PO, + 3 LiF (38)

PBM (%) 9.9 8.8 12.2 4.1 0.88 2.0 0.43 0.12 0.85 314
+STD (%) £02 0.1 +0.2  +0.1 004 0.2 001  *0.01  #0.03 05
b
) | Residue Water Leaching 20 g/L
- ’.-‘ ‘*
3 ‘I
- I Py /.K‘RIL |
Wl TN Y T 4 N P U S
E * Pyrolyzed BM
3 \
S . N
4_._k__.1_1._-\_.,_.~,‘”l___4u/ '\_,-»f/n\\_,ﬂumr/.‘ \J‘LJ L‘-—‘# . _Pl‘“_‘ﬁ e o |
Li,CO; | R T I AR Im Rl
LAIO, | I | | 1 NI Il
LiF | | | . l
(R | O O N o T VAR T LI |1l
MnO | | | I | |
MnO, | R RN [ (I (I I [
Co/Ni | | | | |
CoO | | | I |
Cu | \ | | |
AI T T | T ‘ T T ‘ T | T | T |
10 20 30 40 5 70 80 20 100

0 60
26 (°)
Figure 11: Scale-up pyrolysis. a) composition of the pyrolyzed BM after pyrolysis at 600°C for 2 h, b) XRD
pattern of the same BM and the residue after water leaching (25°C, S/L = 20 g/L, 300 rom) — (XRD id: Li,CO3
PDF 00-022-1141, LiAlO, PDF 04-002-8213, LiF PDF 01-071-3743, LisPO4 COD 9011924, MnO PDF 04-013-

0265, MnO; COD 9011409, Co PDF 04-014-0167, Ni PDF 04-011-8029, CoO PDF 04-002-2692, Cu PDF 01-
091-1717, Al PDF 04-010-6160).
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The Li recovery rate, after leaching the untreated and pyrolyzed BM, is presented Figure 12a.
Some tests were performed to enhance the Li dissolution from the pyrolyzed BM (Temperature
and Ultrasound to overcome some kinetic limitations or mass transfer). Moreover, Figure 12b
provides the pH and concentration in Li and Al of the resulting leaching solution.

Water leaching on untreated Black mass

The untreated BM was leached with water to assess its behaviour; 5.5% (+ 0.1%) of the Li could
be dissolved already, which is essentially attributed to the electrolyte salt dissolution. The
equivalent Li concentration is at c.a. 50 mg/L (see Figure 12), which is below the solubility of LiF;
thus, we can account for ca. 6% of the initial Li from the BM that will be transformed into LiF
compounds during pyrolysis.

Water leaching on pyrolyzed Black mass

The pyrolyzed BM's water leaching results in higher Li recovery rate than observed in our
preliminary tests, as presented in Figure 12. Indeed, the recovery for the same leaching conditions
for 60 min (22°C and 20 g/L) leads to 56% Li recovery with a concentration of 0.5 £ 0.1 g/L of Li in
solution, which is 20% higher than previously observed. In fact, under this condition, the XRD
pattern reveals that most Li,COs is dissolved as its characteristic peaks disappear (Figure 11b).
This time, several S/L ratios were tested to see how the operation can be optimized. Not
surprisingly, the higher the S/L ratios, the lower the recovery rate, but associated with more
significant Li concentrations in the solution. With a S/L ratio of 60 g/L, 43% of the Li is recovered
with a concentration of 1.4 g/L. From 100 g/L, we enter the metastable zone for Li,COs3 crystal,
the solution becomes more saturated (ca. 2 g/L of Li), and Li.COs cannot be solubilized, explaining
the lower recovery rate. Additional research was performed to increase the recovery rate, at a
temperature of 70°C and with ultrasonic (US) assistance. The objective was to see if diffusion or
mass transfer was limiting this operation, so that such techniques could be used to decrease it. In
both cases with a leaching at 20 g/L, Li recovery increased by 10%, as 69% is recovered (0.7 + 0.1
g/L of Li in solution). Al is again partially co-dissolved. An interesting new aspect is the final pH of
the solution, which is ca. 11-12 by the end of the leaching due to the carbonate dissolution. Al
could be hydrolysed at this pH level, forming the soluble compound Al(OH)4".
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Figure 12: a) Lithium leaching yield after water leaching on the untreated (UN) BM and pyrolyzed BM.
Leaching conditions: Varying the S/L ratio, at 22°C + 2°C, 70°C + 2°C, or with ultrasonic (US) assistance,
associated with the final pH and concentration of Li and Al in the solution.
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5.2.3 Sulfuric acid leaching (Leaching 2)

After Li removal (with water leaching at 20 g/L, 70°C for 2 hours), the residue is submitted to acidic
leaching to recover the remaining valuable elements. The leaching conditions (2M H;SO4, 3 h, and
400 rpm) were selected based on paper 111 [113,134], no additional reducing agent was employed.
The S/L ratios and temperature influence are investigated for the leaching of the untreated BM
and the residue (after pyrolysis and water leaching). The leaching yield for all valuable elements
is presented in Figure 13.

On the untreated BM sample, about 50% of the TM from the CAM are dissolved with about 80%
of Li, with a low influence of the conditions chosen. The faster dissolution of Li highlights the
leaching mechanism, with first the delithiation of the NMC structure in the acidic solution [69]. Al
is also readily dissolved in the acid, with a positive temperature impact. On the other hand, Cu is
more affected by the explored leaching condition, with a high positive temperature impact.

Pyrolysis has a significant positive influence on the leaching of valuable metals. When the leaching
is performed at 50°C, more than 98% of Li, Ni, Co, and Mn are dissolved. However, pyrolysis did
not affect Cu recovery due to the reductive conditions. Cu stayed in the metallic form (Figure 11)
and since it requires oxidative conditions for the leaching, it was not recovered. In the same way,
the pyrolysis influence on the Al is not proven, as the same amount of Al is recovered (ca. 80%).

a) Untreated black mass b) Pyrolyzed black mass
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Figure 13: Leaching yield of the main valuable element (Li, Ni, Co, Mn, Al, Cu) after a H,SO4 leaching (2 M,
3 h, 400 rpm) at different S/L ratio (20, 50, and 100 g/L), different temperature (22 and 50°C) applied on
the untreated BM and pyrolyzed.

5.2.4 Conclusions and perspectives on Strategy 1

This first strategy is promising, with a high recovery of all metals observed. Many recyclers
commonly apply pyrolysis as it simplifies the handling of spent LiBs. Thus, investigating the
pyrolysis effect is very important, and understanding how this pre-treatment could improve metal
recovery is essential. A large part of the Li can be recovered (up to 70% under the appropriate
conditions). The Li recovery limitation could be thoroughly attributed to the formation of 3
distinct by-products of the pyrolysis: LiF, LizPOs, and LiAIO,. Their dissolution typically requires
acidic media; thus, to recover 100% of Li, a second-stage leaching with low acidic concentration
could be proposed. However, acid might also affect the transition metals' dissolution.
Additionally, it might not be profitable for larger-scale applications of the process to have more
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leaching steps (challenging slurry management and filtration) without sharp selectivity.
Moreover, the presence of Al and fluorine in the final leachate solution seems unavoidable; a
purification process would be needed to produce battery-grade material. This work has not yet
investigated this issue. For fluorine management, some authors propose the usage of CaOH,
which could precipitate as CaF. It has also been suggested that the same compound be inserted
in the pyrolysis feed material to mitigate the formation of by-products at their sources.

The pyrolysis positively impacted the TM’s leachability, and they could be recovered without the
usage of a reducing agent. A preliminary flowsheet process is proposed based on this research in
Figure 14. The rest of the recycling process would rely on well-known chemical operations
presented in the background.

N2 Water Sulfuric Acid Fe NaOH

AM recursor
Black Leachlng 1 Leaching 2 ; : .C P
mass 636502’2:1 (20 g/L, 70°C, 2h, (100 g/L, 50°C, L Impurity w:-L-»; synthesis
(<500um) 400 rpm 3h, 400 rpm) remova' !\ (Hydroxide)
S
Li Graphite NMC Cathode material

Figure 14: Summary of the developed route with combined approach with identified optimal conditions: 1)
BM pyrolysis; 2) water leaching 1; 3) H,SO4 leaching 2 for the TM.

Considering the limits of combined method, this thesis investigates another option for selective
Li recovery using only a hydrometallurgical route.

5.3 Strategy 2: Based on the Early Recovery of Li via Oxalic Acid Leaching
5.3.1 Oxalic acid leaching (Leaching 1)

Factorial design of experiments, regression models, and contour plots

The results presented here are based on Paper Il.

As enunciated in section 0, oxalic acid was selected as a leaching agent because of its remarkable
reducing and complexing properties, making a selective Li recovery possible. As a start, a design
of experiments was performed to assess the feasibility of the operation, examine the main
influencing parameters, and observe the behaviour of all metals during the dissolution. The tested
parameters were an oxalic acid concentration between 0.3 and 0.9 M, a leaching time between
15 and 105 min, and a temperature range from 35 to 65°C, as seen in Figure 7.

The fitted regression models for each metal and the coefficients of determination (R?) are found
in Table 11 (Equations 39 — 44). The results for the analysis of the variance of the fitted model for
all metals are given in the Appendix 1 & 2. It is essential to highlight that the models are valid only
within the range set in the experimental design. The experimental error was calculated based on
the replicate performed for the central point of the design, and a very low error was calculated
for all metals (except Al, which, due to its complete dissolution, made it impossible to determine).
Then, the lack of Fit can be computed from this value to assess the model adequacy. In the case
of Li, it is a complex parameter to judge as the value obtained is slightly below the significant level
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(0.0441), which could be a negative sign. Still, as the experimental error is so low, it is acceptable,
and the model is considered adequate. One significant parameter is the coefficient of
determination R?; here, it is very high for all metals (close to 1), thus the fitted model can describe
the variability in the experimental data well.

In the model, only statistically significant variables are included (p-value < 0.05), which can be
visible when looking at the Pareto chart given in the Appendix 3 (the highest value indicates the
most substantial influence on the dissolution). In the case of Li dissolution, time and temperature
are the variables that have the most significant effect on the dissolution. The reduced regression
model included no three-way interaction (xix2x3) or any second-order acid concentration terms
(xax2 and x1x3). The general observation that can be made from the analysis is that Li and Al are
almost completely leached in certain conditions, whereas the leaching yield for the rest of the
TMs remain under 5%.

Table 11: Regression models for the leaching yield of each element with their respective R. (Factor x1: Oxalic
acid concentration, x,: time and x3: temperature)

Equations R?
Li (%) = 92.09 + 6.76x; + 10.68x, + 12.61x3; — 8.40x,x3 — 6.33x% — 5.85x3 (39) 0.99
— 6.50x%
Al (%) = 94.43 + 16.24x, + 13.58x; — 8.60x,.x3 (40) 0.92
Mn (%) = 2.64 — 0.55x, + 1.22x3 (41) o0.88
Cu (%) =1.32 — 1.66x; + 2.28 x5 (42) 0.85
Co (%) = 0.48 — 0.48x; — 0.29x,x3 + 0. 16x,x,x3 + 0.63x3 (43) 0.96
Ni (%) = 0.40 — 1.01 x; — 0.70x, — 0.41x3 — 0.37x,x3 + 0.52x,x,%3 + 1.41x3 (44) 0.96

The response surfaces and contour plots for each element were plotted using Equations 39 — 44,
which helps to highlight the relations between the different variables of the operation and
determine the optimal condition range. The contour plots display a two-dimensional view of the
response surface, where all points with the same response are connected to produce contour
lines of constant responses. Whereas the response surface is viewed as a three-dimensional
surface in a surface plot.

The surface plots of Li leaching yield are shown in Figure 15, including yields between 50 and
100%. It is important to stress that its dissolution has a positive correlation with all the factors
investigated in this study: oxalic acid concentration, time, and temperature. At the low level of
each parameter, the yield is only around 50%, reaching more than 90% at the central level of the
design. Under 0.45 M of oxalic acid, less than 90% of Li is dissolved, this concentration
corresponds to a molar ratio of CAM metals to oxalic acid of 1:2. Considering the goal of reaching
the complete dissolution of Li with milder conditions, it is already possible to target a different
set of parameters that will allow an extraction over 95% (dark red colour on the surface plots).
Those parameters are oxalic acid concentrations of 0.6 M at 55°C for 60 min or 0.6 M at 40°C for
105 min (here 1:2.5 molar ratio); it is interesting to see how correlated time and temperature are.
It will be the basis of the next part of the study to get more insights into the leaching mechanism
and driving force.
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Figure 16: Al leaching yield contour plots [141].

The behaviour of the other elements was also tracked, and it is presented in Figure 17. All CAM
metals are negatively influenced by time, highlighting the two-step mechanism of the leaching,
with first a dissolution followed by precipitation as oxalate. Moreover, their dissolution is globally
positively influenced by the oxalic acid concentration; residual oxalic acid can continue to bind
with the metals, forming soluble charged oxalate complexes. As predicted by Ka Ming et al. [104],
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Mn is the most dissolved element by the acid due to the higher solubility of Mn oxalate (see Table
6). In this study, 2.4% of Mn was leached at the central point, which is lower than the dissolution
previously observed by Ka Ming et al. [104] (around 20%). That can be explained by the dissolution
time applied in their work, which was 12 hours. When looking at the other transition metals, Ni
and Co dissolution remains lower than 1%, decreasing when the temperature increases. Finally,
the Cu dissolution is influenced only by the oxalic acid concentration.
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Figure 17: Contour and surface plots representing the modelled leaching yield for Mn (a), Ni (b), Co (c), and
Cu (d) [141].

Upscaling and kinetics analysis

To achieve high and selective Li leaching with minimal transition metal dissolution, a temperature
of 60°C, a residence time of 60 min, and an oxalic acid concentration of 0.6 M (NMC:0A 1:2.5) at
a S/L ratio of 50 g/L are chosen. Under these conditions, complete Al dissolution is achieved while
minimizing the dissolution of Ni, Mn, and Co. In the next part of the study, up-scaled experiments
are run to validate the regression models obtained, and to understand the dissolution mechanism
more deeply via kinetics calculations, identifying the controlling steps. Moreover, more thorough
characterization is pursued to support the research.

The results presented here are based on Paper IV.

In this set of experiments, the leaching operations were conducted across a temperature range
of 30°C to 80°C, with durations extending up to 7 hours. The leaching yield variation of all
significant components in the system is illustrated in Figure 18. During the dissolution, the pH
evolves, rising from 0.8 to 2 across all temperatures. The final solution potential is measured at
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300 mV for every solution (see Appendix 3). Having a pH value that is not too low is already
interesting, as lower pH values would increase the need for a neutralizing agent in the case of
precipitation and might also increase the corrosion linked to the inorganic acid. The temperature
directly influences proton consumption rates, with stabilization observed after 60 minutes above
50°C, suggesting a shift from protonation to complexation reactions. In contrast, the consumption
rate of oxalate is slower, and the concentration keeps evolving after 60 min. This correlates with
the previous statement and highlights the ongoing reactions between simple oxalate complexes
(dissolved or solid) and oxalate ions. Around 0.3 M of oxalic acid is left, ca. half of the initial
amount. This is very important for the later development of the process, and acid regeneration
will need to be investigated for its economic and sustainability potential. This analysis highlights
the interplay between pH and oxalate dynamics in CAM dissolution.

As the model predicted, the higher the temperature, the faster Li dissolves. At 80°C, only 30 min
is needed to reach a plateau of dissolution (Li concentration of 2.5 g/L in the final leachate). While
more than 6 h are required when the leaching is performed at 30°C, with a final Li concentration
corresponding to 1.8 g/L. This correlates with the regression model obtained above. However, for
all temperatures (except 30°C), the maximum recovery of Li is 90%, which is lower than the
projected recovery rate. Hence, a limitation in the dissolution is observed for this small up-scaled
set of experiments. Different phenomena could induce this limitation. The produced oxalates
could coat the unreacted NMC particle, blocking the leaching reagent access, hence limiting Li
dissolution. On the other hand, dissolved Li could get trapped in the crystal structure formed
during the oxalate precipitation.

For Al, a total dissolution is observed after 60 min for most studied temperatures (except 30°C),
corresponding to a final concentration of ca. 0.5 g/L in the leachate. No deviation from the
modelled response is visible. While Al shows very fast dissolution, Cu behaves differently in the
oxalic acid solution, as illustrated in Figure 18c. This set of experiments gives more insight
regarding its dissolution. Here, the temperature positively affects the dissolution rate; after 7 h,
only 5% of the Cu is dissolved at 30°C (final concentration of approximately 50 mg/L). In contrast,
15% or 25% are dissolved at 50°C or 80°C, with ca. 570 mg/L of Cu in the leaching solution after
the leaching at 80°C. In addition, for all observed temperatures, the operation can be divided into
three steps, raising questions regarding the reaction of Cu with oxalic acid. Cu can be initially
dissolved as Cu(ll), up to ca. 10-15% of dissolution in the first minutes, which is higher than the
other TM. In a second step, Cu precipitated as simple CuC,04 (negative slope), with the latter
continuing to react with oxalic acid to form a soluble oxalate complex (again positive slope).

Regarding the transition metals from the CAM (Co, Ni, and Mn), they present the same dissolution
behaviour globally, as visible in Figure 18d-e-f. The two-step mechanism is evident at lower
temperatures (30 and 40°C) in the time observed. As seen in the inset, in the very first minutes,
their dissolution can be observed (positive slope) followed by a negative slope indicating
precipitation of some kind. This highlights that the release of metals into solution is initially faster
than complexation, but complexation seems to take over the reaction rate, becoming the limiting
factor of the operation. The final recovery is equivalent for all the temperatures investigated; less
than 0.5% for Co and Ni and 2% for Mn (for a respective concentration of 15, 5, and 100 mg/L).
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Legend: AT=80°C A T=70°C AT=60°C AT=50°C AT=40°C AT=30°C
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Figure 18: Evolution of the leaching yield (S/L = 50 g/L)of all battery elements: Li a), Al b), Cu c), Mn d), Co
e), Ni f), plus the proton consumption g) and oxalate evolution h) throughout the leaching operation. Error
bars represent the standard deviation of the triplicate.

To complement the discussion on the dissolution behaviour of different metals in oxalic acid,
predominance and species distribution diagrams were generated using Medusa, the resulting
plots are shown in Figure 19 (the final molar concentrations are aligned with those observed in
the leachate). At about pH 2, two anionic complexes coexist Al(C204);” and Al(C204)3%. This
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diverges from data reported in the literature; for instance, Zeng et al. [102] suggest that at a molar
ratio OA:LCO of 1:2.5, a mixture of Al(HC,04); and Aly(C,04)s is formed, although the latter is
reported to be insoluble. The Cu concentration is higher than the solubility of simple Cu oxalate,
meaning that Cu is also present as another complex: the solution's most probable is the
Cu(C204)2%. More oxidative conditions could be needed to achieve higher dissolution of metallic
Cu; this partial dissolution is not appreciated in the selective process in development [134,142].
Regarding the NMC metals, it is worth highlighting that Ni and Co concentrations are lower than
the solubility limit of their simple oxalates; it could be considered that they are found in solution
as such. While Mn's concentration exceeds the solubility limit, suggesting that the neutral simple
oxalate and the anionic species, Mn(C204),%, co-exist in the solution. Additionally, the model
indicates the presence of Mn(ll) in the solution. Mainly anionic oxalate complexes, M(C204),%, can
be formed in the solution. That knowledge is essential when developing a purification method for
the solution. Traditional alkaline precipitation methods do not seem recommended as they would
require substantial neutralization (up to pH 8), and the concentrations are low. In the objective
of process development, ion exchange would be recommended as a fast and selective method

for removing these impurities.
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To gain a deeper understanding of the leaching mechanism, various kinetic models have been
applied to the Li dissolution (Equations 15 to 24 — Page 19). These models are deliberately used
for this element, as Li behaviour best represents the CAM’s dissolution. Figure 20 illustrates the
computed experimental data points with the fitted models (dashed lines) at 30 and 60°C, along
with the calculated kinetic constants for all models (k in min™) up to 360 min. The coefficient of
determination (R?) is also provided, indicating the linear model's goodness of fit. A value close to
1 reveals that the model fits the experimental data points well.

The best R? values are obtained for Equations 20, 21, and the Avrami model. With higher fit at low
temperature with an R? of about 0.98 —0.99 in the 3 cases, while at 60°C, an R? of 0.96 is obtained
for Equation 21 and ca. 0.90 for Equation 20 and the Avrami model. The equations 20 and 21 are
models describing homogeneous or pseudo-homogeneous reactions, respectively, 2" and 3™
order reactions. The particles are considered to be uniformly distributed in the leaching solution,
and the slurry can be seen as a liquid. The order typically determines how the reactant
concentration affects the leaching rate. This highlights that the BM dissolution is chemically
controlled, the interface's reaction rate controls the operation’s speed, and it does not show any
dissolution resistance due to a product layer around the unreacted lithium metal oxide particle.
However, it is worth highlighting the lower fit of this operation at higher temperatures. This is not
surprising, as with higher temperatures the reaction rate is faster (see later the Arrhenius law), as
well as the diffusion rate; thus, there could be a transition from chemically controlled to diffusion-
controlled. Additionally, products form faster at higher temperatures, and side-reactions can also
occur, which could hinder the operation by coating the particle's surface (passivation layer or
product layer).

One interesting aspect is that Equations 15 to 18, related to diffusion controlling, also have a
reasonably good fit at 30°C. That could indicate that diffusion can also limit the reaction rate at
lower temperatures, and both controlled mechanisms could be considered in this case.

The Avrami model, while exhibiting a satisfactory fit to the experimental leaching conversion data,
offers a simplified representation of the process as a direct solid-to-liquid transformation,
inherently neglecting the complexities of interface reactions. Despite this simplification, certain
empirical observations for the Avrami model indicate the nature of the leaching. Notably, the
Avrami order (m) reveals a value of 0.5 at 30°C, which decreases with increasing temperature.
Conventionally, an Avrami order below 0.5 indicates a leaching mechanism governed by diffusion
through a product layer. This interpretation, however, appears to contradict earlier assessments
of the rate-controlling step under these conditions, necessitating a more nuanced analysis of the
underlying mechanisms and the applicability of the Avrami model across the investigated
temperature range.

The solid analysis characterization will aim at solving which mechanism is preponderant and
characterize whether the product is formed in bulk or around unreacted particles.
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Figure 20: Fitting models (Equation 15 - 23) to the experimental data at a) T=30°C, b) T = 60°C, and c) the
fitting for the Avrami equation (Equation 25) with their rate constant associated and R>.

Based on the kinetic rate constant obtained at each temperature for the best-fitted models, the
linearized Arrhenius law (log(k) as a function of 1/T) is plotted in Figure 21 for the three best
model; the energy of activation (E.) is calculated from the slope value (Equation 26). This
parameter is essential for understanding and optimizing the process toward its industrialization.

The highest R? (0.995) is obtained for the Avrami model, giving an energy of activation of 76 + 3
kJ/mol. While 55 + 4 kJ/mol and 63 + 10 kJ/mol are determined with the 2" and 3™ order kinetics
models, with an R of 0.98 and 0.91, respectively. These values are concordant with the ones
obtained by Verna et al. when they leached LCO with oxalic acid [71]. It is essential to highlight
that the values obtained (between 55 and 76 kJ/mol) are relatively high compared to processes
using inorganic acids [49,74]. This is not abnormal for organic acids, as they typically require more
energy for reaction completion and have a lower reaction rate [68,143]. Additionally, it
emphasizes again the chemically controlled nature of the dissolution, as the value is higher than
40 kJ/mol [117,121]. Chemically controlled reactions are more sensitive to temperature, as the
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energy of activation of a reaction is usually higher than the diffusion during a leaching operation.
Hence, tight temperature control will be needed, which may lead to higher operational costs and
energy. It is important to remember that at high temperatures, diffusion can become the rate-

controlling step [121].
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Figure 21: Arrhenius plot from a) Avrami model data and b) from data of the second and third order reaction
(Equation 20 and 21).

Leaching 1 residue characterization

The results presented here are based on Paper V.

The different morphological characterizations (SEM-EDS and particle size) of the residue are
depicted in Figure 22, which is essential for the definition of the dissolution mechanism of the
BM. First, a simple observation can be made regarding the size distribution of the particles in the
sample, as visible in Figure 22b. The overall particle size has decreased compared to the initial
sample (see Figure 8 - Page 29), with the d50 dropping from 29.8 um to 17.5 um. A new particle
size group of around 1 um can be observed on the size distribution graph, while the peak of the
2" group of particles (defined previously from 30 to 110 um) has decreased. This primary
observation could support the hypothesis that the NMC particle size decreases with the leaching
and that the precipitation of the metal oxalates occurs in the bulk. However, as some particles
are still visible around 100 um, some NMC unreacted particles may still be trapped inside the
structure. It is also worth mentioning that the group of particles around 10 um seems untouched
by the operation, which supports the hypothesis that it is the group of graphite particles.

Secondly, SEM is used to observe the morphology of each particle after leaching at 60°C as seen
in Figure 22a. The rounded particles of NMC are less prominent and are replaced by smaller
agglomerates of cubic particles. This differs from the observation made by He et al., who leached
NMC532 cathode material with 0.6M oxalic acid at a S/L of 20 g/L at 70°C for 30 min. The resulting
residue exhibits particles of irregular shapes with very rough surfaces and an increased size [144].
Moreover, EDS analysis indicates the composition of the different particles. The small cubic
particles comprise Ni, Mn, and Co associated with C and O; this elemental distribution supports
the attribution to the metal oxalate precipitate. No Al foil could be found in the studied samples,
which supports ICP results regarding its complete dissolution. The fluorine content has drastically
decreased, indicating the dissolution of the electrolyte salt in the aqueous solution. Cu remains in
the sample and can be found in a similar foil shape as previously, primarily as metallic Cu and
possibly CuO.
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Figure 22: a) SEM image and EDS report for the residue obtained after leaching at 60°C and b) the particle
size distribution for the residues obtained after leaching at 30, 60, and 80°C (d values given for the residue
T=60°C).

In addition to morphological characterization, structural characterization is performed. The XRD
patterns of the residue obtained after leaching at 30, 60, and 80°C are shown in Figure 23a, and
the exact composition of the residue is given in the Appendix 5. The patterns reveal comparable
diffraction peaks across all leaching temperatures, indicating the consistent presence of
crystalline phases within the leaching residue. Notably, a distinct diffraction peak at 42.2° 20,
marked by an arrow, was observed exclusively in the leachate obtained at 30°C and was absent
at higher temperatures. This peak, also present in the initial BM as depicted in Figure 8, is
attributed to unidentified impurities that exhibit temperature-dependent leaching behaviour.
Given their apparent solubility in aqueous media, these impurities may originate from fluorine-
containing species derived from the electrolyte salt or represent decomposition products that
dissolve preferentially at elevated temperatures.

The diffraction peaks at 26.6, and 44.6° 20 (marked with *) reveal the presence of a graphite
phase (PDF 04-016-6937) remaining in the residue from the BM. The other peaks in the diffraction
pattern can be assigned to a transition metal oxalate phase, particularly the Co(C;04) - 2 H,O (PDF
04-016-6937). The main question regarding the formed oxalate phase is whether a common
oxalate phase containing the different transition metal precipitates or a phase separation occurs.
In a study by Wang et al. [145], a Co-Ni mixed oxalate was prepared. They show that the solid
solution formation between the Co and Ni oxalate phases leads to a single diffraction peak at
35.1° 28, whereas peak splitting would indicate the formation of a hybrid phase. No peak splitting
can be observed for our leaching residues, suggesting that a single oxalate phase containing Co,
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Ni, and Mn must be formed. Hence, Mn and Ni seem to act as dopants and occupy the same
crystallographic site as Co ions in the oxalate framework. Nonetheless, when comparing the
expected diffraction lines of Co(C,04) - 2 H,0 with the observed pattern, it is visible that some
diffraction lines are missing, i.e. the ones corresponding to the (11/) lattice planes (21.2, 24.7,
29.1, 33.6, and 38.8° 20).
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Figure 23: a) X-ray diffraction pattern of the sample residues obtained after the leaching at 30, 60, and 80°C
with the expected diffraction lines for the Co(C204)-2H,0 phase (PDF 04-016-6937). The asterisk indicates
the peaks corresponding to the graphite phase (PDF 04-016-6937), b) Pawley fitting T = 30°C, c) Pawley
fitting T = 60°C, d) Pawley fitting T = 80°C. Pawley fitting was realized in collaboration with Dr. Laura
Altenschmidt.

Previous reports on the structure of transition metal oxalates containing Ni or Mn showed that
oxalates are prone to the formation of disordered structures, which is accompanied by the
extinction of certain diffraction peaks [146,147]. This disorder is caused by a displacement of the
one-dimensional oxalate chains with respect to one another. To further characterize the formed
leaching residues, the unit cell parameters and the space groups are determined using a Pawley
fit; the refinement results are reported in Table 12. As the starting point, the oxalate phase is
based on the reported structure by Puzan et al. for the disordered nickel oxalate [147]. Figure 19
b-d shows that a description with the disordered oxalate structure and a graphite contribution
allows the observed diffraction patterns to be reproduced. Even though the model fits the data
well, it must be mentioned that it also accounts for more amorphous contributions around 24.7
and 33.8° 28, which can be indexed and correspond to the (11/) and (11-/) lattice planes. With
increasing temperature, these broad diffraction peaks become more pronounced, suggesting a

48



disorder-order transition of the oxalate phase. The lattice parameters within the temperature
series are close to the reported parameters for the single-phase a’-Mn, Co, or Ni oxalates [146].
The obtained values can be seen as the mean of the different lattice parameters of the individual
oxalate phases. This confirms that Co, Ni, and Mn coprecipitate and form a solid solution.

Table 12: Pawley fitting results. The angles o and y were fixed to 90°, and only 8 was refined. Pawley fitting
was realized in collaboration with Dr. Laura Altenschmidt.

sample
Residue b (A) group
30°C

11.956(1) 5.460(1) 9.860(1) 126.89(1) C12/cl 5.08
60°C 11.939(1) 5.466(1) 9.843(1) 90 126.98(1) c12/cl 4.93
80°C 11.938(1) 5.464(1) 9.838(1) 90 126.94(1) c12/cl 4.87

Hence, the XRD analysis reveals that the leaching residue mainly comprises a solid solution
consisting of a disordered (Co,Ni,Mn)C,04- 2 H,0 phase and graphite. It is worth mentioning that
this phase has physical properties different from those of single metal oxalate complexes. Hence,
the solubility mentioned earlier (Table 6 — Page 21) has to be adapted, and it is a probable linear
combination of the single oxalates. Additionally, some residual impurities of unidentified BM
components are present. No residual NMC111 can be evidenced (all intense peaks are gone). If
any, only very little of the NMC could be left, up to a maximum of 1% corresponding to the LOD
of the machine in the case of highly crystalline materials. This indicates that the reaction is going
toward a complete conversion.

Conclusion on Leaching 1 of the recycling process

This second strategy, based on the use of oxalic acid, is promising. The first leaching operation is
proven to be very selective towards Li and completely removes Al. The removal of Li is not as
complete (90%) as expected in preliminary tries conducted at a small scale, and the kinetics
investigation and residue analysis points towards a chemical-controlled operation with a
transition towards diffusion-limited at higher temperatures.

Equation 45 proposes the main reaction for the dissolution of CAM with oxalic acid, where Li
remains in solution principally as Li»C;04, and the TM are in a solid solution structure, which is
hardly soluble in aqueous media. Again, the importance of oxalic acid concentration is highlighted
because, if present in excess, it can continue to react with the TM simple oxalate to form anionic
oxalate complexes soluble in the solution.

LiCo,Ni,Mn,0, + H,C,0, = Li,C,0, + (Co,Ni,Mn,)C,0, - 2H,0 +CO,  (45)
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5.3.2  Sulfuric acid leaching (Leaching 2)
The results presented here are based on Manuscript V.
For the next part of the investigation, another scale-up operation was done: the BM was leached
in a 2 L reactor at 60°C for 120 minutes with an oxalic acid solution at 0.6 M at an initial fixed S/L

ratio of 50 g/L, respecting a molar ratio NMC:OA of 1:2.5 (detailed in Manuscript V). The residue
has the same composition: a mix of a disordered (Co,Ni,Mn)C,04 - 2H,0 phase and graphite.

Thermodynamics consideration and sulfuric acid leaching vyields

The second leaching is performed with H,SO4 to leach the metal oxalates and separate them from
the graphite. Despite their insolubility in water due to the formation of strong complexes, metal
oxalates (MC;04 - xH20) can be effectively dissolved by employing strong acidic solutions, a
condition known to disrupt their stable structure and enhance solubility [100]. First, some
thermodynamic predictions were computed to help discuss the leaching operation, as seen in
Table 13. Only the Ni and Co solid simple oxalate are present in the database, while Mn and Cu
soluble simple oxalate can be found. The monometallic oxalate complexes can help us understand
the dissolution mechanism, as the residue comprises a solid solution. Different reactions were
considered: the dissolution of the solid complexes in water (Equations 47 and 50), in H2SO4
(Equations 48 and 51), and the reaction of the oxalate complexes (solid or not) with the H2SO4,
forming sulphate in solution (Equations 46, 49, 52, 53). Apart from these potential reactions, it is
essential to mention that some side reactions are possible, like the degradation of oxalic acid
molecules with concentrated H,SO4, which results in the formation of CO gas, or the presence of
fluorine, which could interfere and create other species with the elements. The reaction between
the solid oxalate complex and H,SO4, forming the sulphate-associated species, is spontaneous.
On the other hand, the dissolution of the solid complexes in acid or water, forming the oxalate-
associated species, is not spontaneous; this is predictable as they are known to be insoluble in
aqueous solutions. It highlights that the dissolution probably holds in the amount of acid provided
to solubilize the oxalate, which then forms the metal sulphate in the solution. The transformation
from oxalate to sulphate seems to be the driving force of the dissolution. Also, note that the
reaction between the soluble oxalate compound and H,SO4 is spontaneous.

Table 13: Thermodynamic consideration — computed with HSC Chemistry 10.

Reaction Equations AG(65°C) (kJ/mol)

CoC;0,-2H,0 + HyS0, = C0S04(q) + H,C204 + 2H,0 (46) -41.1
CoC04 - 2H,0 + Hy;0 = CoCy04 ) + 3H,0 47) 27.1
CoC;0, - 2H,0 + H;50, = C0C304 () + H,50, + 2H,0 (48) 27.2
NiC,0, - 2H,0 + H;80, = NiSO,q) + H,C,0, + 2H,0 (49) -31.3
NiC,0,4-2H,0 + H,0 = NiC,04 (q) + 3H,0 (50) 27.2
NiC,0,-2H,0 + H,80, = NiCy04 (q) + H,S0, + 2H,0 (51) 27.4
MnCy0, (o) + H;S0, = MnSO0, ) + HyC,0, (52) -62.1
CuC204(a) + H,S0, = Cu504(a) + H,C,0, (53) -33.2

Cu(s) + 2H3504(q) = CuSOy(aq) + SO2(g) + 2H30(q4q) (54) -62.7
3HC30, + Hy0, = 6C0yy) + 2Hy g + 2H,0 (55) -658.8
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From the preliminary test described in paper V, the agitation (300 rpm), temperature (65°C), and
molarity (2 M) are fixed as they are shown to provide enough energy and acidity to enhance the
reaction. The operation was scaled up to a reactor volume of 1 L for 2 h. The S/L ratios were
varied to observe the behaviour of all metals and to identify the driving force for the dissolution.
The leaching yield and concentration in the solution are depicted in Figure 24.

The general observation is that the higher the S/L ratios, which can be directly correlated with a
lower molar ratio, the lower the dissolution yield. Li is almost fully recovered regardless of the
applied conditions. More than 90% of the Co, Ni, and Mn are dissolved for a molar ratio higher
than 20, except for Cu, which is dissolved at about 70% under the same conditions. Cu is known
to require oxidative conditions for its dissolution; although the reaction is thermodynamically
spontaneous, it usually needs the addition of an oxidative agent to facilitate its recovery.
However, using any oxidative source should be avoided here as it would enhance H;C;04
degradation, as seen in Equation 55. When the molar ratio is at 5 (S/L ratios of 80 g/L), Co or Mn
recovery decreases by about 30%, which is somewhat proportional to the reduction of the molar
ratio. Moreover, their concentration in the leachate increases promptly, 4.5 and 3.4 g/L,
respectively, against 1.8 and 1.2 g/L after leaching at 20 g/L.

On the other hand, Ni dissolution behaviour does not follow the same trend as Mn and Co; its
recovery and concentration are distinct when the molar ratio is lower than 20. In fact, Ni
concentration reaches a plateau at about 1.5 g/L under most studied conditions in 60 min (Figure
24b) but before that, its concentration goes higher than this value for a short period (at ca. 2 g/L)
as visible on the Appendix 6. It could be interpreted that Ni reaches a solubility limit. However,
when looking at the solubility data, NiSO4 compound is highly soluble in water (solubility of 40
g/100g H,0 at 20°C [124]). This would suggest that Ni exists as oxalate in the solution and has a
solubility of about 1 g/L (in a solution at 2M H,SO4 at 65°C). This contradicts the thermodynamics
data discussed above (Table 13), which states that sulphates are formed in the bulk.
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Figure 24: a) Leaching yield, b) metal concentration after leaching (T = 65°C, [H:S04] =2 M, t = 60 min, 300
rpom agitation) at different S/L ratios.
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Leaching 2 solution characterization

FT-IR and UV-Vis analysis were performed to understand better in which speciation Ni is present
in the solution; the spectra are visible in Figure 25. On the FT-IR spectra, the bands at 1182, 1106,
1050, and 884 cm™ can be assigned to the S=0 and S-0 vibrations [148], revealing the presence
of sulphate group. It can be due to the H,SO4 or metal sulphate compounds present in the
solution. Additionally, the oxalic acid spectrum (blue spectra) shows two peaks at 1627, 2112, and
3326 cm®, which are assigned to the C-O and C=0 vibrations in the oxalate structure [149]. The
same bands can be observed on the spectra of the leachate solution. These data validate the
presence of sulphate and oxalate in the solution, but it is hard to conclude regarding the
transformation of the metal oxalate into sulphate as presented in Table 13.

Hence, a UV-Vis analysis were performed to assess which metal form is in the solution (Figure 25b
and c). First, standard solutions (Figure 25c) were prepared by dissolving the respective sulphate
salt in water to obtain a metal concentration corresponding to the one measured in the leachate
solution at 80 g/L by the ICP (i.e., [Co] = 3.58 g/L, [Ni] = 0.72 g/L, [Mn] = 2.99 g/L, and [Cu] = 0.26
g/L). The spectra show that NiSO4 absorbs at about 400 nm and 650 nm, CoSO4 at 520 nm, and
CuSO04 has a prominent peak in the region of 800 nm, while no absorbance band can be seen for
the MnSQa. The leaching solutions (Figure 25b) present absorption peaks in the same range as the
standard sulphate solution, highlighting the presence of Co and Ni sulphate. For the Ni, there is a
maximum absorbance for all solutions at around 0.2, which is coherent with ICP measurement
and validates the limit of dissolution. It can be confirmed that Ni exists primarily as sulphate in
the solution, and its recovery limitation could be in the solubility limit of an intermediate product
instead of the final one. The reaction presented in Equation 49 is not complete, even if
thermodynamics considers it spontaneous. More than the solubility argument, some limitations
could stand in the amount of acid provided or the kinetics. Lastly, the large absorbance band from
350 nm present in all leaching solutions matches the absorbance band observed in the oxalic acid,
which would indicate the presence of oxalic acid in the solution, hence, corroborating the
transformation in sulphate associated with the production of oxalic acid.
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Figure 25: : a) FT-IR spectra and b) UV-Vis spectra of the leaching solutions (T = 65°C, [H:S04] =2 M, t = 120
min, 300 rpm agitation) at different S/L ratios, with the c) UV-Vis spectra of standard solutions of metal
sulphate.

Leaching residue characterization

The leaching residues were analysed by ICP and XRD, as seen in Figure 26a-b. The metal
composition of each leaching residue obtained (Figure 26a) aligns with the measured
concentration in the solution; at low S/L ratios, most metals are leached, and the resulting
composition in the residue is very low. On the other hand, from 40 g/L, the presence of Ni is
relatively increasing compared to the other TM (ca. 8 wt%, against ca. 4 wt% for Co and 1 wt% for
Mn). And the higher the S/L ratio, the less the solid solution phase is leached, and the more TMs
are left in the residue (ca. 8 wt%, ca. 5.5 wt% for Co and 2 wt% for Mn).

The FT-IR spectra of the residues are provided in Appendix 7. It can be seen that the spectra for
the 10 g/L and 20 g/L residues do not show any peaks or only weak ones. For higher S/L ratios,
the appearance of bands at 1315 cm™, 1358 cm™, and in the 1610-1630 cm™ range can be
observed. These peaks are assigned to the C-O vibrations of the oxalate group [149]. This implies
that the solid residue (above a S/L ratio of 40 g/L) is composed of oxalate. This suggests that
(above that S/L ratio) the oxalate from leaching 1 either did not fully react or re-precipitated.
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The XRD patterns provide valuable insights into the underlying leaching mechanism, enabling the
identification of phase transitions and structural changes during the process. For instance, after
leaching at 20 g/L, graphite is detected as the main phase remaining in the solid (main diffraction
peaks at 26.6 and 44.6° 20). Additional peaks, which fit NMC cathode material, CoO, NiO, and Cu,
can be observed. Their presence, till now undetected, is made visible as the rest of the material
has been leached out. We can conclude that the undissolved Li in the residue after oxalic acid
(Leaching 1 —see Page 41) was in the unreacted NMC material, the produced oxalate were coating
the core and the oxalic acid could not reach the centre of the particle.

Onthe other hand, after leaching at 40 g/L and 80 g/L, the residues consist of a mixture of graphite
and oxalate phases. Unlike the oxalic acid leaching residue, which consists of a single solid solution
of (Co,Ni,Mn)C,04 - 2H,0, here a phase separation is observed: identified with the peak splitting
at 35.1° 26. The first phase is a solid solution similar to the previous one (named Mixed Oxalate
in Figure 26), and the other is a structure mainly composed of Ni oxalate. With high S/L ratio, the
pic relative to the mixed oxalate phase is more intense (see inset in Figure 26b). This is not
surprising, the higher the S/L ratio, the lower the (Co,Ni,Mn)C,04 - 2H,0 phase leaching, which
leads to its increased presence in the residue.
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Figure 26: a) Residue metal composition (wt%), and b) XRD pattern of the solid residue after leaching (T =
65°C, [H504] =2 M, t = 120 min, 300 rpm agitation) at different S/L ratios - (Graphite: PDF 04-016-693;
CoO: PDF 04-002-2692; NMC 111: PDF 04-013-4379; Cu PDF 01-091-1717).
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Conclusion on Leaching 2 of the recycling process

Simple oxalate complexes need a strong acidic solution to be leached; Ni oxalate stands out from
the other TM with lower solubility under the conditions provided. The Equation 56 and 57 express
the leaching reaction mechanism (x +y + z = 1); a significant excess of acid is required to complete
the reaction. The unique solid solution of the oxalate splits into two phases, revealing the
mechanism. On one side, the structure is depleted of the three elements more or less
simultaneously, leading to the production of metal sulphate in the solution. On the other side, a
new oxalate phase composed mainly of Ni is formed, highlighting the maximum dissolution of the
element under the studied conditions (Equation 57).

(Co,Ni,Mn,)C,0, - 2H,0 + H,S0, = x CoSO, + y NiSO, + z MnSO, + H,C,0, + 2H,0 (56)
NlSO4 + H2C204 + 2H20 - NlC204 " 2H20 + H2504 (57)

Now, if we focus more on the process, it is clear that some limitations are observed, and that low
S/L will be needed to recover the most significant part of the valuable elements. This is not
favoured by the industry, which prefers large S/L. Two main flowcharts can be proposed at this
point of the study, presented in Figure 27. The first (up) is a one-stage leaching with an S/L ratio
of 20 g/L. Another path could be to apply a two-stage leaching, which will enhance the same
recovery rate but then produce two leaching solutions with the potential to produce different
NMC materials. This option was applied, and the data provided in Figure 27, are experimental
based.

The first option would remain the preferred one as it is more straightforward, but no option
should be discarded at this point.

Residue
i Ni M Li
Leachine ML IR Vield (% g: 99I 10'; 10Io CQ::
- 0 -
| T=65°C, M50, =2 ™, wi% (%) 027 016 0 0 039 Meld®)
t =120 min, 300 rpm,
20g/L ) .
¢ Leaching solution
Co Ni Mn Li Cu
[Element] (mg/L) 1828 1413 1230 93 266
OA _ [Element] (mmol/L) 31 24 22 13 4
Residue Eguivalent molar ratio NMC (1:1.1:1.4)
Leaching Residue (1) (Mass loss 50%) Leaching Residue (2) (Mass loss 75%)
T=65°C, [H,50,] =2 M, Co Ni Mn Li Cu T=65°C, [H,50,] =2 M, Co Ni Mn Li Cu
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Co Ni Mn L Cu Co Ni Mn L Cu
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Equivalent molar ratio NMC (0.6:1:1.3) Equivalent molar ratio NMC (8:1:4)
Overall Co Ni  Mn Li Cu
Yield (%) 97 91 98 100 87

Figure 27: Potential leaching routes: one-stage leaching (high recovery and towards NMC 111 production)
or two stage leaching (40 g/L and 20 g/L).
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5.3.3 Purification leaching solution 2 -Towards the production of CAM precursors
The results presented here are based on Manuscript V.

Impurity concern — Removal of Cu

As the background section (page 10) explains, Cu exhibits toxic effects on regenerated CAM. It is
the one remaining impurity element at this stage of the process present in the solution at ca. 300
mg/L (Figure 27). Thus, it must be removed and left at a trace level. The limit of acceptance would
vary depending on the desired performance. In this thesis, it was set at 5 mg/L [91]. Precipitation
techniques were judged unsuitable for this separation, as seen in Figure 19, no recovery can be
expected by adjusting the pH. Minimizing of co-precipitation of valuable elements (losses) is
crucial in the process, hence another separation technique must be considered to remove the Cu
from the solution.

Solvent extraction was selected as the preferred method. It allows a selective and effective metal
recovery from an agueous solution, even at trace levels. Cu extraction has been well-documented
over the years. However, its extraction from a sulfuric agueous matrix accompanied by residual
oxalic acid is still undone. Oxalic acid still has a complexing ability and could form some soluble
anionic Cu oxalate form, which could resist the extraction system. The selected extractant is the
Acorga M5640, a hydroxy oxime-type organic acid extractant widely used in the industry because
of its high selectivity for Cu [150]. It is an acidic extractant expected to follow Equation 58 ( HA is
the protonated form of the extractant). Hence, Cu extraction efficiency is significantly impacted
by the pH. For instance, optimal extraction conditions for Acorga M5640 were found at an
equilibrium pH of 2.5, where nearly 92% of Cu was extracted [150,151]. Other authors
demonstrate that about 85% extraction could be achieved from a feed containing Cu and Zn in
perchloric acid at an initial pH of 1 [152].

Cu**+ 2HA=Cud, + 2H* (58)

It is worth noting that Li in very low quantities in the leaching solution which should not affect the
NMC synthesis [94,95].

pH control

To optimize Cu extraction, equilibrium pH control (e.g., adding a base to neutralize the leachate
solution, such as NaOH) would be recommended.

The pH of the solution was adjusted to see if it would change the metal speciation while removing
acidity; precipitation tests were performed on the leachate solution (S/L = 20 g/L). The
neutralization was done by slowly adding small drops of NaOH 10 M under constant agitation,
and the pH was measured continuously. The variation of concentration is depicted in Figure 28. It
shows that the elements are unstable in the solution; after a couple of hours, the metal
concentration is decreased by half, and white powder is visible at the bottom of the reactor. The
XRD pattern (Figure 28d) obtained after pH 2 and 4 precipitation reveals that oxalates are formed.
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This precipitate is again a solid solution with the general formula (Co,Ni,Mn)C,04- 2H,0 phase (no
peak splitting observed), meaning that all elements co-precipitate together.

This is problematic for Cu removal as the equilibrium pH cannot be controlled during the solvent
extraction because of the 3™ phase which would be formed. The leaching solution pH was
adjusted at 0.4 to keep all metals in solution and continue the process without precipitation.

Despite the complication this might cause for Cu separation, it gives a strong chance to recover
the other transition elements as oxalate and synthesize cathode material from oxalate. Metal
oxalates are already known to have substantial potential as precursors for CAM or as energy
materials in some storage devices [153—156]. Additionally, if metal oxalate precipitates, the
sulfuric acid solution could be regenerated and reused in the process.
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Figure 28: Evolution of the metal concentration in the leaching solution 2 (20 g/L, 2 M, 65°C, 120 min) after
adjusting the pH a) 1.1, b) 2.1, ¢) 3.7, d) XRD pattern of the obtained crystals and, e) Precipitation yields for
every element after 6 h, the red line marks the end of agitation.
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Solvent extraction of the Cu

As demonstrated above, equilibrium pH control is not an option in this process as precipitation
occurs, impacting the solvent extraction even more, with a potential 3™ phase formation [126].
Different leaching strategies have been emphasized above; for the solvent extraction study, the
leaching solution at 80 g/L is used as it presents the highest concentration of Cu. At low feed pH,
the extraction is more sensitive to variations in the feed Cu concentration [150,157]. Thus, all
leachate solutions will be tested under optimum conditions. Before solvent extraction, all
solutions had their pH adjusted to 0.4 £ 0.1.

The extraction yield and D-value of Cu, Mn, Co, and Ni are shown in Figure 29 under different set
of conditions, and the selectivity of Acorga M5640 for Cu is demonstrated; for all graphs shown,
the co-extraction of the other TM is under 0.5%. For all tests, the phase separation is easily
achieved (natural gravity), and the organic phase changes from transparent to golden yellow once
Cuis loaded.

Equilibrium is reached after 15 min (Figure 29a), and 35% of Cu is extracted. The very low co-
extraction of the other valuable metals is a key factor in the operation- No scrubbing will be
considered which would have complicated the purification process and increase operational
costs. A time of 30 min is selected for further investigations. Temperature slightly impacts the
extraction yield; it increases from 35% at 25°C to 49% at 60°C (Figure 29b). This slight increase is
not surprising as the extraction mechanism with Acorga M5640 is an endothermic reaction
[150,152]. The temperature also affects the physical properties of the organic phase, such as
viscosity and density, which are not limiting in this case. Hence, experiments were performed at
25°C, as this decreases the need for energy and the complexity of the process. The parameter
that most impacts Cu recovery is the concentration in Acorga M5640 (given in volume percentage
in ESCAID). For 5% v/v Acorga M5640, the extraction is at 21%, while it is about 50% for a
concentration of 30% v/v. Co, Mn, and Ni co-extraction is not strongly affected and keeps an
average value of about 2% (Figure 29c). An extraction of 50% is low, considering the applied
condition, but not surprising considering the very low concentration of the element in the
solution. As mentioned above, the pH is extremely low, which can affect the extraction
mechanism, i.e., it can lead to the extractant protonation and affect the equilibrium.

In the same way of the Acorga M5640 concentration, increasing 6 largely favours the extraction
(Figure 29e). Extraction capacities are identical depending on the leachate solution used as feed
(Figure 24d), which was essential in the development process. All experiments are batch
experiments, and multistage operations will be needed to achieve a satisfying separation of Cu
(under 5 mg/L, so above 99% efficiency percentage). Kremser equations, 34 and 35 (Page 22), are
used to determine the theoretical number of stages (n) needed. Data obtained for the batch
experiments (D-values) were computed to obtain the theoretical number of stages needed to
achieve the 99% required extraction; results are reported in Figure 29f. Cross-current extraction
would require fewer stages, but it consumes a large volume of organic material as fresh organic
solution is distributed at each stage. Counter-current extraction would need more stages and a
minimum O of 2 for effective extraction and is industrially preferred. With this prediction, we
would still recommend its usage as less volume is spent. Experimental validation would be needed
to validate this theoretical number.
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Figure 29: SX test towards Cu removal — a) Kinetics of extraction (Fixed & = 1, 25°C, 10 vol% Acorga M540),
b) Influence of temperature (Fixed & = 1, 30 min, 10 vol% Acorga M540), c) Concentration of Acorga (Fixed
=1, 25°C, 30min), d) different leaching solution — influence of the feed variation (Fixed 3 = 1, 25°C, 30min,
10 vol% Acorga M540), e) Phase ratios influence (Fixed 25°C, 30 min, 10 vol% Acorga M540), and f)
Calculation of theoretical number of stage to achieve %E = 0.99 (Equation 34 and 35).

Additionally, some stripping experiments were performed to investigate the unloading of Cu.
They were performed with 2 M H;S04 at 25°C and 8 at 0.5. 100% of the Cu could be stripped for
all organics solutions tested.
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5.3.4 Conclusions and perspectives on Strategy 2

The second strategy is very promising; it is an innovative option for recycling LiBs. In the first
leaching 1, with an oxalic concentration of 0.6 M, a S/L ratio of 60 g/L, a temperature of 60°C for
60 min, about 90% of the Li can be recovered (along with 100% of Al). The mechanism was
investigated, and this work allowed a precise description of the mechanism driving the operation.
It was shown that the solid residue 1 is composed of a mixture of solid solution (a disordered
phase of TM oxalate) and graphite. This solid enters a second leaching 2, with two primary
objectives: 1/ to separate the valuable elements from the graphite and 2/ to start thinking about
the re-synthesis of CAM. At this research stage, the best option is 2 M sulfuric acid leaching with
an S/L ratio of 20 g/L, at 65°C for 2 hours. Over 95% of the TM were recovered and present as
sulphate in the solution. The instability of Ni in the solution was demonstrated as it easily re-
precipitates as oxalate in the bulk, forming a new phase in the leaching residue.

The next stage was to start considering the production of CAM, and for this purpose, impurity
removal was necessary. It was proven that the metal oxalate readily precipitates when the pH is
increased. A pH as low as 1 leads to high oxalate precipitation. No more investigations were
pursued for this, as it directly correlates with the synthesis of the CAM precursor.

Due to this instability, solvent extraction with Acorga M5640 was performed to remove Cu. High
selectivity towards Cu was shown. Despite the impossibility of controlling the equilibrium pH, it
was demonstrated that 99% could be removed by applying 3 stages cross-current extraction with
an Acorga M5640 concentration of 30 vol% and a 0 of 4, at room temperature.

H2C204 H2S04 Acorga / ESCAID

\

Leaching 1 |g Leaching2 || | Curemoval | 5'(_3AM precursor\g

(2M, 60 g/L, 60°C, (2M, 20 g/L, 65°C, (30% vol., 8 =4, . synthesis |
2h, 400 rpm) 2h, 400 rpm) 3 stages, 25°C) ' (Oxalate)
I /° i
Li, Al Graphite Cu NMC Cathode

material

Figure 30: Summary of the developed route based on oxalic acid with the identified optimal conditions: 1)
H2C,04Leaching 1; 2) H,SO4 Leaching 2 for the TM; 3) Cu removal.
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6 CONCLUSION

This thesis compares two unique LiB recycling strategies, both based on early Li recovery, which
could be of high interest in the future.

First, the pyrolysis and black mass followed by the water leaching has shown limited recovery in
Li, with a maximum of 70% that could be recovered (70°C, 20 g/L, and 60 min). Despite this limited
recovery, the process is highly likely to be applied in industry. First, because of its maturity,
processes based on sulfuric acid have been widely investigated, and some are even already
applied in the world. This pyrolysis step as a pre-treatment would offer a new and advantageous
way to 1/ concentrate the BM, which could then be transported elsewhere for its wet processing,
2/ increase the Li overall recovery, and finally 3/ have strong potential to re-synthesize the CAM
material. Aside from the industrial aspects, this work has succeeded in detailing the mechanism
of reduction of the NMC material, showing the various species in which Li can be found. The
limited recovery of Li is attributed to the insolubility of the by-products formed (LiF, LisPO4, and
LiAlO;). Moreover, due to high fluorine content, special attention has been given to fluorine.
Currently, fluorine will combine with Li and form LiF during the production of Li products. This
remains a significant drawback and a challenge to solve. Finally, the pyrolysis enabled the
recovery of all metals, as more than 95% could be recovered without the use of a reducing agent
which would reduce the chemical need for this operation.

The process based on the use of oxalic acid is very innovative; so far, no strong interest has been
given to this candidate in developing the whole process. The first leaching (oxalic acid) led to the
recovery of about 90% of Li and 100% of Al (oxalic acid 0.6M, 60°C, 50 g/L, and 60 min). The thesis
gave a strong importance to defining the dissolution mechanism, defining that the operation is
chemically controlled but can turn into a more diffusion-controlled mechanism at higher
temperatures. This nature of operation shows how vital acid concentration is for the dissolution,
but also, as shown in this work, needs to be well tuned to avoid the excess of acid reacting with
the TM oxalate complexes, forming soluble oxalate complexes. Some Li recovery limitations were
observed, mainly attributed to forming a product layer around unreacted core particles (revealed
during Leaching 2). This phenomenon is complex to avoid and constitutes a big drawback for the
rest of the process. However, some more research during the industrialization phase could be
carried out to find a solution; some leaching equipment is made to tackle these issues. Then the
rest of the process was investigated to evaluate how the residue could be processed to end in the
re-synthesis of the CAM. Rapidly, it was decided to aim towards oxalate precursors, which have
great potential as a CAM precursor. In this work, sulfuric acid leaching separates the TM from the
graphite: more than 95% of Ni, Mn, and Co could be recovered (sulfuric acid 2M, 65°C, 20 g/L, and
120 min). Then Cu was removed with SX with Acorga M5640 despite the impossibility of adjusting
the equilibrium pH. More than 99% of Cu could be removed from the solution, after 3 stages
cross-current extraction with an Acorga M5640 concentration of 30 vol% and a 6 of 4, at room
temperature. The resulting solution has a strong potential to produce oxalate precursor.

61



62



FUTURE WORK

At this research stage, a definitive comparison of the two proposed routes remains challenging
due to their respective advantages and drawbacks. Future work will involve a comprehensive life
cycle assessment (LCA) and economic feasibility evaluations to provide a more robust analysis.
Both will be planned once the entire process is finalized. The LCA is a crucial tool for quantifying
environmental impact, which is more relevant at the end of the research, as the assumptions
made at the early stage can potentially lead to inaccurate conclusions as the process matures.
Similarly, a thorough economic evaluation is planned later. This assessment will be pivotal in
determining the industrial viability of each route, it involves more refined cost estimations based
on experimental data and preliminary process flow diagrams. It helps identify key cost drivers and
areas for potential economic optimization. Currently, this evaluation is premature, as key process
parameters are yet to be fully investigated and optimized on the lab scale. One relevant example
is the regeneration of oxalic acid, which is pointed out by the literature as crucial when developing
a process based on organic acid.

Given the innovative nature and higher uncertainty associated with the oxalic acid route, our
future efforts will primarily focus on its optimization. Specifically, the lithium-loaded leaching
solution (Leaching Solution 1) necessitates purification. Based on the solution specifications, we
strongly recommend initially exploring ion exchange or adsorption to remove TM impurities. This
is followed by a second ion exchange step to exchange lithium ions with protons. This strategy
could significantly enhance the subsequent regeneration of oxalic acid.

Furthermore, we propose investigating alternative leaching agents to ascertain if sulfuric acid is
the most effective option. Regarding Cu removal, we suggest exploring two other approaches: 1)
evaluating alternative extractants with lower pH sensitivity or equilibrium pH, such as LIX reagents
known for Cu selectivity, or 2) investigating cementation as a method to precipitate Cu as a
metallic compound, potentially utilizing another transition metal present in the CAM to avoid
introducing additional impurities.

Finally, the re-synthesis of the CAM will be undertaken to complete the process development. As

stated in the introduction, this work has not been the target, but this research relevance is
strongly connected with the success of the last operation.
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APPENDIX

Appendix 1: Results of the analysis of variance of the fitted model for all the elements

Element Source Degrees of Sum of Square | Mean Square F-value p-value
freedom SS Ms
Lithium Total 17 4922.4 289.6 - -
Regression 10 4889.1 488.9 102.8 0.000001

Residual 7 333 4.8 - -
Lack of Fit 4 31.0 7.7 10.0 0.0441

Pure error 3 2.3 0.8 - -

Aluminium Total 17 6758.1 397.5 - -
Regression 10 6247.1 624.7 8.6 0.0047

Residual 7 511.0 73.0 - -

Lack of Fit - - - - -

Pure error - - - - -

Manganese Total 17 25.2 15 - -
Regression 10 22.2 2.2 5.1 0.0206

Residual 7 3.0 0.4 - -
Lack of Fit 4 3.0 0.8 75.2 0.0024

Pure error 3 0.0 0.0 - -

Cobalt Total 17 5.3 289.6 - -
Regression 10 5.1 0.5 15.3 0.0008

Residual 7 0.2 0.0 - -
Lack of Fit 4 0.2 0.1 16.8 0.0216

Pure error 3 0.0 0.0 - -

Nickel Total 17 30.5 1.8 - -
Regression 10 294 2.9 18.5 0.0004

Residual 7 11 0.2 - -
Lack of Fit 4 11 0.3 20.1 0.0167

Pure error 3 0.0 0.0 - -

Copper Total 17 77.7 4.6 - -
Regression 10 65.8 6.6 3.9 0.0424

Residual 7 11.9 1.7 - -
Lack of Fit 4 11.8 3.0 888.6 0.0001

Pure error 3 0.0 0.0 - -
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Appendix 2: Sum-up of the significant parameters obtain for the regression models for every element

Element Effect Coefficient | Standard t Stat p-value
error

Lithium Intercept 92.09 0.86 107.32 1.61E-12

OA Concentration 6.76 0.69 9.80 2.45E-05

Time 10.68 0.69 15.49 1.13E-06

Temperature 12.61 0.69 18.28 3.63E-07

Time*Temperature -8.40 0.77 -10.89 1.22E-05

OA Conc. * OA Conc. -6.33 1.32 -4.78 2.01E-03

Time * Time -5.85 1.32 -4.42 3.09E-03

Temperature*Temperature -6.50 1.32 -4.90 1.75E-03

Aluminium Intercept 94.43 3.36 28.09 1.86E-08

Time 16.24 2.70 6.01 5.36E-04

Temperature 13.58 2.70 5.03 1.52E-03

Time*Temperature -8.60 3.02 -2.85 2.48E-02

Manganese Intercept 2.64 0.26 10.18 1.90E-05

Time -0.55 0.21 -2.64 3.34E-02

OA Conc. * OA Conc. 1.22 0.40 3.04 1.90E-02

Cobalt Intercept 0.48 0.07 6.70 2.78E-04

OA Concentration -0.48 0.06 -8.28 7.33E-05

OA Conc. * Temperature -0.29 0.06 -4.49 2.83E-03

OA Conc.* Time * Temperature 0.16 0.06 2.55 3.83E-02

OA Conc. * OA Conc. 0.63 0.11 5.64 7.86E-04

Nickel Intercept 0.40 0.16 2.53 3.90E-02

OA Concentration -1.01 0.13 -8.04 8.80E-05

Time -0.70 0.13 -5.56 8.47E-04

Temperature -0.41 0.13 -3.27 1.37E-02

OA Conc. * Temperature -0.37 0.14 -2.63 3.41E-02

OA Conc.* Time * Temperature 0.52 0.14 3.67 7.92E-03

OA Conc. * OA Conc. 1.41 0.24 5.82 6.53E-04

Copper Intercept 1.32 0.51 2.57 3.69E-02

OA Concentration -1.66 0.41 -4.04 4.96E-03

OA Conc. * OA Conc. 2.28 0.79 2.88 2.36E-02
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Appendix 3: Pareto chart of the standardized effects of the factors (xi1: acid concentration, x2: time and xs:
temperature) for the regression model of Lithium (a) and Analysis of residuals: standard normal distribution
of the residuals (b); residual versus observation order (c); residuals versus fitted values (d) and Response
predicted by the model versus experimentally observed response (e)
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Appendix 4: Oxalic acid leaching of the Black mass — Evolution of E (orange), pH (black), and temperature
(blue) during the operation.
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Appendix 5: Composition of the residue wt% (%) after the oxalic acid leaching (420 min, 400 rom, 0.6 M
oxalic acid) at different temperatures (obtained after aqua regia digestion + ICP measurement)

Co Ni Mn Fe Cu Al Li
T (°C) / Black mass wt% (%) | 10.8 8.7 8.0 0.1 4.3 1.1 3.3
80 9.31 | 6.66 | 5.92 | <LOD 1.32 <LOD 0.53
70 9.50 6.77 6.05 | <LOD 1.56 <LOD 0.58
60 9.09 | 6.50 | 5.82 | <LOD 1.64 <LOD 0.51
50 8.74 6.22 5.63 | <LOD 1.55 <LOD 0.50
40 9.08 | 6.46 | 5.83 | <LOD 1.67 <LOD 0.57
30 9.41 6.68 5.93 | <LOD 1.98 <LOD 0.64
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Appendix 6: Evolution of the leaching yield and concentration during the leaching operation under T = 65°C,
[H2504] = 2 M, 300 rpm agitation and different S/L ratios, 10, 40, and 80°C for Co a), Mn b), Ni ¢}, and Cu
d)
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Appendix 7: FT-IR spectra of the leaching residue 2 (T = 65°C, [H2504] =2 M, t = 120 min, 300 rpm agitation)
at different S/L ratios
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