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Abstract

In response t@ur 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 orohi chemistries However, with this
increasing demand for4on 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 recovehe 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 stratgies based on early Li recovery, which aim to increase the Li yield and allow the
recovery of cathode metals together as precursors to directhsyrethesize the electrode
material. The first strategy is based on the pyrolysis of the black mass, folbyweater leaching.

The second approach is based on using oxalic acid for the selective recolerylrofthe 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, MnQO¥and LiCQ. Since kCQ is
sparingly soluble in water, water leaching was applied, and up to 70% of Li was recovered from
the sample pyrolyzed at 600. Li recovery limitatiacould be connected to the formation of 3
distinct byproducts of the pyrolysis: LiFzRQ, and LIAI@ 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 agentThe second strategy investigatedhe direct use ofoxalic acidwithout any
thermal pretreatment The best operating conditions were determinedademperatureof 60°C,

asolid to liquid ratioof 50 g/L, andanacid concentratiorof 0.6 M, corresponding to a molar ratio

of 1:2.5(cathode material metals: acidJ hisleadsto more than 95% recovery of Li and 100% of

Al. It was determinedthat the Lidissolution rate is chemically controllednd the activation
energy was estimatetb be 76 kJ/mol. The leaching selue comprise a mix ofgraphite and a
disordered (Co,Ni,Mn}Os -2HO phase. This residusas then leached with sulfuric acid to
dissolve the metabxalatesand separate them from the graphite. A estage leaching (M

H.SQ, 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 extractiovas usedfor Cu removal, and a 3®mI%Acorga M5640 in ESCAID
wasapplied for 30min at 25C, with* = 4 and 4 stages. The resulting recycled solution, free from
Al, Li, and Cu, represents a promising feedstock for producing NML.iNk&Mn1/3Ca/30,).
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Abbreviations and definitions

The following abbreviations and definitions are used throughout this thesis:

BM Black mass PCM Progressive conversion model
ca. around PE Polyethylene
CAM Cathodeactive material pHeq Equilibrium pH
CMC Carboxymethytellulose PP Polypropylene
CQ Carbondioxide PVDF Polyvinyidene fluoride
D Distribution ratio PYRO Pyrolysis
DE2HPA Bis(2ethylhexyl) hydrogen R Coefficient ofdetermination
phosphate
DMF Dimethylformamide rom  Rotation per minute
E Percentage extracted (solvent Rup Weight profile Rvalue
extraction [%]
E Energy of activation [kJ] S/L Solid to liquid ratio
EU European Union SBR  Styrenebutadiene rubber
EV Electric vehicle SCM  Shrinking core model
FFIR FourierTransform Infrared SEM- Scanning electron microscopy
Spectroscopy EDS Energydispersive Xay
spectrometry
GHG Greenhouse gasses SX Solvent extraction
ICROES Inductivelycoupledplasmag t Time [min]
Opticalemissionspectrometry
IEA Internationalenergyagency T Temperature {C]
INC Incineration ™ Transition metal
IX lon exchange TOC Total carbon content
k Kinetic constant [mif] UN Untreated material
Ksp Solubilityconstant us Ultrasound
LCA Lifecycleassessment vol%  Volume percent
LCO Lithiumcobalt oxide WEEE Waste electrical and electronic
equipment
LFP Lithiumiron phosphate
LiB Lithium-ion Battery wt%  Weight Percentage
LMO Lithium manganesexide XRD  X-Ray Diffraction
m Avrami order Y Leaching yiel¢Po]
n Theoretical number of stages n D Free Gibbs Energy [kJ]
NCA Lithiumnickelcobalt aluminium oxide | * Organic to agueous volume
ratio (solvent extraction)
NMC Lithiumnickelmanganeseobalt oxide | %P Precipitation yield%q
NMP N-methyl pyrrolidone
OA Oxalic acid




1

Table ofContents

INTRODUGCTION. ... e e s s s s s e s s s s s s seeeeeeeeeeesemnnnes 1
GOAL AND DRIVING FORCE FOR THIS THESIS ...ttt ttetiuttesueeeteeaiteesteessteassessisesssseessesssseessesssnesnsesssesssessnneens 2
BACKGROUND......uuttttiiiiiieiiieieeeieetebeseeee et e e e et et et et taaetamt e e ettt et atatataaaaaaaaaaaaatamteatataaaaaaaaaaaaaaaaaaaaaaaaaaaaans 3
2.1 L IONBATTERY ettt e ettt e et e e e ettt e e e e e et e e ettt e e et e e e e e e n e e et e e e aeeen e 3
2.2 COLLECTION ANDIRTING OBPENTL-IONBATTERY .. ..utttririiiiieeieeiiisiiinre et r e e e s s ssinrnsneenee e e e e e e s e s ninnes 5
2.3 RECYCLINGPTIONS FABPENTU-IONBATTERY.....ceiiuiririeeiiiiieeessssss sttt eere e e s s s s ee e e e e e e s e s nennes 5
2.3. 1 PretrealMeNt ... ...ttt ene e e e 6
A N O T (- =T ox Yo 11 o USRS 7
2.3.3  Pyrometallurgy MethOdS........cccooiiiiiiiiieeee e e e e e e e e e s ennnes 8
2.3.4  Hydrometallurgy MethOUS.........covvviiiiiiiiiiicis et e e e e e e e e e aaaeeneees 8
2.4 RESEARCRUESTIONS ANETOPE. ... ..uuuuitiiittttiiieetettutneeseeastiseeteesssesaessst e eesestssn e aaseesianreeseessnns 13
2.4.1  Identified recycling ChalleNgES.........ouueiiiiiiiee e 13
2.4.2  Project boundary and Research question enunciatian..............cccoovvvveeeeiiiiieee e 13
THEORY OF EXTRACTIVE METALLURGY ...cciiiiiiiiiiii e 15
3.1 CARBOREDUCTIONMIETAIOXIDES. ... uuetttteteeesiaiiirrnrsssseeeteeeeessassssnssssseeeesseseesssssasnnrnnneeeeeeassessesnns 15
0 R O 1V V1= O PO PPP P PPPPPTPP 15
3.1.2  Black Mass CarbOredUCHION...........ceeirurriieiiiereee ettt e e e e s 15
3.2  CHEMICAEUNDAMENTALS OAETALLURGY....citiiiiiiiiiiiitit ettt e e s s s s e n e e 16
3.2.1 Thermodynamics and equilibrium considerations...............cccoee v ieeriiiii e 16
3.2.2  Metal i0NS iN SOIULION. ......oeiiiiiiiiiee et e e s e e e e s annr e e e e e 16
3.3  LEACHING METAIEXTRACTION. . .. i teetttttiteeeeeetttaesasesastseeeeeetsta s eeesaasanaaeaeesssnnnsaeeeessnnnnsaeessnnnnsaaaeens 18
I 20 R €= o 1= T = 1 I o o ] o= PP PP PP PPPPRP 18
3.3.2  Kinetics & Mechanism iNVESIGAtION. ...........ciiiiiiiie e 19
3.3.3  Selective Li dissolution from BlaCK MasSS.........coocuuiiiiiiiiiiiie it 20
3.4 METALEPARATIOMECHNIQUES. .. .uuiittitttiieeeeeettuaeeeeesastsaeesestnnaaeeeaaanaaaeseestnnaaeseessnnnaaeasessnnsaeasees 21
T Nt R o (= Tod o] = 110 o PPN 21
3.4.2  SOIVENT EXIFACTION . ... .eeeiiiiiitiiee it e e e s e e e e e e e an e e e enres 21
MATERIALBND METHODS. ... ...ttt e e e e e e e e s emrtseeseeeeeee e 23
4.1 OVERVIEW OF THEPERIMENTAMORK .....cciiiiiiiittiiiiiit it et ettt e e e r e e e e e s 23
A2 IMATERIALS. ...ttt ettt e e et et e et ettt e e o4 e 44 s e b e e e ettt e e e e e o4 e e aaa bR RRe e Ee e et e et e e e e e e e n e n e e e e e e eeea s 23
N R = =Tt 1 T PP PPP R TRPPRRR 23
N O 1= 41Tt R PP 24
N = @ 111 = V1= N N 24
4.3.1  Thermal treatMeENnt SEUP........ccoiiiuiiiiiiiiiiei et e e s e e e e s sbb e e e s nneeeas 24
4.3.2  LEACKING. ... ettt e e e e e e e e e r e e e e e e e e e e e s 24



4.3.3 Evaporative CrystalliZatiQn............cooiiiiiiiiiiiiiee e 24

R N (= Tol o] ¢= L1 (o] s OO PPPPPPTPTP 25
4.3.5  SOIVENT ©XIFACTION . ......tieieeeiiieee ettt e et e e e st e e s e st e e e e e e s anbbe e e e e annees 25
4.4 ANALYTICAUETHODS. ...t iuttetetauteenteeasteeasteesteeasbeesbeeaateesbe e aabeeaa bt e abeeaabeesbe e eabe e emeeebeeesbeenbeesabeenbeeanee 25
4.5 THERMODYNAMICEDNSIDERATIONS .. ..ceuteeutttauteesuresaueeasseessetasseestseasseessseesaneassessssessseesneessesssesssnens 26
4.6 DESIGN OEXPERIMENTSSTATISTICAVIETHODS .. eeutteuteesteesuteesteeetesssneesteessseesbeessbeesuneesieesnsessaeeanneens 27
5 RESULTS AND DISCUSSIONS.......ooiiiiitmr e amss e e sseeee e e e e e s emrsesereeeneeeees 29
5.1 BLACKVIASIOHARACTERIZATION ..ccitiiittiiiiittrtreettettteeessssaaiisrareeetreaaaaessessa s s n et e e aeeesessessassnnnrenneees 29
5.2 SIRATEGY: BASED ORARLYRECOVERY QFVIAWATEREACHING AFTBIM THERMAOREATMENT................. 30
521 2 GSNJ ESFOKAY3 | FOGSNI AYOAYSNI GA2Y. . Ly .R.BBNRf &aAs3
5.2.2 Water leaching on pyrolyzed BM at the optimised conditions (Leaching.1)..................... 33
5.2.3  Sulfuric acid leaching (LEacChiNg. 2)...........oviiiiiiiiiiiiiiie e 36
5.2.4 Conclusions and perspectives ONn Strate€gy.L...........uuvurriiiiiieiiieieeeeeeeee e e eeeeeeereenn 36
5.3 SIRATEGE: BASED ON THERRLYRECOVERY QFVIAOXALIGACIDLEACHING.....evvviiiieeiiiiiiiririrnreeen e e 37
5.3.1 Oxalic acid leaching (LEaching.L)......cccceiiiiiiiiiiii e e e e e e e e e e e e e e e e e eeeeeaaees 37
5.3.2  Sulfuric acid leaching (Leaching.2)..........cooviiiiiiiiiiiice e 50
5.3.3 Purification leaching solution-Zowards the production of CAM precursars...................... 56
5.3.4 Conclusions and perspectives 0N Strat@Oy.2........ccuueiiiiiirieieee e 60
6 1010 N[0 I 15 [ | TP PTPPR 61
FUTURE WORK ...ttt stttk e sttt et e et e e e e e e e et s e seeeeeee e 63
ACKNOWLED GEMENTS. ...ttt e et e ettt e ee s ts st e et e e emst st s st esessssmeeeeeeeeeeeeeans 65
REFERENCES. ... e 67
F N o = N D T PO P PP PP PP PPPPPPPPPPPN 81

Vi



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 (GH{)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 transitimifers cleaner alternatives to fossil fue8]. This
changeis concomitant with rising concerns about energy consumptiowaste electrical and
electronic equipment (WEEBhd the environmental impact of production and dispodaion
batteries (LiBs) haveecome 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 laptopq3]. Lately, thanks to performance improvements, LiBs have found large applications
in the field of electric mobility and energy storage systems. The transport sisctore of the

major contributors ofGHG, responsible f@7% of COSYA aaA 2y a FTNRBY SyRmndza$S
[4], equating to approximatelyt5% of global GHG emissions. In 2020 alone, the ustediic
vehicles (EVEontributed to more than 50 Mt C&eq ofsavings irGHG emissiagyglobally[5,6]

The extensive usage of LiBs masulted insignificant pressure on the market for critical and
strategic materialseeded for battery productionincludingnatural graphiteli, Caq Cu, Mn, and

Ni, classifiedas suchby the European Commissiaiue to theirsignificant economic importance

and elevated supply rigl8,7,8] Moreover, the production of these raw materials from primary
resources is associated with GHG, technological, and societal j8g@i2% For example, life cycle
assessment (A dataindicatethat recycled LiOH vyields 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 #8240
decrease in life cycle GHG emissions relative to virgin material prody&@gnFurthermore,
significant waste volumes are expectedthg end of the decad¢6], and its disposal will pose
significant environmental challenges as it can lead to the release of hazardous compounds (metal
2EARSY 2NBIYAO a2zt @S y[6A3 MOdenbdtkry dodie§ B code@redi2 dzy R &
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 witininimal 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 / Reductior Reuse> Recycling> Recovery> Disposal

In the case of batteries, reuse accounts for only a limited share due to technical and economic
challenges, with onl§0% of the global storaggemand being met by reuse in 20R). Recycling

is an inevitableoption for endof-life management of LiBE]. It would have various positive
impacts, such as creatirysecondary source of supply that reduces the burdenhermprimary
supply from new minegxoviding enhanced security for countries and regions with clean energy
technology deployment but Ilimited mineral resource endowmerdnd bwering the
environmental footprint of clean energy technologi&s6]. For exampletis estimated that 250

tons of ore are processed to produce 1 tonlofLicarbonate equivalent LCE), wén 256 EV
batteries would be needed to achieve the same production.
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Worldwide, plicymakers are working to establish a framework to imprtheerecycling of all LiBs
components and enable the reuse of recycled mateiialsattery production. For instance, EU
battery regulations (No 2023/1542)ave been adopted in July 20286]. It provides a legal
frameworkfor 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 wEigtiiermore, it imposes
minimum recovery rate®f 80%for Liand 95%for Ni, Cu, and Cby the end of 203116].
Moreover, the implementation of a percentage requirement for recycled material in newly
produced batteries is pushing toward better recycling procedsesthe same timelinenew LiBs

are expected to contaia minimum ofl6% recycledCq 6% recycledli, andNi[16]. The regulation
mandates that recyclers utilize theo-calledBest Available Techniqués achieve the specified
recovery rate targets.

Goal and driving force for this thesis

In practice LiBs recycling poses significant challenJésee major recycling family processes
exist: direct recycling, pyrometallurgy, and hydrometallurgy. The labgsion enables high
recovery rates and requires lower energy consumption, but it is a complex and chemically
intensive procesgl7]. It has been the subject of various research over the last dedégleRilot

and commercial systems already exist, besearchers arestill pushed todevelop innovative
solutionsthat enhane the circular use of critical minerals, minimikB O & CehvirofiAetal
impact, and support a more sustainable and resilient supplyncf@i As an example, the
International Energy Agency (IEA) states that next generation leaching techniques should be
based on a selective leaching approach with maximized rec¢8gry

Thisthesisis part of alarger initiativeto develop a more sustainable and circular process using
ecofriendly chemicalsuch asrganic acidand 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 reeling process, thereby promoting and simplifying a circular value chain
for materials and sustainable resource management. On that accounigpproaches have been
investigated, both starting with the early Li recovery: the first combines -pyand
hydrometallurgy, and the second consists of hydrometallurgy drie. synthesis of the recycled
cathode material is not investigated here.

This thesis is divided into several sectiofise initial section establishes the current state oELIB
hydrometallurgical recyclindeading tothe research's objectiveand limitations Following this,

the fundamentalsaspectsof each unit operations employed throughout this researehne
provided and explainedsubsequently, all the materials and methods used are listed. Finally, the
last sectioranalyseghe key results, discussemnd offers insights intpracticalapplications The
document finishes wih a summary and conclusion of the work, outlining the remaining steps
needed for industrializing the process.



2 BACKGROUND

2.1 Lkion Battery

Over the past decades, multiple battery chemistries have been investigated and implemented for
energy storageapplications.So far, die to its small atomic radiusand high electrochemical
potential, Liis an ideatharge carrier, leading to its widespread use in batteries. HoweveigiNa
batteries have seen their market share increasend research is ongoing to develop this
technology [18]. Moreover, nexigeneration batteries,like solidstate batteries,are under
development and there could be many breakthroughs in the future.

LiBs comprise a serieg cathode and anoddayerswrapped multiple timessoaked in liquid
electrolyte withina casingyhich formsa battery cellThe casing is usually made of stéd],and
plastic.Depending on the application, the produced battery cells are interconnected in series to
form a module, and these modules are furtlessembledo create a battery pack. An EV battery
pack can weigh around 300 to 900, kgth a capacity ranging from 30 to 100 kViA9]. For
example, the battery system dtie Audi etron Sportback comprises a pack of 36 modules with
12 pouch cellgproviding 95 kWh with a voltage of 396 V) for a volumé.a# n¥ and a massof

700 kg[20]. The different components of a battery celith their average weight composition,
detailed inFigurel, include the following

1. Theanode electrode is composed of an active material, commonly graphite (abouat 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, whadhuldbe problematic for recycling.
The active materiadnd conductive agent areound 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 constitutesa.7 to 17 wt% of the cell.

2. A separator avoids electrode contadtiscommonly a porous polyolefin membramadlowing
LiA 2 Widwrepresenting3 to 12 wt% of the cell. The composition of the separator includes
polyethylene (PE), polypropylene (PP), and their b[@d?325].

3. Theliquid electrolyte (0to 20 wt% of the battery cell) is composedadfisalt, with LilFs being
the most widely used, and a solvent comprising a mixture of alkyl carbonates, among which
ethylene carbonate, propylene carbonate, dimethyl carbonate, diethyl carboraate the
most popular, but may more molecules can be identif@t;23].

4. The cathodeelectrode(15 to 41 wt%) is composed ofi active material boundogether with
a conductive agent (typically acetylene blaikan Al current collector (4 to 7 wt% of the cell)
with a binder(typically PVDH17,23,26] The binder is present in a range @édiwt%[26,27]

The cathodectivematerial (CAMEan bea Litransition metal oxide, giving the battery its name,
i.e. lithium cobaltoxide (LiCo&) LCO)lithium manganesexide (LiMaOs, LMO) lithium nickel
manganese cobalbxide (LINCgMnixyOz, NMCO), andlithium nickel cobaltaluminium oxide
(LiINkKCGALxyO2, NCA)r phosphate based compound such as lithium iptvosphate (LiFeRPO
LFP)For NMQGype batteries, transition metamolar ratios can vary from one battetype to
another, and theratio istypicallyindicated in the naméNMC111 NMC81Z% . Xl@wadays, Ni
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rich chemistries and LFP dominate the EV maj&28,29] Figurelb presents the current and
projected market shares for batteriesh& elemental compositionf the CAMvaries,accounting

for approximately 5 7 wt%Li,5 - 15 wt%Ni, 5 - 10 wt%Mn, and 5- 20 wt%Co, andabout 15

wt% of organic matter, and aboutwt% of plastid27]. 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 intest of recycling the wast3]. In fact, lattery recycling could meet 20

to 30% ofLi, Ni,and Codemand by 206 [3].

a) b)
50 100%
404 80%
60%
RS 30+
2 40%
20+
[3 20%
10_ i
‘; |j = 2020 2023 2030 2035 2040
0 - O Low-nickel @ High-nickel
009\(@ N L égt?\?ee Anode .\ Cathode gHigh-manganese mLFP/LMFP
A e ged oaterial foil fail @ Na-ion

Figurel: a) Generic composition of LiB cell in weight percentage (wt%) (mix LCO anfRRIRIC30,31]
and b) EV battery cathode development projectighowNi chemistry includes NMC338MC532 while
HighNi includeNMC622 NMC721, NMC811, NCA, and L[(28,29]

There are several methods to produce the CAM, such gwexmpitation, solgel synthesis, or
spray pyrolysi$32]. The most common is the guecipitation of CAM precursdB2] 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 pref@8sors
35]. One standard procedure is that TBulphatesare precipitated as hydroxides under a
O2yiNRtfSR SYGANRYYSYy(d 6LI T GSYLISNI Gd2NBEZ YAEAY
obtain uniformsphericabarticles with homogenizechemicalistribution. 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 singiphase fructure. In the case of hydroxide, typical precipitation and chelating
agents are NaOH and (NBH[36]. Then, CAM precursors are mechanically combined with a Li
source such as LIOH opQ@. Typically, LiOH is used to produce NMC cathode material. The
mixture is then calcinated and sintered to obtain the CAMismethod is already applied in
industry and is costffective. It allows efficient particle size, morphology, and tap density control
[32].

In this thesis, the waste received for investigation is NM&ddsked; this remains one of threost
significant batteries on the markeand the waste volume is projected to reach millions of tons
worldwide per yearby 2030[3,4,6] Hence, a solution for its recycling is urgently needed to
maximize metals' circularity



2.2 Collection andSortingof SpentLrion 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 irofig involves the battery

producers in enebf-life managemen{37]. Recyclingentresare emerging worldwide and will be
responsible for sorting, assessing, and storing the batt¢88%39] The vast diversity of battery
technology makes these steps challenging regarding logistics and safety. A global agreement on
battery labellingwould be beneficial, such as the European battery passport or QR code in China
[40,411a 2 NB2 OSNE NBaSIF NOKSNE FyR O2YLI yAaSa | NB RS
performance and evaluate whether it should be reused, repaired, or sent for recjzltig42]

2.3 Recycling Options fo®ent Liion Battery

The following sections will detail each recycling option's process parameters, benefits, and
drawbacks. These existing primary processes for battery recycling are summarkigdreR,
based on the literature presented beldd4-95].

Battery packs Smelter o o
Flue dust, gas emission (potential Li recovery)

PYROMETALLURGY
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Figure2: Summary of the significant recycling routes after collection of the batteries.



2.3.1 Pretreatment

Discharge

Once the batteries are collectethey are discharged (forcing*lions to transfer to the CAM
structure). Thissa crucialstepto preventthermal runaway and product loss through firekile
opening the battery[22,43] Three predominant methods exist on the market: sadtter baths
(such as sodium chloride sulphaté, 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 tiiehan
Hence, electrical discharge is usually preferred in the industrial landscape; the porargly
recoveryandreuse would make the operation more@nomic[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 reseancti development is being done,

as it would reduce the risk and cost of the operati@2,43] 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 blackass (BM), a blended mixture of the active mater[alg]. 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, busiassociated with large wastewater volume, and the
resulting BM contains more impurities, making this option less prefefB8]. One major
challengeof this step is handlinglectrolyte solvents.One option is to crush at a medium
temperature (under 17%C) to cause the volatilization of the solvent, which can be collected after
distillation. More intense heating operations can be applied {80fax) to decompose tlaode

binder and organics. Following crushing, a sequence of separation steps separates the
components based on thephysical properties, such as patrticle size, density, or conductive and
magnetic properties.

The BM fraction is considered to have high economic value, vatgpgnding on the content

of Li, Ca Ni, Mn, and otherimpurities [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, eleailytes (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 disgion, alkaline Al selective dissolution,
ultrasonic separation), all methods are listedTiable1, a combination of all of them could be
considered if proven efficient and economically reasondBte. These prdreatments would

have a substantial impact on the whole recycling procesgastsuggested that deep separation
and recovery of Abefore hydrometallurgicatreatment would have asignificantpositive effect
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on the carbon footprint of the overall recycling procd&g]. A thermal treatment can also be
applied as a BM prereatment, developed later in the text.

Table 1. Additional pretreatment optionsfor the electrolyte removal or the separation of the active
material from the current collector fdd7-54].

Methods How Pros Cons

Supercritical | Fluid under controlled F Remove and recover thi Solubility limit might
fluid [27,46] | and T, mainly CQwith | electrolyte solvent or binder | necessitate the use of €o

potential casolvents), solvents.

with a gas trap at the Research levainly.

exit.
Graphite Water (with potential | 85% of the graphite recovere| 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 th Solvents' high cost and
dissolution pyrrolidongNMP) or binder with CAM, facilitating toxicity present significant
[45,48] Dimethylformamide its removal from Al foil environmental and health

(DMR dissolution concerns
Al dissolution | Alkaline leaching, Al leaching yield can reach | Lilosses, and the alkali
[49,50] mainly with NaOH over 90% wastewater containing Al

is complex to purify
Ultrasounds | Cavitation effect (probe Efficient separation of CAN 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 ¢

methods BM change, facilitating

[52,53] leaching

2.3.2 Directrecycling

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 X@ksts
During its usage, the CAM loses performance due to different degradation phenomena (crystal

RSTSOGaz [A 2y t2aaSax X0 {idGAfftx AGa ONRaAI

potential solutions to correct structural defects andlithiate the structure to regain its original
performance. CAM regeneration can be performed via hydrothermal, solid state,
electrochemistry, ionothermal rthiation, or molten salt solution treatmentL9,54,55] These
challenging operations require stringent CAM fmeatment; 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 specificaligvouredroute 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 taecycle these fractions so far. One big market challenge for direct recycling
is the constant evolution of battery chemistry. IndediBs with obsolete battery chemistries
cannot beshortloop recycled but must be chemically processed into a more releatfit
chemistry[42].



2.3.3 Pyrometallurgymethods

Smelting(above 1000C)

In this operation, LiBs asmeltedat a high temperature (1000200°C), allowing the production

of an alloy containin@q Ni, Cu andFesince those elements have a low oxygen affinity. This alloy
must be furtherprocessedusing hydrometallurgical techniques to separate the metals. Two
major byproducts can be recovered: the slag mate and flue dust. Thestagriseshigh oxygen
affinity elementssuch ad.i (and all alkaline metalgjl, andMn [56,57] Besideshe slag someLi

may be present in the flue dust stream due to the low vapor pressukecoinpounds, such ds
metal, fluoride or carbonate, andomeother volatile elements and fluorinated compounds. All
carbon and organic compounds are burnt and leave the furnace @melfs (CO and @@¥]. 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 recoveringi, Cg and Cu from the alloy using a
hydrometallurgical process after smeltiftg6]. The predominant advantages are handling large
volumes of battery waste and thieigh flexibility regarding the input materjaince there is no
need to sort collected batteries based on their chemistioreover, noprior dischargeor
mechanical treatments needed However, the need for energy in such a process is concerning,
and various gases are emittddastly Liis distributed among the flue dust and sjagaking it hard

to recover[7].

Heat pretreatment (above 500C)

Pyrometallurgy techniques can also be used to-fpeat waste. Here, the temperature applied
will be lower than in the smelting process; typically, it is between 500°C antCA@@der a
controlled atmosphere (Air, D H, 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 seBidgfl]. Additionally,
some reagents can be added to the BM to assist the roasting operati@se agents are selected

to help transform Li metabxide into more soluble substances suchsadphate chloride, or
nitrate [58,60,62] This strategy has some advantages; agaimpatteries can be inserted without
preliminary dischargeand it would reducevaste volume facilitating transport [63]. Moreover,

the binderwill decompose, allowingasy separation of the active material from the current foils
[17]. Ths benefits the hydrometallurgical processes, concentrating B and increasing the
contact surface between the valuable elements and the leaching abgasitly the Limetal 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 Hydrometallurgymethods

Compared to the pyrometallurgy route, hydrometallurgy methods enable higher recovery rates
along with lowerhazardous gagmissions,and requireless energy[38,64] They have high
potential for industrial realization. However, they amemore complex and chemically intensive
processinvolving metal leaching,followed by separation and purification through chemical
precipitation,solventextraction,or electrochemistry techniques such as cementation
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Black mass leaching

Thevaluablemetals in theBM(Li, Co, Ni, Mn, Al, Cu, legfirst dissolved in the leaching meatn.

At the same time, insoluble components, such as graphite or plastic fragments, are recovered in
the solidleaching residueThe commonly used acidse mainly inorganic, such as KHB1SQ, and

HNQ [65¢68]. Usually, adding a reducing agent is needed to reduce the element into a more
leachable oxidation state, i.e., fro@dlll) to Cqll) or Mn(V) to Mn(l). In fact, the NMC
dissolution mechanism with mineral acid has been investigggdH 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 [B®]. 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 rédgagents, but their low content implies
using an external reducing ag€e7,68] The most commomcidsand reducingagentsused are
sulfuric acid and hydrogen peroxif22]. The leaching conditions vary depending on the chosen
process operationparameterscan beacid concentration from 1 to 5 M40, addition from 3 to

10 vol%, temperature from 50 to 90°C, time from 1h to 6h, and a-solidjuid ratio (S/L) from

20 to 200 g/l{17,21,24,70]

Usingthese inorganic acids is associated with varigaseougemissions such as g@#, or NQ,
depending on the acid usednd the formation of waste streams and wastewaf28,30,64,71]
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 agen890,64,72] The composition of the leaching solution will
depend on the feed material, the impurity content, and the wrong sorting of battery type, which
canlead to a higher content of certain elements. For example, some authors tested the leaching
of a mixture of synthetic NMC material and LFR¢eess the impact of higher Fe content on the
sulfuric acid leaching. It was shown that by adding tidPtransition metal extraction increased

(as the presence of A lowered the redox potential), as well as theecid consumption.
Additionally, HO, wasdecomposedy the high concentrations of K#)and Mn(ll), reducing its

total efficiency

Towards moneelemental compounds production

Leached metalan berecovered and purified using different technigyesuch as solvent
extraction (SX), ion exchange (1X), 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 elimingmexigh precipitation73,74] Typically, NaOH

is used as a precipitating agent; the equilibrium pH to remove Al and Fe iScalofvever, co
precipitation of Mn, Ni, Co, or Li can occur at different levels, up to 21%, depending on the amount
of Al to be removed49,75] Temperature is known to decrease fQHbut to increase co
precipitation, thus, it must be controlled carefully6]. Researchers explore other reagents or
methods to mitigate the losses, likX or SX[22]. For example, LIOH or PRO, can be used as
precipitating agents. The first one can reduce valuable metal losses by 50% and avimd Na
addition [75]. Meanwhile, precipitation with phosphate reduces losses and increases the
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filterability of the AtFe cake by avoiding the formation of Al(@p8rticle gellike colloidq76,77]
Although Cu could be precipitated, it usually involves higher Ni losses. Hence, other separation
techniques, such as cementation before Al and Fe removal gk¢é®xga M564@r LIX extractant

can be applied), are typically uke

Downstream, Ni, Co, and Mn separatientypically executed througBX IX or precipitation
methods. Although precipitation with LiOH, NaOH, os@@ is efficient and viable, pH control
complexities may lead tthe co-precipitation of other element$17,27,64,78] For instance, Li
losses can be up to 25% in total when udiilePH22]. Solvent extaction techniquegan mitigate
these losses and recover highly pure compoundseftarates the metal ions using organic
extractants such as [ERIPA (Bis(2ethylhexyl) hydrogen phosphateCyanex 272bis(2,4,4
trimethylpentyl) phosphinic aciy] PC88A (2-ethylhexyl 2ethylhexylphosphonic acjdor TODGA
(tetra-octyldiglycolamidg[70]. Many flowsheets have been developed at different scal®se
possible process is the use of D2EPHA to redevefrom the leachate (at a pH ofc2.5)[17].
Cyanex 272, an organophosphorus acid extractariteguently used in the mineral industry to
separateCofrom Niin sulphatesolutions.Cois extracted at a pH of about 5, whilgis efficiently
recovered at a pH of about 6[57]. Their main disadvantage is the complexity of such a method,
with multiple extraction stages, and the high cost of solvent, which in many cases iR&jxic

Finally,Liis recovered usingNaCQ as a precipitating agen{78,79] A significant amount of
NaSQ is generated (about 2 kg for every 1 kg o€l produced) as a secondary waste stream,
currently unused and disposed ddinceliis obtained at the end of the recycling flowsheet,
different extraction steps lead tbilosses, resulting in lowéirecovery.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 t¢8BR/L
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 seitium and
choline alkanoatsoapswasproven efficiento reduce thelLiconcentrationto the ppm level (less

than 100)[80]. In the same way, cationic resins or Mn and&sed adsorbents can be employed

to remove Li, but they have low selectivity towards other alkaline cations (Na, Mg[&t@E?]
Finally, some SX systems were investigg83j84] These techniques are still at the laboratory
level and require some optimization to be industrialiZedthe recycling of IBs.

Towards the direct reproduction of CAM

Due to the similarity oTMions like Co, Ni, and Mn in solution, their separation is challenging. To
simplify therecyclingprocess and reduce costs, a precursor matexgal bedirectly prepared by
adjusting theleaching solution's composition, followed by the cathode material's regeneration
through coprecipitation or satgel methodsThis approach has started to be widely investigated
in recent year§85¢90]. For exampleSa et al[86] demonstrated the feasibility of synthesizing
the precursor NisMn13Cas3(OH) from the leachate of mixediBBs using cgrecipitation with
carefully controlled reaction parameters, thereby reducing the complexity of separating these
metals.

Factors such as pH, temperature, a¥id {i lcdnéefirationmustbe optimized to maximize the
CAM productionOne challenging aspect of this method is impurity management. The primary
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contaminant in the TMoaded solution, regarding its potential for CAM precursor, i$90¢O3].
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 thMCNathode. However, an
excess of Cu would degrade electrochemical perform§@2®3] It is worth noting that Li in very

low quantities will not affect the NMC syntheg®4,95] 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 thepoecipitation of TM. This early recovery
would have two major advantages: it would increase the recovaty and reduce the concern
about impurity for CAM resynthesis. 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 operatg 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 thermallyreduced followed bywater leachingLicarbonate, produced duringnetal oxide
reduction, is dissolved selectivelywiater whilethe remaining valuable metatemain in the solid
phase Licarbonate crystalsan then beobtained after evaporative crystallization at 95°C. Some
authors have investigated thitechnique, and the parameters corresponding to the optimal
leaching yield oLiare summarized ifable2. 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.

Table2: Summary of conditions fhidissolution after thermal prreatment and water leaching reported
in the literature(commercial cathode material TNC: Incineration, and PYRO: pyradlysis

Material Initial Thermal treatment Leaching
Active Reducing | composition S/L T t

T t
material | agent Wt% (%) TYPe | (o) ‘ (min) | (g/L) | (°C) | (min)
LIMNG Anode 4.8% Li,0.1% INC | 650 60 40 Amb. 20 83 [96]
material Ni, 51% Mn
LiMnpOq Anode Vac | 700 | 45 40 | Amb.| 30 82 | [97]
LiCoQ material - PYRO 83
NMC 66

*NMC 10% Coke 7.2% Li, 20.0% PYRO 650 | 30 34 25 60 94 | [6]]
111 Ni, 20.5% Co,
19.4% Mn
LCO 20% 6.5% Li, 1.6%| PYRO 700 | 30 - 0 60 36 | [99]
activated | Ni, 40.6% Co,
carbon 1.6% Mn, 7.8%

Al
NMC Anode + | 2.2% Li, 6.2% / PYRO 700 | 60 50 80 180 60 | [99]
10% of
graphite
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2. Theuse of oxalic acidsaleaching agent
The second method is only hydrometallurgibaked, saving the use of the thermal treatment
method and avoiding inorganic acid. Oxalic ac&dgsod candidate as a leaching agent as it forms
strong chelatingcomplexes which makes the dissolution mechanism based on protonation and
complexation Lireacts with oxalate ion to form a simps®lubleoxalate, whileCy Cq Mn, and
Niare reported to forminsoluble compoundgL00]. Some authors havalreadyinvestigated this
technique, and the parameters corresponding to the optimal leaching yidldané summarized
in Table3.

Table3: Summary of conditions fdiextraction using oxalic acid (OA) as a leaching agent reported in the
literature.

Preparation of the | Stirri Leaching yield (%)

feed material i Li| Co| Ni | Mn

LCO | LCO powdefrom 3 50 80 90 300 9| 04 - - E
cathode and anode =
after crushing and

magnetic separation
(18mesh)

LCO | Discharged, crushe¢ 1 15 95 | 150 400 98| <3| - - E
by shear crusher, N
and sieved (size <

1.43mm)

NMC  Dismantlingand | 0.6 20 70 120 - 81| < < < B
manualseparation 15 15 15 X
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 - 9% | < < | 22 E
(111, 532, 811) 05| 05 B
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2.4 ResearchQuestions andope
2.4.1 Identified recycling challenges

Based on this statef-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 tlesite&@ optimized
recycling technologies to reduce metal loss and enhance sustaingbi&y

2. Leaching with inorganic acids for LiBs recycling presents environmental challenges due to
wastewater and gas emissions (i.e.,2COb, SQ). This process contributes to equipment
corrosion and generates secondary waste over the long {80y81] 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 energgsks associated with hazardous
fumes and acidic waste dispo$a06].

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 tim@tans 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 kenalysedand consideredas a very diverse battery type can
f SIFR 2 &ALISOATAO AYLHWHZINRGASA 6CS:ET / RTEI CI X0o

4. The rapid evolution of batteries can slow down the development of recycling processes; the
approaches developed must be versatile and very-effstient to achieve industrialization.

The incentive to recycle one day can be absent in a few years; a stxangple 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 circulaBs recycling and production process, tackling the
abovementioned challengeg§-irst, aselective andefficient recovery ofLi will be investigated
followed bytesting thedissolution ofthe remaining valuable TMsing environmentally friendly
chemicalsor aiming at acid regeneratiofrinally 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 presentedrigure3. Foremost, two strategies for

this early and selective recovery of Li were assessed as presented above. The thesis does not
include the investigatiof the CAM resynthesisonly the production of the sealled recycled
leaching solution.

The primary focus of the researcts optimizing selected methods and improving our
understanding of their mechanisms, complemented by evaluating their feasibility.
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Figure3: Proposed recycling flowshekt the research project based on early Li recoueNMC
re-synthesis is not investigated here.
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3 THEORY d&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 oMetal Oxides
3.1.1 Overview

Solidstate arbothermic reduction is described asducingmetal oxides (written asMO in the
eqguation) to a lower oxidation stage using carbon as a reductant. The main reaction products are
reduced metals, C@nd CQ. This phenomenon is happening above 50(1@7,108] and likely
occurs through two mechanisnj$08]. The first one is a direct reduction between the two solid
species in contact with each other (Equatijnand the second one is an indirect reductiarhich

occurs through the gaseous intermediate products and the metal oxides (Equatiohhe
produced C®@can react again with carbon, regenerating CO (Boudouard reaction). Thimcan
performed under an inert atmosphey¢he operation iscalled pyrolysis, or in the presence of
oxygen, it icalled incineration.

o000 ¢6 9 ob 60 O Op P
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3.1.2 BlackMassCarboreduction

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 L-bxygen batteriescatalysingthe progression of the reactiof68]. BM can
containca.10 to 45 wt% of carbon, present as graphite (2Ib wt%), separator (mainly PP or PE,

3 ¢ 10 wt%), residual active carbon, or electrolyte solvi#]. Graphite is a known reducible
source. Byond 500°C, PP and PE also completely decompose, forming £&ndCB0, which

can participate in the reduction.

The LiNisMn13Caz0O; structure is reduced, forming different phases: Ni, NiOz0in MG,

MnO, Co, Co0O, an®0i[28,63,10%9111]. While Co and Ni can be reduced entirely after optimal
pyrolysis, Mn keeps an oxidation state higher tha0D+2).Theirdifferent phaseratio differs
depending on the thermal treatment conditions and how effective the reduction could.i@.
reacts with C@to form the LiCQ compound[112]. Less C£s emitted during pyrolysis, which is
more sustainable than incineratidi34]. These reactions were considered whamalysingthe
results ofPapersl and Ill. The reduced oxides will be more easily leached, which decreases the
consumption of expensive reductartsl 3].

PVDRlecompositionoccurs when subjected to temperature;starts at 450°C under nitrogen
while oxygerconcentrationdecreases the initial decomposition temperature320°(114]. The
primary decomposition product is gaseous HF and other fluorinated compounds; generating such
hazardous gaseous substances requires stringerjadfcleaningypically done by a water trap
atlab scaleAnother source of HF is electrolyte salt decompositioRJs, a a temperature higher

than 200°C inthe presence of watef57], presented in Equation3 and 4. POk generated can
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continue reacting, generating more H#oreover, the gaseous HF formed can react witLlor
LbCQ to form LiF(Equations5 and 6). At 600°C, those reactions are spontaneous with a Free
Gibbs Energghange(n D 0 -224.ZkJ and-135.0kJ,respectively.

0 Q0 00 Q0 ¥ "'0Q o
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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 Az in the presence of oxygen.

3.2 ChemicaFundamentals ofMetallurgy
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
0 G SY LIS NI G dzZNHT15, 118 Ihé Gibie\fed enetgy changs a reactionat a specific
temperature, T, isdescribedby Equation 7. Q is the ratio of productactivitiesover reactantf)
activities in nonstandard conditiongmolar concentrations can be used if ideal solution
assumptions are made), whgrHrandnSare the enthalpy and entropy change of the reaction,
respectively.

YO 'Y YO'Y YYD YO 'Y "WYY X

At equilibrium nGKT) = 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 EquatioB and a negative value will describe a spontaneous reaction. Q
becomer, the equilibrium constant. If a system at equilibrium is subjected to any variation (i.e.,
G§SYLISNI GdzNB = | RR,xhé sygefradpists toheBstaldish legailibéuina peinciple
knownasle/ KI (St A SR MDsg117a NA y OA LI S

v

YO 'Y YWD YO 'Y "WYY P
3.2.2 Metal ions in solution

Basis of coordination chemistry

In a water solution, a metal ion is typically associated with water molecwesspeak 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 acibdase association); it can be anionic, neutral, or even catiddi6]. Some
ligands, known as polydentate, present more than one donor atom (coordination sites) and
produce telate complexesSuch 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. Equatio®, 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

i " i . -0
U 0 -0 Q @ — w
§] 8U
. . a 00
- U U -, — Tt
-L 8v P
. 00
-, 0 L O —_—
VL 8v PP

Consequently, the general expression of complex formation for a generic metal, M, and ligand, L,
is expressed in the Equatioh2. Here,i » is the cumulative stability constanin general,the
greater the value of », the greateris the complex stability. The (..) denotélse compound's
concentration, generallynol/L.

0 ¢ 0 0 O Q808 8Q —_—
0 €0 00 1 808 8 5 80 P C

Basicof solubility

As described above, different ionic species can combine in solution; precipitation occurs when the
product of reactant activities exceeds the solubility constandy)(Kwhichis only valid at
equilibrium[115,116] Conversely, the precipitate would-gissolve if thesolubility product is not
exceededThe constant is written for the dissociation reaction as described in Equigidf, is
typically lower than 1 for an insolubfgoduct; the more negative the logJthe less soluble the
compound. This concept is essential for all research (Papers I, 11, IV, and V).

0 0 80 po

Speciation and phase diagram

Speciation diagrams help determine the effects of conditions (pH, ligand concentration, potential,
X0 2y aLISOASA cdprevideNalvisudtiand 2jyadiitativeKrépeesentation of species
availability at equilibrium. For examplEigure4 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 pl valuesprotonscancompete 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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Figured: Predominance diagram of oxalic acid atQRE.19].

3.3 Leaching; Metal Extraction
3.3.1 General principle

Leaching aims to dissolve desired elements from a solid pinésex liquid mediumcalledthe
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 morphologyl wirongly influence the
mechanism. For a dense spherical particle, the dissolution will likely follow thesd 516p$2@;

122}

1. Reactantmass transfefrom the bulk to theouter surface of thesolid particle

2. Diffusion of the reactanin the solidliquid 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 rateontrolling.

4. Diffusion of the producin the interface

5. Product mass transfer to the bulk.

Overall, sveral factors influence the operation, includingrocess conditions (such as
temperature, stirring speeds/L ratio,or time), solid characteristics (such as composition, size, or
surface area), and leaching reagent characterigiush as concentration, pH, or redox potential).
The leaching yieldr conversion(Y)for each element corresponds to the ratio of this element,
which has transferred from the solid to the solution¢én be calculatetbllowing Equation14.

8o O

W P —
? o Uq

pmm pT

Where Gis the concentration of the element, in the final solution(mg/L),V is the volume of
leachingsolution (L) mois theinitial weight of the sample (mgand wiis the elementalweight
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 stateof 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 d€4igf,121] Different
models have been developed focusing mainly on the physical properties of the particle; the
progressive conversion modéPCM)and shrinking core modéBECM)are the two most applied
models[121]. SCM considers that the reaction starts from the particle surface and continues until
the particlecentreis 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 intéiaghe 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 otsdrexpression.
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 rateontrolling, whereas other steps are close équilibrium [120]. Several
different models describthe dissolution rate, the most relevant apgesented inTable4. Where

the leaching conversion or yield is noted Y, k is the reaction rate constant)(maind m is a
constant proper to the used model. The significance of each model evaluated will be discussed in
the results section.

Table4: Models for the dissolution rateEquation and physical background associated

Physical background Equatiors

1D Diffusion ® ™ p UL
2D Diffusion p @llp & & O PO

3D Diffusion . oo
p p (¢ P X

i i c [3) o — <, \
3D Diffusion p 20 0 W 0w
First order Ip & ™™ P w
Secondorder p o 8o cn
p 9

i p = s
Third order c o @ o Cp
Shrinking disk o p O 8 Cc
Contracting sphere o p & O co
Avrami order, m ITlp & ™™ T
ITTagp & allQ allo )




The effect of temperature on reaction rate is described by the Arrhenius law as described in
Equation26.

N Qo C O

With E, the energy of activation in kJ, R the gas constnB.314 J.moi*t.K!, 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 thactivation energy fodiffusion during a leaching operation. However, at
high temperatures, the diffusion can become the rattrolling stegd121]. A valuehigher than

40 kJ/molemphasizes thehemically controlled nature of the dissolutifitil7,121] It is essential

to remember thata sequence of consecutive reactions involves steps specificactivation
energies anincrease in temperature can lead to the step with the lowest activation energy
becoming the ratedetermining sted120].

3.3.3 Selectiveli dissolution from Black mass

Water leaching of thermally treateBlack mass

The water leaching mainhglies on thesolubility of Licompounds in waterThe solubilities of all
Li compounds expected in the thermally treated BMGQ and LiFpre given infable5. Another
compound formed during the thermal treatment is@Qj which spontaneously reactgth water
to form Lihydroxide (Equatio27-n D=-105.7 kJ at 2%).

0@ ™00 ¢bMQLO G X
Table5: Solubilityof Licompoundsn aqueous solutiofil23,124]
LeCQ LiOH LiF
Solubility (g/L) at 20°C 13.3 110 1.2
Log (Kp) -3.1 8.4 2.7
Solubility (g/L) at 100°C 7.2 161 1.3

Oxalic acid leachinof Black mass

Oxalic acid is an acid with complexing and reducing properties (makengnechanism of
dissolution acid/complex basg@dHence, BM oxalic acid leaching is a reactive leaching, vidnere
reacts with oxalatdonsto form a simple oxalate, whil€y Ca Mn, and Ni form simple and
complex oxalate$100]. A simple oxalate compldg a complex in whicla single oxalate ligand
coordinates to a singlmetal cation.The main dissolution reactions identified for the leaching of
LCOcells are seenn Equations28 and 29 [102,125] Verma et al. evaluated the energy of
activation of the LCO dissolution at 61.0 + 2.5 kJ/fmb). The leaching selectivity lies in the low
solubility of Mn, Ni, and Co oxalate formed, as seéraiple6, additionally, the complex formation
stability constants for most metals in LiBs are givehahle7. This is the base of paper II.

1000 c0DMQoeEV DAV CO € O TO0 ¢6 0 C Y

X006 U c0MQOED cOQM coOé o TO0 60 Cw
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Table6: Solubility and 4 of oxalate compoundd 24].

LiGOq4 CuGOy MnGO4 CoGOy NiGOy
Solubility (g/L) at 18°C 6.6 - - 0.035 0.003
Log (&) - 9.4 -6,8 7.2 9.4

Table7: Cumulative formation constank of metal oxalate compoundgl24].

M(GOs)n - Metals Mn (II) Co (I Ni (I1) Al (111) Cu (1) Fe (Il
n=1 -Log (K 4.0 4.8 53 7.26 6.16 9.4
n=2 -Log (K 5.8 6.7 7.6 13.0 8.5 16.2
n=3-Log (K 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
operationsteps to remove the impurities and/or concentrate the solution to recover the desired
metal in a pure form. These processes can involve precipite®in)X, adsorptiorwementation

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 sdlte solubility of many metals in
agueous media ipHrelated; nmetals tend to form hydroxides at specific pH leyels seen in
Figure5. As mentioned in the background section, some metals will precipitate at the same pH
level (i.e., Cu and Ni around a pH of Bve3al factorssuch as temperature, stirring speed, time,
and precipitation reagent characteristics, influence the operatibm evaluate performance, the
precipitation yield can be given as presented in the Equai®rThis method is used in Paper V.

.6 e
P0 +———— PpTmmW o
0O h

Mn** | En

2+
Fe . - Ea 10" mol-L*

2+
Co |y 102 mol-L™
Ni** [ 1 ‘ 10? mol-L*
cu® | s 10 mol-L*
" e sl | -
F*| I

pH

12 3 456 7 8 9 1011
Figureb: Hydroxide precipitation pH range for’GuAF*, Fé*, N¢*, Cé*ions from 0.1 M to 18M [95].

3.4.2 Solventextraction

Solvent extraction or liquitlquid 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 comprislesee 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, , the contacting time, the temperature, the pH of the aqueous solution, etc.

2. Scrubbing: ceextracted impurities are removed.

3. Stripping (unloading) of the solute via another agueous 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 y4&d,128] The general mechanism for such an
extractant is described in Equatidil, where 00 is the dimeric protonated form of the
extractant in the organic phase (indicated by the above bar) @ad "O06 is the neutral
complex formed and extracted in the organic phase. Protons are released in the reactiphidhe
strongly influences the reaction's completion as it governs the dissociation of the extractant in
the aqueous phase.

% F 06 06 08 &0 op
The distribution ratio, marked D, describes the metal partition between the two phases. It is
computed, using Equatio®2, asthe total metal concentration ratio between the organic

(0 and aqueous phasés 0 , usually measured at equilibrium.h& extraction
percentagecan also becalculated usinghe Equation33 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 agqueous phase Mto the organic phasel{ ) after a
specific time, t, and is the volumeatio between the organic phas¥dg) and the aqueous phase

(Vaq)-

0¢

0 0 p MIOD
0 o P _

Finally, to develop a solvent extraction process, knowing how many stages are required to achieve
the expected purity and extraction rate is essential. EquaBidpresents a simplified expression

of the extraction percentage in the case of crosscurrent extraction. While Equafias the
expression of the percentage extracted émuntercurrentextraction, also known as the Kremser
equation[126]. They can both be used to determine the theoretical number of stagesegded.
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4 MATERIAL&nd METHODS

4.1 Overview of theExperimental Work

The experimental work performed is presentedFigure6, 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)
' ' ™ "
Thermal p - —
Treatment Selective Igach|ng<_ Oxalic Acid
___operation ) pgher g IV
Y ) wlr

[Selective leaching

Water—» ; Leaching Il  [«— Sulfuric Acid
Paper | ____operation ] 4 Paper V
2 v
Sulfuric Acid —>»{  Leaching I Curemoval |€— SX
Paper lll - * ~ - -/

—>[ Impurity removal]
.

\ 4
[ CAM precursor ]
synthesis

NMC Cathode material

Figure6: 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

TheindustrialBM was obtained frondismantlingl50 kgof EV spent.iBsprovided by Volvo Cars

AB (Swedenirst, Volvo Cars AB discharged the battery packsSgeh Recycling ABweden)
dismantledthem 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
andcompriseghe active materialérom the cathode and anodalong withtraces ofthe current

foils and separator. The fine fraction was further sieved under 500 um at Chalmers University of
Technology to obtain a homogeneol&MV powder, more representative of the industrial
standard Thesievingwas 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 [Iiine obtained BM is NMC11 based.
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4.2.2 Chemicals

The chemicals used in this work are listed be{dili-Q wateré m y ®%m)wam used to prepare
all solutions)

- HC] Merk Millipore, Chloric acid 37% w/wsed for solid digestion.

- HNQ Merk Millipore Nitric acid 65% w/wised for solid digestion.

- HNQ, Merk Suprapure Nitric acid 69% w/diluted at 0.5 Mor ICP dilution.

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

- hEFtAO FOAR 61 & LINBLINBR 068 RA&&2tOAYy3I a2f AR
- Diluted solution of E5Q, Sigma Aldrich, ACS Reagent98%ow/w used for leaching.

- NaOH solution at 10 M (pellets, Sigma Aldriel®5%).

4.3 Equipment
4.3.1 Thermaltreatmentsetup

Thermal treatments were performed in a horizontal tube (high purity alumina tube 65 cm
alumina tube, Degussit AL28liaxis) 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
incinerationunder 340 mL/min of air. The exhaust gases were washigld a water bathing
system(plasticsealed bottle}[31]. Upscaled pyrolysis was performed in a muffle furnace at IME
RWTH Aachen University (Germany).

4.3.2 Leaching

Threetypes of leaching reactors were used for this wdrke first consists ofsall glass vials with
caps and magnetic stirrers (368m) of 20 ml. used for preliminary experiments. The
temperature wasnonitored andsustained via heating plate, coupled with a thermocouple, and
associated with aaluminiumblock in which glass vials were insertdthesecondoption was100

mL PVDFclosed doublgacketed reactors equipped with inner baffles and a specific agitator
designwith a headecelectricstirrer. Lastly, a 2 L doubj@acketed glass reactor with a mechanical
overhead stirrer and heating bath was used for upscale experiments. Safighles were
introduced into the reactors when the leaching media had reached the defined temperdtuee.
solid sampling was performed using the coning and quartering techniqte reduce the
uncertainty associated with grabbing a sample from ataimer [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 metai&haviour Finally the obtained slurry wasltered
using a filter (VWR 516 0811 >m particle size retention The solid residues were dried in an
oven (T = 60°C) and collected for analyslisexperiments were carried out triplicate.

4.3.3 Evaporative crystallization
BEvaporative crystallization was conducted utilizingheating plate associated with magnetic

stirring. Temperature 90 + 5°C and low agitation (100 rpm) were maintained to facilitate
evaporation and crystal growthUpon reaching the desired degree of supersaturation
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(percentage of evaporationjhe resulting crystals were separated \mcuumfiltration, washed
with water or ethano] and dried a60°Cin an oven befordurther analysis.

4.3.4 Precipitation

Precipitation wagerformedby adding a controlled amount @ghe precipitating agen{NaOH 10

M) to reach the target solution pH, in our case at room temperature under constant stirring (300
rpm). The addition ratewas not controlled but can be a determining factor for the quality of
precipitates (i.e., amorphous content, crystal sizeL.dbl O A LJA .(Skhniple2weiakex do
follow the reaction's advancement until the metal concentration was stalfhe. precipitate was
then separated by vacuum filtration and driati50°C

4.3.5 Solvent extraction

Batch experiments fosolventextraction were carried out iB.5mLglass vials; they were shaken

at 1000 rpm for 15 minutesnder constantemperature (28C * XC) using ahaking machine

(VXR basic Vibrax®&he 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@he parameters allowing maximal loading, such as the
extractant concentration, contacting time, and temperagumwere investigated.

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

Table8: Analytical instrumergusedfor liquidsamplecharacterization(Instrument name, target analytes,
and applied method)

Techniques Analytes  Equipment Method applied

ICROES Li, Al, Cu, | Thermo Fisher Sample dilution in 0.5 M HNQvith internal

Ni, Co, Scientific, Model standard (1 ppm Y).

Mn, P, Na, | iCABt 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 Fluorideselective Sample dilution with TISAB IV solution (volu
electrode electrode + reference| ratio 1:1) for pH and ionic strength control. TIS

electrode Ag/AgGI also binds with interfering cations and releag
(Metrohm) with a any complex fluoride.
double junction Additional needed dilution with M@vater.
system Calibration ranges from 10 to 100 mg/L.
pH meter pH Electrode Metrohm | Calibration with pH 2, 4, and 7 buffer solutions
6.0258.600 =22C+1°C).
Connection to Tiamo software.
Redox E Electrode Metrohm | Connection to Tiamo software.
Electrode 6.0451.100.
Titration Oxalate Colorimetry Redox titration using KMnOsolution in the
presence of concentrated-8Q (2 M) at 50C.
Change ofcolour when an excess of Mn@®, no
oxalic acid i¢eft to be oxidized into carbor
dioxide.
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Table9: Analytical instrumentsisedfor solid phase characterizatidinstrument name, role, and applied
method)

Techniques Equipment Method applied
Acid digestion + Elemental | Thermo Fisher| Sample digestionia aqua regia (HCI/HNCB/1
ICROES analysis Scientific, volume ratios) leaching at 80°C for 4 h (S/L r
Model iCAR 7g/L).
6000 Series Slurry filtration (filter VWR 528 y MM M M
ICROES analysis of diluted sample.
Xray diffraction Structural | Bruker D8 / dz 6< I' mdpnmyn )0 NJ
(XRD) analysis TwinTwin of 10%¢80° with a rotational speed of 15 rpn
diffractometer. | Operating current 40 mA andbltage 40 kV.
EVA software and the JCPDS database.
Pawley fittings were done by Dr. Lal
Altenschmidt and discussed as a team.
Carbon analysis | C LECO CS744 | Approximately 20 mg of the sample was weigHh
(TOC) in an alumina vial and introduced into tH
machine to be oxidized to GQwhich was then
measured by an infrared detector.
Fourier Functional | Perkin Elmer | 450 to 4000 cnd range with a resolution of 2 cn|
transformed group Spectrum Two | *and 16 scans.
infrared UATR
spectroscopy
(FFIR)

Laser diffraction Particle size| MasterSizer About 10 mg of solidsvere dispersed in watel
sizeanalyser 300 (Malvern | with ultrasound to degrade the potentig
Instrumentg aggregation.

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

4.5 ThermadynamicsConsiderations

The HSC Chemistry §6ftware was used to calculate standard enthalpy, entropy, @iubsfree

energy change for somexpectedreactions(papers I, IV, and)VAdditionally, pedominance and
species distribution diagrams for metakalate systems, used to determine which oxalate species
can ceexist in aqueous solutiofpaper IV) were generated using thelYDRA (Hydrochemical
Equilibrium Constant Database) and MEDUSA (Make Equilibrium Diagrams Using Sophisticated
Algorithms)programs[130].
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4.6 Design ofExperimentsg Statistical Methods

The factorial design of experiments an efficient tool to investigate anoptimize 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 methodologynd contour plots can assistwsually interpretinghe modelled
response$131]. Each factor (x) comprises two levels (min and max), and the process response (Y)
was defined as the leaching yield of each mé#a). 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, aubic facecentered designs selected ashownin Figure7. Axial points are
performed (2k axial pointswS R LR Aydao a4 + RAadGlyOS 27F
the second term and curvaturd he testorder must berandomized.The design was replicated
four times at the central level (black poinit) assesshe experimental error. The coefficients of a
linear seconebrder regression model representing the process response were fitted using the
linear least squares method (seceondder regression models with twoand threeway
interactions), which was solvaging Excel’s regression analysis tool. Only statistically significant
variables were included in the models\(alue < 0.05)and the significance of the models was
assessed usingMalysisOf VAriance (ANOVA). The existence of pure curvature was evaluated by
hypothesis testingand the variance of the response accounted for by the models was assessed
usingthe coefficient of determinationFg).

This method was used in Paper Il, and fibetors and respective levels used can be observed in
Figure7. The design factors are oxalic acid concentration, leaching time, and temperature. They
were chosen based on the range of conditions from stegte-of-the-art presentedon page 11
Setting a representative working range of conditions is essential when using such an apasoach,
the model obtained is only valid within the experimental limits. The S/L ratio wasdb&@l g/L

to have sufficient dispersion of the slurry and efficient mixing.

Factors / Levels Low Center High
] (1)  (0) (+1)
®-—1-- I -® Oxalic acid concentration (M) (x1) | 0.3 | 0.6 0.9
o ./' ! Leaching time (min) (x2) 15 60 105
i 5 Leaching temperature (°C) (x3) 35 | 50 65
© 1 '; | ./.
9 ®
1 T T
1 4] 1
X2

Figure7: Facecentredcubic factorial design matrix and factor levels applied (Paper II).
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5 RESULT&nd OSCUSSICN

5.1 Black Mass Characterization

TheBM powderelemental compositiorfraction under 50Qum) is given irFigure8a, and itsXRD
pattern is depicted irFigure8b. It shows that theBM primarily consists of NMC 111, graphite,

and Cu. The particle size distribution, presentedrigure8c highlights the existence of three
groups of particles: the first onea.5 to 30 um, then fronta.30 to 110 um, and finally frorca.

110 to 140 um. Associated with the SEM images and EDS analysis (Sigemadd), each group

can be associated with the different components of Bigl: the smaller particles correspond to
graphite particles from the anode, the second group consists of active cathode material, and the
largest group comprises theemainingcurrent 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 dl 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 saltl3,132]

a) Elemental composition of the BM powder (STD given out of triplicate measurement)

wt% (%) Ni Mn Co Li Al | Cu P [ Si C Tot
Akkuser Fine fraction| 8.2 7.5 10.5 3.4 3.5 7.8 0.2 100
+ STD (%) +0.2 +0.1 +03 +0.1 +0.1 | £0.1 +0.1
Fraction > 500 um 4.6 4.3 5.3 1.8 8.5 19 0.1 31
+STD (%) +0.1 +0.1 | 02 | +0.1 +09 | 2 +01
BM < 500 um 8.7 7.5 11.6 34 0.8 : 0.4 0.1 0.2 32.0 69
+ STD (%) 0.2 +0.2 +0.2 +0.1 +0.1 | +0.1 | £0.0 | £0.1 | £+0.0 | #0.2
b) Black mass XRD pattern ¢) PBM - Particle size distribution
I Graphite 4| d01)=639um { 100
= | NMC 111 '4 d(0.5) =29.79 um {
s * Cu Fas|— d09)=136.18 um
s e S 1 60
= GE-’ 2.5
g =8 1 40
9 15
E =1 120
I [l | | T 0.5
| (Rl} | I ] I 1
ie %5 = 5 5 5 =5 T B.o1 01 1 I 10 100 10003000
Parti iz m
26 () article size (pm)
d) BM - SEM image (BSD) Elemental composition (EDS data)
g R 5 diciom Element Atomic | Weight
Conc. (%) |Conc. (%) 2 g } 7 ‘-"b
C 52.63 41.33 : & iR g © ;;«ﬂ
0 33.65 19.84 . S0, "
Co 5.05 14.56 S Sy %
Ni 4.63 13.40 ™" -
Mn 4.03 10.87 3 e A
Atomic Weight :
Element| ¢onc. (%)|Conc. (%) e
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Figure8: BM characterization aglemental omposition, b)XRDpattern (Graphite: PD

F 80560159, NMC

111: PDF 08134379 Cu:PDF 04091-1717), ¢) Particle size distribution, ar) SEM image and element
composition from EBdata (Paper V)
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5.2 Strategyl: Based orkEarlyRecovery of Li vidVater Leaching after BMhermal Treatment
5.2.1 Water leaching aftemicinerationand pyrolysisof batteryO S felecirddes

The results presented here are based on Pajd&3] and 111[134].

For this first part of the study, another feed material was used for thermal treatment: the anode,
cathode, and separator foilsere directly cut from a Volvo batterypouchcell into small flake
pieces(after letting the electrolyte evaporateYhe batterycell provided isNMC111based The

feed material consists ofhe three foils in equal proportionThe positive influence of the
separatorduring the thermal treatmentvas demonstrated for Li recovefseePaper [133]), only

this data is presented her@he elemental composition of the material is presentedailel0.

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

wit% (%) |
[Feed material| 2.2+0.2 | 6.2+0.3 | 15.0+0.4| 43+0.4| 43+04 | 95+0.8 (40.8+2.8

After both thermal treatments, a 5 t
20% weight loss was measurec
associated with organic losses a
graphite transformatior{31,107,111]
The relative metal content (wt%
increases after thermal treatment du
to this material loss (exact values
Paper 1 [133]), highlighting the
treatment's concentration effect
Additionally, the binder has bee
decomposed, releasing the acti
material from the foil in many place:
A sieving stage wouldeffectively
separatethe BM (CAM and graphite
from the Al and Cu.

G hite (* *
rap IIE( )COO ) (I) Al
NIYIC Mﬂ|304

The XRD pattern for the untreate
(UN) and pyrolyzed feed material
different temperatures is presenteid

Figure9. The untreded feed material
pattern presentsthe diffraction peaks
characteristiof the NMC111material,

graphite and metallicAl and CuThis
confirmsthe chemistry of the battery
cell studied At 400C the diffraction
pattern is unchanged while @ove
500°C, the peaks of NMC mater

decrease and the peaks of reducec
metal or oxide phases (Ni, NiO, Mn Figure9: XRD pattern of the untreated feed material a

MnsOs, Co, and CoG)ppeat Thus, the pyrolyzedat different temperature (60 min]31].

carbothermic reduction of the oxide happens above 500°C. The higher the temperatur
more efficient the reduction is. Over 700°@Ge NMC 111 peakdisappear entirelyand the

10 20 30
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presence of kCQ is moreevident. Al does not show structural changes as it remains a me
element; AlO; could beexpected but is not visible on the pattern. Cu is oxidized despite
inert atmosphere and is present as Cu and CuO. This is consistent with reported lite
[61,123,135] Due to the instrument's detection limit, no other degradation products coulc
identified.

The Li leaching yields for evédeedmaterial (untreated, incinerated, or pyrolyzed) are presented

in FigurelOa, b, c, ang with the concentration of Li and Al in the final leaching solution (after
thermal treatment time of 60 min), as visibie Figure10d. Results are given after 60 min of
leaching but the kinetics test shows that the dissolution reaches a platdtar 20 min (Paper
[133]). Only Al is calissolved 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 §iR®ater, which will easily ionize or
dissociate, forming LiF andgs seen ifEquation3.

100%
S ) |b) c) e) INC 700°C - 60 min
=3
:é’ 80%- A - ‘ ‘ ‘
':_f o, | s uLA.JA..‘ A - ]
w 90%1 1 INC 600°C - 60 min
e |
= 29%_ 32%
S 0% - i -~ |
© ] 20% | T = s A N
(1] N
D 20%- = - | PYRO 700°C - 60 min
’ 5 '| .y
94— 3 | 1l
0%=UN 400 500 600 700 400 500 _ 600 700 S LU W tu-u'w'uU“MJLﬁ. Amu_;\,h n
INC Temperature (°C) PYRO Temperature (°C) PYRO 600°C - 60 min
Bt = 30min Wt =60 min t =90 min
UN Incineration Pvrolvsis A _f\
400°C 500°C 600°C 700°C  400°C 500°C 600°C 700°C [ A \ [ Li2CO3
CLi (mg/L) 35 115 197 183 178 8 145 215 1385 LiF | | | |
+ 5D 3 5 2 3 2 2 8 14 2 20 30 40 50 60 70 80
Cal (mg/L) 1 5 25 68 100 15 20 83 42 26 ()

* 51D 0.25 2 1 6 5 1 4 5 7

Figurel0: Water leaching yield (S/L = 20 ¢26;°C, 1 h, 300 rpm) on a) the untreated feed material (UN), b)
incinerated and c) pyrolyzed feed at different temperatures (#@®°C) and treatment time (3®0 min),
error bar represented standard deviation from triplicates, d) Li and Al concentnatieaching solutiod

and e) XRD pattern of residue obtained after evaporative crystallization of the leaching sbiifiGQ

PDF 08221141 LiF PDF 0Q71-3743).

Water leachingn incineraied sample Effecton Li recovery

After 400°C incineration and water leaching, a 20% Li leaching yield is observednhyith10%
improvement ovetthe untreated material Thermal treatmentime has anegligible impact on Li
recovery, suggesting shorter processing tirsasuld be applied to save energy co&tnotable
decrease irrecoveryoccurs at 700°CThis can battributed to Al melting above 660°C, which
coats particles and impedes carboreduction. Furthermore, water leaching demonstrates limited
selectivity for Lithe higher the thermal treatment temperature, the more Al leaches into the
water, suggesting that temperature influences the formation of a watduble species

Optimal resultswere obtained by incineratioat 500°C in 90 min, achieving 43% Li recovery and

90% solution purityThe respective Li and Al leaching solution concentratases215 mg/L and
ca.25 mg/L
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Water leachingn pyrolyzed sampleEffecton 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, whies$ulted inLirecovery of 61%

and a purity of 92%Again, a portion of Al is dissolved, but slightly less than after incineration.
Under these conditions, theiand Al concentrations in the leachate we85 mg/L andca.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 1594 hisobservationreinforcesthat the reducingconditionsare not
established below 500%@s illustrated by the persistence of the NMC structure in the pdkiern

in Figure9. Furthermore, given that PVDF decomposition initiates at 450°C under nitrogen, its
potential partial presence at 400°C may impede partielching media contacilhe pyrolysis
temperature positively and gradually influencéle Li leaching yieldand the processing time
does not show a significant impaddotably,Al co-leaching occuragain decreasing théeachate

purity with increasing treatment time and temperature. This unexpected Al dissolution, not
previously documented, necessitates further investigation to identify the watduble Al species
formed duringeither thermal treatment, aiming to mitigate their generation. Its dissolution
decreases af00C, indicating a change in the thermal treatment mechangiovethis 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 mitaAlcouldhave reacted with gaseous

HF at its surface, forming AJfas presented in the Equatid6. This reaction is spontaneous at
high temperatures, with-r  n D-44@4FkJ at 60@, and Alfis a relatively watessoluble
compound (solubility at 25 °C, ca. 0.559g/100 mL wigit@6]).

00 c'0'0° 6 & "Opd O, G @

Despite the demonstratetbtal reduction of allmetal oxides at temperatures exceeding 600°C
(Figure9), the incompleteLirecovery suggests the presenceloin nonaqueoussoluble forms.

It is worth mentioning that some authors have shown that a temperature of c€@R&0required
for a complete reduction of the CAJL37]. On that accountthe presence of residual NMC
material cannot be entirely discarded our sanple; even if thecharacteristic peaks are missing
on the XRD pattern, it could be leftarvery low amountundetectable by the instrument.

The Li concentratiom the leaching solutiors very low and under theAGQ solubility limit; thus,

the solution is not saturatedshowing thatup to 40% of Li is in another speciatidiF- is ayreat

potential candidate as shown in sectio.1 (Pagelb), it is a decomposition product of the
electrolyte salt and can also be formed from the reaction g land HF gas. It is rather insoluble

in water, and other authors have highlighted its preserfeer example, Safoura et al. indicate

that during pyrolysis, LiF will form regardless of the temperature applidg]. Below 600 °C, the
predominant phases of Li are@iand LCQ. Above that temperaturgan additional phase can

be formed: LiAlQaproduc2 ¥ G KS [ A YSilf 2EARS&Q NBRdAzOGAZY
insolubility in watel{139]. TheEquation37 describes theotential for Al to act as a reductant at
elevated temperaturest is sipportedbyad A Ay A FA Ol yi yS3IAl A BRA8KIAOGOA T
at 600°C), indicating a spontaneous exothermic reacftidre higher the temperature, the more
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likely this reaction is to occur. This suggests that LiA@@mation is thermodynamically
favourableand likely contributes to the observed incomplete Li recovery.

0a 0QOED O QO 0O € o X

Moreover, Safoura et al. also mentioned thetential formation of a LiAlproduct. The same
authors studied the fluorinbehaviourduring the thermal treatment, and they found that ca. 90%

of the initial fluorine content remains in the pyrolyzed samfdl¢0]. 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 {products.However these byproducts can béard

to identify and characterizéen the sample

Bvaporativecrystallizationof Leaching solutionLithium compound®roduction

The XRD patternef the Li crystals obtained after evaporative crystallization of the leaching
solution are presenteth FigurelOe. The final product is a mixture of LiF an€3. The presence

of Alwas not detected using the XRD, which can be explained hyitnienalamount ofAlin the
product (< 2.5 wt%) After pyrolysis at 700 for 60 minthe producthas aLipurity of 92% The
formation of LiFcould be explained by the presencefoin the leachate solution, which would
react withLi* coming from the dissolution dfbCQ The fluoride contents ca.1 mmol ofF per
gramof solid, representing2.3% ofLiFagainst 97.7% dfpCQ. Thus, to produce battergrade
lithium material, more purification will be needed to remove free fluorine and increase the
recovery yield.

This first investigatioridentified the best thermal treatment a pyrolysisat above 600°C is
recommended. Already, some Li recoveliynitationswere observedand the potentialreasons
for suchlimitationswerelisted, including the LiF presence or tf@mation of LIAIQ. To continue
in the research and to be able to compare bo#ityclingstrateges, the process was appliesh
the providedBM powder(its characterization is presented kigure8 ¢ Page29).

5.2.2 Water leaching opyrolyzed BMat the optimised conditiongLeaching 1)

Thepyrolysis temperature was fixed at 600°C, arehtment was performed for 2 h in a large
muffle furnace(performed atiME RTWH Aachen University)was decided to proceedith the
pyrolysis using largescale equipment to be closer to an industrial sefapthe pyrolysis and to
focusthe researclon the following hydrometallurgyprocess.

There are several differences between the samysled in the sectiob.2.1and theBM 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 irigsirthere is a lowr 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 remdveth the waste

which could decrease the presence of some decomposition products in the pyrolyzed BM.
Additionally,the lower presence of Al shoutdduce the formation of LiAKat 600°(140].
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Pyrolyzed Black mass characterization

The composition and speciation of the obtained pyrolyzed BM are presentedunell. Again,

the concentration effect of the pyrolysis is underlined with higher metallic content. Despite the
absence of separator foils, the carbeduction occurred as anticipate@ompared td~igure8b,

the XRD pattern lacks the characteristic peaks for the NMC mate8al, 36.938.5,and44.6°

H ), indicating its complete reductiotHowever, mce again, de to detection limitations, the
presence of trace NMC material cannot be entiretgluded.The educed phases argsibleand

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 dQ, with strong and visible peaks at 21.3, 30.6, 31.7, and
34.1c .wAdditionally, LiF can be evidenced despite its close structural similarities with Al, with
peaks at 38.6, 44.9, and 68.3 . #urthermore LIAIQ and LsPQ can beidentified in verylittle
proportionsas their characteristic peaks are very smajPQjhas its more intense pealat 22.3,

23.1c ;Hts presencehas not been reported till nowA side reaction during the pyrolysis
treatment canexplain its presencdndeed, he POE producedduring the LiP&decomposition
(seeEquation4) can react with LD, forming LiPQ and Lik as presentedn Equation38. The
NEBIFOlAz2y A& &Ly di3)18 RIdEHBO0POLED, hisla &eryHow golibility #irdit
(log Ksp =8.5); its presence can explain the limitation in Li recovery.

D0 0ac0® 0Q0 obQO oy
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
= ‘ A Al |
wil Lﬁm____\_,_“k__“%______w_f \_,._‘”/ y L\__VMJ\_"\_“_MA T S S
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Figurell: Scaleup 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/L = 20 g/L, 300 rpm}XRD id: kCQ
PDF 0D22-1141, LIAIQPDF 04€02-8213, LiF PDF @Ir1-3743, LiPQ COD 9011924, MnO PDF@U3-

0265, MnQ COD 9011409, Co PDF(4+-0167, Ni PDF 6d11-8029, CoO PDF @02-2692, Cu PDF 01
091-1717, Al PDF 6410-6160)
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The Lirecovery rate after leachingthe untreated and pyrolyze®M, is presentedFigurel2a.
Some tests were performed to enhanttee Li dissolutiorfrom the pyrolyzed BMTemperature
and Ultrasoundo overcome somekinetic limitations or mass transf@r Moreover, Figure12b
provides the pH and concentration in Li and Al of the resulting leaching solution.

Water leachingon untreated Back mass

The untreated BM was leached with water to assesbetsaviour 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 (Begirel2), which is below the solubility of LiF;
thus, we can account for ca. 6% of the initial Li from the tB& will be transformed into LiF
compounds during pyrolysis.

Water leaching onyrolyzed Back mass

The pyrolyzed BM's water leaching resuitshigher Li recovery rate thanobserved in our
preliminary testsas presented ifigurel2. Indeed, the recovery for the same leaching condgion
for 60 min(22°C and 20 g/L) leads to 56% Li recowetit a concentration of 0.5 0.1 g/L of Li in
solution, which is 20% higher than previously observiedfact, under this condition, the XRD
pattern reveals that most }CQ is dissolved as its characteristic peaksappear(Figurel1b).
This time several S/L ratios were tested to see how the operation can be optimitet
surprisingly the higher the S/L ratios, the lower the recovery rate, but associated with more
significantLiconcentrationsin the solution With a S/L ratio of 60 g/L, 43% of the Li is recovered
with a concentrationof 1.4 g/L From 100 g/L, we enter the metastable zone foCl} crystal,

the solution becomes more saturatéda. 2 g/L of Liand LiG0z cannot be solubilizedexplaining
the lower recovery rateAdditional researchvasperformedto increasethe recovery rate, at a
temperature of 70°C and with ultrasonfdS)assistance. The objective was to see if diffusion or
mass transfer was limiting this operation, so that such techniqoetdde used to decrease it. In
both cases with a leaching at 20 g/L, Li recovecyeased by 10%, as 69%easovered(0.7+0.1

g/L of Li in solution)Al is again partially edissolved. An interesting new aspect is the final pH of
the solution, which is ca. 112 by theend of the leachinglue to the carbonate dissolutiorAl
could behydrolysedat this pH level, forming the soluble compound Al(QH)

Concentration (mg/L

< 100% S/L(g/L) pH Li Al
2 ] oivater 22°0c)  Water 200 6.9 48 4
O 20% eWater US Untreated BM 60 7.1 133 4
2 | ° 100 7.2 204 5
o 60%- Water (RT) 0 111 572 22
I= | e 60 113 1376 93
L
S 40%- o . 100 11.5 2156 117
o ] Water (70°C) 20 1.3 674 34
-
= 20% 60 117 1465 60
1 oUN Water 22° 100 117 2027 64
) 0 0| Water (US) 20 121 678 45
T T T T T T T
50 100 60 11.4 1537 48

S/L ratios (g/L)

Figurel2: a) Lithium leaching yield after water leaching the untreated (UN) BM and pyrolyzed BM
Leaching conditions/arying the S/L ratio, &2°C+ 2°C, 70°G 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 leachin@.eaching 2)

After Li removafwith water leaching at 20 g/Z0°Cfor 2 hour9, the residue is submitted to acidic
leaching to recover the remaining valuable elements. The leaching condiZibhsbSQ, 3h, and
400 rpm)were selected based graper 11[113,134] no additional reducing agent was employed.
The S/L ratios and temperature influence ameestigatedfor the leaching othe untreated BM
and the residue (after pyrolysis and water leachifig)e leaching yield for all valuable elements
is presented irFigurel3.

On the untreated BM samplabout 50% of the TNMrom the CAM are dissolved with about 80%

of Li, with alow influence of the conditions chosen. Tfaster dissolutionof Lihighlightsthe
leaching mechanisnwith first the delithiation of the NMC structurén the acidic solutiof69]. 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 at0°C,more than 98% of Li, Ni, Co, and Mn dresolved However,pyrolysis did

not affect Cuecoverydue to the reductive condition€ustayed in the metallic fornfFigurell)

and since it requires oxidative conditions for the leaching, it was not recovieréise same way

the pyrolysis influence on the Al is not proven, as the same amount of Al is recovered (ca. 80%).
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Figurel3: Leachingyield of the main valuable element (Li, Ni, Co, Mn, Al aitaj a HSQ leaching (2V,
3 h, 400 rpm) at different S/L ratio (20, 50, and 100 g/L), different temperature (22 &@)&fplied on
the untreated BM and pyrolyzed.

5.2.4 Conclusions and perspectives on Strategy 1

This first strategy is promisingvith a high recovery of all metatsbserved Many recyclers
commonly apply pyrolysis as it simplifies the handling of spent LiBs. ifivestigating the
pyrolysis effect is very important, anehderstanding how this prreatment couldimprovemetal
recoveryis 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 byproducts of the pyrolysis: LiFzR0Q, and LIAIQ Theirdissolution typically requires
acidic media; thus, to recover 100% of Lseaondstageleaching with low acidic concentration
could be proposed. However, acid might also affect the transitoatals' dissolution
Additionally,it might not be profitable for largescaleapplications of the process to have more
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leaching steps (challenging slurry management and filtration) withshiérp selectivity.
Moreover, the presence of Al arftiorine in the final leachate solution seems unavoidable; a
purification process would be needed to produce battgrade material. This work has not yet
investigated this issue. For fluorine management, some authors propose the usage of CaOH,
which could precipate as CaF. It has also been suggested that the same compound be inserted
in the pyrolysis feed material to mitigate the foation of byproducts at their sources.

¢CKS LEBNRfE&aAa LIRaAdGAGSte AYLI OGSR GKS ¢aQa S|
usage of a reducing agent. A preliminary flowsheet process is proposed based on this research in

Figure14. The rest of the recycling process would rely on Aketiwn 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 glL, 70°C, 2h, (100 glL, 50°C, f=-» mpurity i-L->; synthesis
(<500um) 400 rpm 3h, 400 rpm) remova' !\ (Hydroxide)
S
Li Graphite NMC Cathode material

Figurel4: Summary of the developed route with combined appraeitt identified optimal conditionsl)
BM pyrolysis; 2) water leachirig 3) HSQ leaching2 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 Strategy2: Based on theEarlyRecovery of Li vidDxalic Acid Leaching
5.3.1 Oxalic acideaching(Leaching 1)

Factorial design of experimentgegression mode|sand contour plots

The results presented here are based on Paper Il

As enunciated in sectidd 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, examinen#e
influencing parameters, and observe thehaviourof all metals during the dissolution. The tested
parameters werean oxalic acid concentration between 0.3 and 0.9 M, a leaching time between

15 and 105 min, andtemperaturerange from35to 65°C, as seen Figure?.

The fitted regression models for each metal and the coefficients of determinatipra&found

in Tablell (Equations39 ¢ 44). Theresults for the analysis of the variance of the fitted model for
all metals are given in the Appendi& 2 It isessentiato highlight that the models are val@hly
within the range set in the experimental desigie experimental error was calculated based on
the replicate performed for the central point of the design, and a very low emas 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 thédue to assesthe model adequacy. In #case

of Li itis a complex parameter to judge as the vadb#ained 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 adequat@ne significant parameter is the coefficient of
determination R; here, it is very high for all metals (close to 1), tthesfitted model can describe

the variability inthe experimental data well

In the model, onlystatisticallysignificant variables arecluded p-value < 0.05)which can be
visiblewhen looking at thé?areto charigivenin the Appendix Jthe highest value indicates the
most substantial influence on the dissolutiolr) the case of Li dissolution, time and temperature
are the variables that have the most significant effectthe dissolution.The reduced regression
model included no threavay interaction (¥xs) or any seconarder acid concentration terms
(xax2 and xx3). The gneral observatiorthat canbe madefrom the analysiss thatLiand Al are
almost completely leached in certain conditions,emsasthe leaching yieldor the rest of the
TMsremain under 5%

Tablel1: Regression models for theaching yield of each element with their respectikéfactor x: Oxalic
acid concentration, x time and ¥. temperature)

Eilb 8 8 e 8 e 8 e 8 oo 8 e 8 e (39) 0.99
8 e

Allb 8 8 e 8 e 8 eoe (40) 0.92

Einp 8 8 e 8 e (41) 0.88

A"lp 81l 8 e 8 I» (42 0.85

Alip 8 8 ¢ 8 ee 8 eee 8 o (43 0.96

"Eilb 8 8 I» 8 e 8 e 8 oo 8 oo 8 eIl (449 0.96

The response surfaces and contour plots for each element were plotied) Equation89 ¢ 44,
which helps to highlight the relations between the different variables of the operation and
determine the optimal condition range. The contour plots display adhmensional view of the
response surfacewhere all pointswith the same response are connected to prodwoatour
linesof constant responsesWhereas the response surface is viewed as a tdigeensional
surface in a surface plot

The surface plots dfileaching yield are shown iRigurel5, including yields between 50 and
100%. It is important to stress that its dissolutioas a positive correlation withll the factors
investigated in this studyoxalic acid concentration, time, and temperature. At the low level of
each parameter, the yield anly around 50%eachingmore than 90% at the central level of the
design. Under 0.45 M of oxalic acid, less than 90%Lofs dissolved, this concentration
corresponds to anolar ratio of CAM metals to oxalic a@tl1:2. Considering the goal of reaching
the complete dissolution ofiwith milder conditions, it is already possible terget a different

set of parameters that will allow an extraction over 9&dark red colour on the surface plots)
Thoseparameters areoxalic acicconcentrations of 0.6 M at 55°C for 60 minG6 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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Figurel5: Lileaching yieldin %) Surfaceplots a) 0.9 M of oxalic acid, b) 0.6 M, c) 0.3 M, d) 105 min, e) 60
min, f) 15 min, g) 65°C, h) 50°C, and i) 3B4C].

The Al dissolution is not influenced by th 65 ~
oxalic acid concentration as seen in Equat m100-105 60 3
40; thus, ae contour plot is relevant t¢ m95-100 }3
observe the factoraffectingthe dissolution as 890-95 TS 8
seen in Figure 16. It is shown that the ©85-90 50 3
dissolution increases with the temperatur ©80-85 o)
and time from 50%dissolutionin the smaller 075-80 ~
range of time and temperature (15 min an 27075 40
35°C) to over 100% extraction when ti ;gggg / 35
temperature goes over 60°C and long 8 LI Y IN
leaching time. Completdissolutionof Al was 'FI"ime (min)

not expected or reported by previous author
Figurel6: Al leaching yield contour plof$41].

Thebehaviourof the other elements was also trackeand it is presented ifigurel?7. All CAM
metals are negatively influenced by time, highlighting the st&p mechanism of the leaching,
with first a dissolution followed by precipitation as oxalate. Moreover, their dissolution is globally
positively influenced by the oxalic acid concetiton; residual oxalic acid can continue to bind
with the metals, forming soluble charged oxalate complexegrédicted by Ka Ming et glL04],
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Mn is the most dissolved elemehy the acid due to théhighersolubility ofMn oxalate(seeTable

6). In this study2.4% of Mn was leached at the central powvhich is lower than the dissolution
previously observed by Ka Ming et[aD4] (around 20%). That can be explained by the dissolution
time applied in their workwhich wasl12 hours.When looking at the other transition metallsj

and Co dissolution remains lower than 1décreasing when the temperature increasé&snally,
the Cudissolution is influenced only ltlie oxalic acid concentratian

a) Mn (T = 65, 50, 35°C) b) Ni ([OA] = 0.6 M)
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Figurel7: Contourand surfaceplots representinghe modelledlieaching yieldor Mn (a), Ni (b), Co(c), and
Cu(d)[141].

Upscalincand kinetics analysis

To achievénigh andselective 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:OA 1:2.5) at
a S/L ratio of 50 g/are chosenUnder these conditions, complete Al dissolutisachieved while
minimizing the dissolution dfli, Mn, and Cdn the next part of the study, upcaled experiments

are run to validate the regression models obtained, and to understand the dissolution mechanism
more deeply via kinetics calculationdentifyingthe controlling steps. Moreover, more thorough
characterization is pursued to support the research.

The results presented here are based on Paper |

In this set of experimentshe leachingpperationswere conducted across a temperature range
of 30°C to 80°C, with durations extending up to 7 holilse leaching yieldvariation of all
significant components in the system is illustrated=igure18. During the dissolution, th@H
evolves,rising from 0.8 to 2 across aimperatures. The final solution potential is measured at
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300 mV for every solutiofisee Appendix 3Having a pH valuthat is not too low isalready
interesting aslower pH values wouldncreasethe need for a neutralizing agent in the case of
precipitation and might alsmcreasethe corrosion linked to the inorganic acichéeltemperature
directly influences proton consumption rates, with stabilization observed after 60 minutes above
50°C, suggesting a shift from protonation to complexation reactions. In corttiastpnsumption

rate of oxalateis slower, andhe concentratiorkeeps evolving after 60 mifThiscorrelates with

the previous statement and highlights the ongoing reactions between simple oxalate complexes
(dissolved or solid) and oxalate iomsround 0.3 M of oxalic acid ikft, 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 poténiiais analysis highlights

the interplay between pH and oxalate dynamics in CAddalution.

As the model predictedhe higher the temperature, the faster Li dissolves. A3®nly 30 min

is needed to reach a plateau of dissolutitunconcentration of 2.5 g/L in the final leachaté}hile

more than 6 harerequired when the leaching is performed at°80with a final Li concentration
corresponding to 1.8 g/This correlates with the regression model obtained abélewvever, ér

all temperatures (except 3C), the maximum recovery of Li is 90¥hich is lower than the
projected recovery rateHence, a limitation in the dissolution is observed for #mwll upscalal

set of experiments. Different phenomena could induce this limitation. The produced oxalates
could coat the unreacted NMC particle, blocking thaching reagent access, hence limiting Li
dissolution. On the other handlissolvedLi could get trapped in the crystatructure formed
during the oxalate precipitation.

For Al, a total dissolution is observed after 60 min for most studied temperatures (exc¥pt 30
corresponding toa final concentration of cad.5 g/L in the leachateNo deviation from the
modelled response is visiblé/hile Al shows very fast dissolution, Cu behaves differently in the
oxalic acid solutionas illustrated inFigure 18c. This set of experiments gives more insight
regarding its dissolution. Herehé temperaturepositively affectdhe dissolution rateafter 7 h,
only 5% of the Cu is dissolved af@(final concentration of approximately &@y/L). In contrast,
15% or 25% are dissolved at’6@r 80°C, with ca.570mg/L of Cu in the leaching solution after
the leaching aB0°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 Gl), up to ca. 1015% of dissolutin in the first minutes, which is higher than the
other TM. In a second step, Quecipitated as simple CuQs (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 tAM(Co, Ni, and Mn), they presetiite same dissolution
behaviourglobally as visible inFigure18d-e-f. The twaestep mechanism igvident at lower
temperatures (30 and 4C)in the time observed. As seen in thset, inthe 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 complexatiseems to take over the reaction rate, becoming the limiting
factor of the operationThe final recovery is equivalent for all the temperatures investigdess

than 0.5% for Co and Ni and 2% for Mn @aespective concentration of 15, 5, and 1@@/L).
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Figurel8: Evolution of the leaching yield (S/L = 50 g/L)of all battery elemkeing; Al b), Cu c), Mn d), Co
e), Ni f) plus theproton consumptiorg) andoxalateevolutionh) throughout the leachingperation Error
bars represent the standard deviation of the triplicate.

To complement the discussion on the dissolutlmehaviourof different metals in oxalic acid,
predominance and species distribution diagrams were generated using Methsaesulting
plots are shown irFigurel9 (the final molar concentrations are aligned with those observed in
the leachate).At about pH 2, two anionic complexes coexist Alj), and Al(@0s)s*. This

42



diverges frondata reported in thditerature; for instance, Zeng et §1.02]suggest that at a molar
ratio OA:LCO 01:2.5, a mixture of Al(HOx4); and AYGOs)sis formed, although the latter is
reportedto beinsoluble.The Cu concentration is higher than the solubility of simple Cu oxalate,
meaning that Cu is also present as another complé&e dolution's most probabldas the
Cu(GOs)2*. More oxidative conditions could be needed to achibigher dissolution of metallic
Cu; this partial dissolution is not appreciated in the selective process in developh3dnt42]
Regarding the NM@etals, it is worth highlighting that Ni and Co concentrations are lower than
the solubility limit of theirsimple oxalatesit could be considered that they are found in solution
as such. While Mn'soncentration exceeds the solubility limit, suggesting that the neutral simple
oxalate and the anionic species, Ma().>, coexist in the solution Additionally, the model
indicatesthe presence of Mn(ll) in the solution. Mairdgionic oxalate complexedl(GOs).%, can

be formed in thesolution 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 neutralizatiofup to pH 8), and the concentrations are ldw.the objective

of process developmentpn exchangevould be recommendeds a fast and selective method

for removing these impurities.

Solution conditions: E,= 0.3V [ox*] =03M T =25%C
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Figurel9: Species distribution diagram based on thermodynanadellingwith Medusa software for a) Al
(20 mM), b) Cu (10 mM), c) Mn (1 mM), d) Co (1 mM), e) Ni (1 mM), and f) Fe (1 mM) with oxalate
concentration of 0.3 M and potential of 300 mV.
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To gain a deeper understanding of the leaching mechanism, various kinetic models have been
applied to the Li dissolutiorEQuationsl5to 24 ¢ Pagel9). These models aréeliberatelyused

for this element, ad.ibehaviourbest represents th&€€ AM2 dissolution Figure20 illustratesthe
computedexperimental data pointsvith the fitted models(dashed linesat 30 and 60°C, along

GAGK GKS OFf OdzZ F SR 1 Ay SiAu to@&ynin liHegbeffidientfok NJ | £ f
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 Rvalues are obtained fdEquations20, 21, andthe Avrami model. With higher fit at low
temperature withanR2 of abou0.98¢ 0.99 n the 3 cases, while at 80,anR? 0f0.96is obtained

for Equation21 and ca.0.90for Equation20 and the Avrami modelThe euations20and21 are
models describing homogeneous or psetitimogeneous reactions, respectiveBd and 3¢

order reactionsTheparticles are considered to be uniformly distributed in the leaching solution,
and the slurry can be seen as a liquithe order typically determines how the reactant
concentration affects the leaching rate. This highlights that B# dissolution is chemically
controlle G KS AYGSNFIFOSUa NBI OG A 2 gnd iNdoes Bot ShAwadyNR f &
dissolution resistance due @product layer around the unreacted lithium metal oxide particle.
However, it is worthhighlighting 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 chattyicontrolled to diffusion
controlled. Additionally, products form faster at higher temperatures, and-sdetions can also
occur, which could hinder the operation by coating the particle's surface (passivation layer or
product layer).

One interesting aspect is th&quations15 to 18, related to diffusion controllingalso have a
reasonably good fit at 3€. That couldndicatethat diffusion can also limit the reaction rate at
lower temperatures, anthoth controlled mechanismesould 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 f¢oHdjuid transformation,
inherently neglecting the complexities of interaeactions. Despite this simplification, certain
empirical observationgor the Avramimodel indicate the nature of the leachindlotably, the
Avramiorder (m) reveals a value of 0.5 at 30°C, which decreases with increasing temperature.
Conventionally, an Avrarorder below 0.5indicatesa 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 ehogcross the investigated
temperature range.

The solid analysis characterizationll aim at solving which mechanism is preponderant and
characterize whether the produdsformed in bulkor around unreacted particles.
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Figure20: Fitting models Equationl5 - 23) to the experimental data a&) T = 30°(h) T = 60°Candc)the
fitting for the Avrami equationEguation25) with their rate constant associated ané R

Based on the kinetic rate constant obtained at each temperature for thefittésti models, the
linearized Arrhenius law (log(k) as a function of lIsTplotted inFigure21 for the three best
model the energy ofactivation (B) is calculated from the slope value (Equati®@). 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 withthen2l 39 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[atjdIt isessentialto highlight

that the values obtained (between 55 and 76 kJ/mol) are relatively high compared to processes
using inorganic acidg9,74] This is not abnormal for organic acids, as they typically require more
energy for reaction completion and have 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.lt is important to remembethat at high temperatures, diffusion can become the rate
controlling steg121].
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Figure21: Arrhenius plot frona) Avrami model data and) from dataofthe second and third ordeeaction
(Equation20and21).

Leachindl residue characterization

The results presented here are basedPaper IV.

The different morphologicatharacterizationdSEMEDS and particle sizef the residue are
depicted inFigure22, whichis 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 irfFigure22b. The overall particle size has decreasethpared to the initial
sample (sed-igure8 - Page29), with the d50 droppingrom 29.8 um to 17.5 um. A new particle
size group of around fim 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. Hereas some particles

are still visible around 10Am, some NMC unreacted particles may stilltbepped inside the
structure. It is also worth mentioning that the group of particles around 10 pum 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 leachiff§ a&ts6feen

in Figure22a. 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°@tf@030 min. The resulting
residue exhibits particles of irregular shapes with very rough surfaces and an increagéd4jize
Moreover, EDS analysis indicates the composition of the different parti€hes.small cubic
particles comprise Ni, Mn, and Co associated with C and O; this elemental distribution supports
the attribution to the metal oxalate precipitatd&No Al foil could be found in th&tudiedsamples,

which supports ICP results regarding its complete dissolufibefluorine content has drastically
decreasedindicating the dissolution of the electrolyte salt in the aqueous solutinremains in

the sample and canebfound in a similar foil shape as previously, primarily as metallic Cu and
possibly CuO.

46



a) SEM Image and EDS results (Leaching residue at 60°C)
Elemental composition (EDS data): 5
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Figure22: a) SEM image and EDS report for the residue obtained after leachiniCaa®@ b) the particle
size distribution for the residues obtained after leaching at 30, 60, at@€{8Walues given for the residue
T =60C)

In addition to morphological characterization, structural characterization is perforiieel J)RD

patterns of the residue obtained after leaching at 30, 60, and 80°C are shdviguire23a, and

the exact composition of the residue is given in fgpendix5. Thepatterns reveal comparable

diffraction peaks across all leaching temperatures, indicating the consistent presence of
ONBAGFEETAYS LKIFIaSa gA0GKAY (GKS fSIFOKAYy3 NBAARC:
markedby an arrow was observed exclusively in the leachate obtained at 30°C and was absent
at higher temperatures. This peak, also present in the inBisl as depicted inFigure8, is
attributed to unidentified impurities that exhibit temperaturdependent leachindbehaviour

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.

¢tKS RAFFNIOGAZ2Y LISI1a G HecdcX FYR nndcc H 0
phase (PDF 0@16-6937) remaining in the residue from the BM. The other peaks in the diffraction

pattern can be assigned to a transition metal oxalate phasejquéatly the Co(£0s) - 2 HO (PDF
04-016-6937). The main question regarding the formed oxalate phasehether a common

oxalate phase containing the different transition metal precipitatea phase separation occurs.

In a study by Wang et dl145], a CeNi 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
opdmMc H' X gKSNBlIFA LISI|] aLXAddAy3a g2dd R AYyRAOL
can be observed for our leaching residusisggestinghat 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 Cof@) - 2H.O with the observed pattern, it is visible that some
diffraction lines are missing, i.e. the ones corresponding to théd) (&ftice planes (21.2, 24.7
29.1,336f YR oy®dyc H' 0O
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Figure23: a) xray diffraction pattern of the sample residues obtained after the leaching at 30, 60, and 80°C
with the expected diffraction lines for the Cg%}-2HO phase (PDB4-016-6937). The asterisk indicates

the peaks corresponding to the graphite phase (PDE1646937), b) Pawley fitting T = 30°C, ¢) Pawley
fitting T = 60°C, d) Pawley fitting T = 80P@wley fitting was realized in collaboration with Dr. Laura
Altenschmidt

Previous reports on the structure of transition metal oxalates containing Ni or Mn shtva¢d
oxalates are prone to the formation of disordered structures, which is accompanied by the
extinction of certain diffraction pea446,147] This disorder is caused by a displacement of the
one-dimensional oxalate chains with respect to one anotfiar 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 ifable12. As the starting point, the oxalate phase is
based on the reported structure by Puzan et al. for the disordered nickel oXakaté¢ 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 nitsl¢he data

well, it must be mentioned that ialso accounts for more amorphous contributions around 24.7

v oA N A v
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increasing temperature, these broad diffraction peaks become more pronounced, suggesting a
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disorderorder transition of the oxalate phas@he lattice parameters within the temperature
series are close to the reported parameters for the sidgl& | &-n, GoQor Ni oxalatefd 46].

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.

Tablel2t I gf S& FAGGAY I NBadzZ Gaod ,KKB 2yae SidPadldyBttyiRS T A ¥y SR

was realized in collaboration with Dr. Laudtienschmidt

Sample Space
ReSldue bA | cAH | " ] oc group

11.956(1) = 5.460(1) = 9.860(1) 90 126.89(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,Mge- 2 HO phase andraphite. It is worth mentioning that

this phase has physical properties different from those of single metal oxalate complexes. Hence,
the solubility mentioned earlierTiable6 ¢ Page21) has to be adapted, and it is a probable linear
combination of the single oxalateAdditionally, 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 madine 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 usexadlicacid, 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 chercmalrolled operation with a
transition towards diffusiodimited at higher temperatures.

Equation45 proposes the main reaction for the dissolution of CAM with oxalic acid, where Li
remains in solution principally asGiOs, and the TM are in a solid solution structure, which is
hardlysoluble in agueous 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.

0. E T/ ¢ #/ orc, B/ #1.BE1 #/1 (1 # TU
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5.3.2 Sulfuric acid leachin@.eaching 2)
The results presented here are basedviamuscriptV.
For the next part of the investigation, another scaje operation was done: the BM wésached
in a 2 L reactor &0°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:maix of adisordered (Co,Ni,MnYOs - 2HO phase and graphite.

Thermodynamics consideration and sulfuric acid leaching yields

The second leaching is performed Wi5Q 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(MGOs - xHO) can be effectively dissolved by employing strong acidic solutions, a
condition known to disrupt their stable structure and enhance solubflit90]. First, some
thermodynamic predictions were computed to help discuss the leaching operation, as seen in
Tablel3. Only the Ni and Co solid simple oxalate are present in the database, while Mn and Cu
soluble simple oxalate can be found. Thenometallic oxalate complexes can help us understand
the dissolution mechanism, as the residue comprises a solid soliRifferent reactions were
considered: the dissolution of the solid complexes in water (Equat#idhand 50), in HSQ
(Equations48 and 51), and the reaction of the oxalate complexes (solid or not) with theGH
forming sulphatein solution (Equationd6, 49, 52, 53). Amart from these potential reactions, it is
essential to mention that some side reactions are possible, likelégeadation of oxalic acid
molecules with concentratet,SQ, which results in théormation of CO gas, or the presence of
fluorine, which could interfere and create other species with the eleméltis.reaction between

the solid oxalate complex ancdb&Q, forming thesulphateassociated 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
agueous solutions. It hidiights that the dissolution probably las in the amount of acid provided

to solubilize the oxalate, which then forms the metalphatein the solution. The transformation

from oxalate tosulphateseems to be the driving force of the dissolution. Also, note that the
reaction between the soluble oxalate compound an&8 is spontaneous.

Tablel3: Thermodynamic consideratigqcomputed with HSC Chemistry. 10

Reaction Equations n 066°Q (kJ/mol)

060 YO OO 06 £0Y 60 00 T0Q -41.1
060 OO OO0 6D cg00 T X 27.1

060 X0 OYO 0D "O°Y0 ¢OU T Y 272
. &0 OO 0O'YD 0 @Y V60 00 T W -31.3
0®H X0 O . &0 000 L Tt 272

O0®O ¢ov OO . &0 "O°Y0 OO0 vp 27.4
0 €6 0 "0°Y0 0¢& v ‘06 0 U ¢ -62.1

0®0 0YO 6 60Y 060 Vo -33.2

06 cO"Y0 00°Y0 YO c¢00 VT -62.7
d00 0 006 @0 ¢O ¢00 VU -658.8
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From the preliminary test described in paper V, the agitation (300 rpm), temperatuf€),cand
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 théehaviourof all metals and to identify the driving force for the dissolution.
The leaching yield and concentration in the solution are depictédgare24.

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 Mndissolved 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 nesdthe addition of an oxidative agent to facilitate its recovery.
However, using any oxidative source should be avoided here as it would enhbaGg®,
degradation, aseen in Equatio®5. Whenthe 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,
respectivelyagainst 1.8 and 1.2 g/L after leaching at 20 g/L.

On the other handNi dissolution behaviar does not follow the same trend as Mn and Co; its
recovery and concentration are distinct when the molar ratio is lower thanl20act, Ni
concentration reaches a plateau at about 1.5 g/L under most studied conditions in 66igung(

24b) butbefore that, its concentration goes higher than this value for a short peabck(2 g/L)

as visible orthe Appendix6. It could be interpreted that Ni reaches a solubility limit. However,
when looking at the solubility data, NiSE@mpound is highly soluble in water (solubility of 40
0/100g HO at 20°C[124]). This would suggest that Ni exists as oxalate in the solution and has a
solubility ofabout1 g/L (in a solution at 2M43Q at 65°C) This contradicts the thermodynamics
datadiscussed abov@lablel3), which stateghat sulphatesare formed in the bulk.

a) sLi eNi ®Mn oCo +Cu b)
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Figure24: a) Leaching yield, Imetal concentrationafter leachingT = 68C, [HSQ] = 2 M, t = 60 min, 300
rpm agitation) at different S/L ratios.
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Leachind solution characterization

FTFIR and UWis analysis were performed to understand better in which speciation Ni is present
in the solution the spectra are visible Figure25. On theFTFIR spectrathebandsat 1182, 1106

105Q and 884cm! can be assigned to the Sa@d O vibrations[148], revealing the presence

of sulphategroup. It can bedue to the H.SQ or metal sulphate compourgipresentin the
solution Additionally, the oxalic acid spectrufilue spectraghows two peaks at 1622112 and
3326c¢n?, whichare assigned to the-O and C=Qribrations inthe oxalate structurg149]. The
same bands can be observed the spectra of the leachate solutiomhese data validatéhe
presence of sulphateand oxalatein the solution, but it is hard to conclude regarding the
transformation of the metal oxalate into sulphaéspresented inTablel3.

Hence aU\~Vis analysigrere performedto assess whicmetal form isin the solution(Figure25b

andc). First, sgandard solutiongFigure25c) were prepared by dissolving the respectadphate

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 ¢/L, and [Cu] = 0.26
g/L). Thespectrashowthat NiSQ absorbs at about 400 nm and 650 nm,SChat 520 nm, and

CusQ has aprominentpeak in the region of 800 nmvhile noabsorbance bandan be seen for

the MnSQ. The leaching soluti@{Figure25b) present dsorption peaks in the same range as the
standardsulphatesolution, highlighting the presence of Co and Npbkate. For the Ni, there is a
maximum absorbance for all solutions at around 0.2, wiscboherent with ICP measurement

and validates tke limit of dissolution. It can be confirmed that Ni exists primarilysalphatein

the solution andits recoverylimitation could be inthe solubility limitof anintermediate product
instead ofthe final one. The reaction presented in Equatiof® is not complete, even if
thermodynamics considelis spontaneousMore than the solubilityargument some limitations

could standn the amount of acid providedr the kinetics.Lastly the largeabsorbancdand from

350 nmpresent in all leaching solutions matches the absorbance band observed in the oxalic acid,
which would indicate the presence of oxalic acid in the solutibence, corroborating the
transformation in sulphat@associatedvith the production of oxalic acid.
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a) FTiR spectra for the leaching solution
OA Leachate
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Figure25: : a)FFIR spectrand b) UWisspectraof the leaching solutis(T = 658C, [HSQ] =2 M, t = 120
min, 300 rpmagitation) at different S/L ratios, with the c) WXs spectra of standard solutisnf metal
sulphate.

Leaching residue characterization

The leaching residues wer@nalysedby ICPand XRD as seen inFigure 26a-b. The metal
composition of each leaching residue obtain€digure 26a) aligns with the measured
concentration in thesolutiony at low S/L ratios most metals are leached, and the resulting
composition in the residue is very low. On the other hafndm 40 g/L, the presence of Ni is
relativelyincreasingcompared to the other TNMca. 8wt%, against ca. Wt% for Co and &t% for
Mn). And the higher the S/L ratio, the less the solid solution phaached and the more TM
are left in the residue (ca.\8t%, ca5.5wt% for Co an@ wt% for Mn).

The FIIR spectra of the residues are providedAppendix7. 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 2m1358 cmi, and in the 1611630 cm' range can be
observed. These peaks are assigned to H@ Wbrationsof the oxalategroup[149]. This implies

that the solid residugabove a S/L ratio of 40 g/l composed of oxalatélhis suggests that
(above that S/L ratiahe oxalate from leaching 1 either did not fully react oqprecipitated.
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The XRDpatterns provide valuable insights into the underlying leaching mechanism, enabling the
identification of phase transitions and structural changes during the pro¢essinstance, after
leaching at 20 g/lgraphite isdetected aghe main phase remaining in the so(ithain diffraction
peaksaH ¢ dc | y R Aduditiodat peakss Which fiMC 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 outWe can conclude that the undissolved Li in the residue after oxalic acid
(Leaching &, see Page 4Ivas in the unreacted NMC materitthe produced oxalate were coating

the core and the oxalic acid could not reach the centre of the particle

On the 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)eDs - 2HO, here a phase separation is observed: identified with the peak splitting

Fd opdmc H'® ¢KS FANBROG LIKFAaS A@amed MixediOkamte & 2 t dzi
in Figure 26)and the other is a structure mainly composed of Ni oxaléfeh high S/L ratio, the

pic relative to the mixed oxalate phase is more intense (see inset in Figure 26b). This is not
surprising, thehigherthe S/L ratiq the lowerthed / 2 2 b A Z a y 0/ i Hepchiiigwhich i h
leadsto its increased presence in the residue.

LIK I

a) Residue elemental composition in wt% (%)

S/L{g/L})y Co Ni Mn Li Cu
10 0.87 [<LOD[< LOD 0.76
20 0.27 | 0.16 |[<LOD|< oD | 0.39
40| 3.99 | 8.17 | 1.00 1.83
60 453 | 7.27 | 1.05 1.41
80[ 5.53 | 8.1 | 2.11 162
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Figure26: a) Residuenetal composition(wt%), and b) XRD pattern of the solid residafer leaching(T =
65°C, [HSQ] = 2 M, t = 120 min, 300 rpm agitation) at different S/L rati¢@Graphite:PDF04-016-693
CoOPDF 049022692 NMC 111: PDF e2134379 Cu PDF 6091-1717).
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Conclusion on Leaching 2 of the recycling process

Simple oxalate complexes need a strong acidic solution tedihed;Ni oxalate stands out from

the other TM withower solubilityunder the conditions provided he Equatio®6and 57 express

the leaching reaction mechanisfx + y + z = 1& significant excess of acid is required to complete
the reaction. The unique solid solution of the oxalate splits into two phasa®alingthe
mechanism. On one side, the structure is depleted of the three elements more or less
simultaneously, leading to the production of mesailphatein 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 conditio&quations7).

#7. B 1 #7 Oc(/ (31 o#B/ QORI G0&3/ (#/ (/1 ve
G®RI (#/  o(/ OB X(/ (3 v X

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 iRigure27. The first (up) is a orstage leaching with an S/L ratio

of 20 g/L. Another path could be to apply a tstage leaching, which will enhance the same
recovery rate but then produce two leaching solutions with the potential to produce different
NMC materi¢gs. This option was applied, and the data providedrigure27, are experimental
based.

The first option would remain the preferredne 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 (9;:
- 0 -
| T=65°C, M50, =2 ™, wi% (%) 027 016 0 0 039 Meld®)
t =120 min, 300 rpm,
20g/L , .
¢ Leaching solution
Co ] Mn Li Cu
[Element] (mg/L) 1828 1413 1230 93 266
OA _ [Element] (mmol/L) 31 24 22 13 4
Residue Equivalent 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
| t=120min, 300 rpm, | Wt% (%) 3.9 82 10 0 18 t=120 min, 300 rpm, | Wit% (%) 1.2 2.8 0.4 <LOD 1.0
40 g/L 20 g/L
Leaching Leaching
solution (1) solution (2)
Co Ni Mn L Cu Co Ni Mn L Cu
[Element] (mg/L) 3034 1423 2226 190 354 [Element] (mg/L) 799 1623 185 <LOD 338
[Element] (mmol/L) 52 24 41 28 6 [Element] (mmol/L) 14 28 3 <LOD 5
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

Figure27: Potential leaching route one-stageleaching(high recovery and towards NMQ1lproduction)
or two stage leaching40 g/L and 20 g/L)
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5.3.3 Purification leaching solution-Zowards the production of CAM precursors
The results presented here are basedviamuscriptV.

Impurity concernc Removal of Cu

As the background section (page 10) explainsexXbibits toxic effects onegenerated CAM. It is

the one remaining impurity element at this stage of the progaesent in the solution at ca. 300
mg/L Figure27). 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[@igd/IPrecipitation
techniqueswere judgedunsuitable for this separatigras seen irfrigurel9, no recovery can be
expected by adjusting the pH. Minimizing co-precipitation of valuableelements(losse$ is
crucial in the proces$ience another separation techniqgue must be consideéoestmove the Cu
from the solution

Solventextraction was selected as the preferred method. It allows a selective and effective metal
recovery from an aqueous solution, even at trace levels. Cu extraction has beetoaathented

over the years. However, its extraction from a sulfuric aqueous imnatrcompanied by residual
oxalic acid is still undone. Oxalic acid still has a complexing ability and could form some soluble
anionic Cu oxalate formyhich could resist the extraction systeifhe selected extractant is the
Acorga M5640a hydroxy oximeype organi@cid extractant widely used in the industry because

of its high selectivity fo€u[150]. It is an acidic extractant expected to foll@&guation58 ("O0is

the protonated form of the extractantHence, Cextraction efficiencys significantly impacted

by the pH. For instance, optimal extraction conditions for Acorga M5640 were foundnat
equilibrium pH of 2.5, where nearly 92% dfu was extracted150,151] Other authors
demonstrate that about 85% extraction could be achieved from a feed containing Cu and Zn in
perchloric acid at an initial pH 0f{152].

00 c'0O0 0@ ¢O oy

It is worth noting that Li in very low quantities in the leaching solution which should not affect the
NMC synthesif94,95]

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 wasdjustedto see if it would change thmetal speciatiorwhile removing
acidity; precipitation tests were performed on the leachate solution (S/L = 20 §Hs.
neutralization was done by slowly adding small drops of NaOH 10 M under constant agitation
and the pH was measured continuousiye variation of concentration is depictedrigure28. 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 redtier.
XRD patternKigure28d) obtained aftelpH 2 and 4 precipitatioreveals that oxalates are formed.
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This precipitate is again a solid solution with the general formula (Co,Ni@n)2H0 phasgno
peak splitting observedmeaning that all elements garecipitatetogether.

This is problematic for Cu remo\asd the equilibrium pH cannot be controlled during the solvent
extraction because of the'8phase which would be formedlhe leaching solution pH was
adjusted at 0.4 to keepll metals in solution and continue the process withptecipitation.

Despite the complication this might cause for Cu separatiogivés a strong chance to recover

the other transition elemerd 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 devicgE53¢156] Additionally, if metal oxalate precipitates, the
sulfuric acid solution could be regenerated and reused in the process.
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d) XRD pattern for the solid after precipitation
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Figure28: Evolution of the metal concentratiamthe leaching solutio (20 g/L, 2M, 65°C, 120 minafter
adjusting the pH a) 1.1, b) 2.1, ¢) 3.7, d) XRD pattettme obtained crystaland, 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 maséth a potential 3 phase formation{126].
Different leaching strategies have beemphasizedibove; for the solvent extraction study, the
leaching solution at 80 g/L is used as it presents the highest concentrdt@um At low feed pH,

the extraction is more sensitive teariationsin the feed Cuconcentration[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 extractioryield and Bvalueof Cu,Mn, CoandNiare shown inFigure29 under different set

of conditions andthe selectivity ofAcorga M5640 for Cu is demonstratddr all graphs shown,

the coextraction of the other TM is under 0.5%. For all tests, thage separation is easily
achievednatural gravity) and the organic phase changes from transparent to golden yellow once
Cu is loaded.

Equilibrium is reached after 15 miRigure29a), and 35% of Cu is extracted. The very low co
extraction of the other valuable metals is a key factor in the operatia scrubbing will be
considered which would haveomplicatal the purification process and increase operational
costs A time of 30 min is selected for further investigasoiemperature slightly impacts the
extraction yield; it increases from 35% at 25°C to 4980&t Figure29b). This slight increase is

not surprising aghe extraction mechanismvith Acorga M5640 isan 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 thesgrothe parameter

that most impacts Cu recovery is the concentration in Acorga M5640 (given in volume percentage
in ESCAID). For 5%v AcorgaM5640 the extraction is at 21%, while it is about%(Cfor a
concentration of 30%/v. Co, Mn, and Ni eextracion is not strongly affected and keeps an
average value of about%2 (Figure29c). 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 mentionedabove 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 wawpf the Acorga M5640 concentratian A y O NB | afavgussthe extfadtiodB S t &
(Figure29e). Extraction capacities are identical depending on the leachate solution used as feed
(Figure 24d), which was essential in the development procAlisexperiments are batch
experiments, and multistage operations will be needed to achieve a satisfying separation of Cu
(under 5 mg/L, so above 99% efficiency percentagemser guations 34and35 (Page22), are

used to determine the theoretical number of stagey (eedediData obtained for the batch
experiments (Brvalues) were computed to obtain the theoretical number of stages needed to
achieve the 99% required extraction; results are reporteBigure29f. Crosscurrent extraction

would require fewer stages, but it consumes a large volume of organic material as fresh organic
solution is distributed at each stage. Countenrent extraction would need more stages and a
YAYAYdzy * 27F wu oreadd iSiadasSidly prafefed. SNt thid ghellistion, 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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Figure29: SX test towards Cu remoyah) Kinetics of extraction (Fixed=1, 25°C, 10 vol% Acorga M540),

b) Influence of temperature (Fixéd=1, 30 min, 10 vol% Acorga M546),Concentration of Acorga (Fixed

‘ =1, 25°C, 30min), d) different leaching solutidnfluence of the feed variatiofrixed =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 statgeachieve %E &.99(Equation34 and 35).

Additionally, some stripping experiments were performed to investigate the unloading of Cu.

They were performed with2 M#8QF & wpc/ YR * 40 nopd mnm: 27
all organics solutions tested.
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5.3.4 Conclusions and perspectives on Strategy 2

The second strategy is vepyomising it is an innovative option for recycling LiBs. In the first
leachingl, with an oxalic concentration of 0.6 M, a S/L ratio of 60, @/ltemperature of 6€C for

60 min,about 90% of the Li can be recovered (along with 100% of Al). The mechaasm
investigated, and this work allowed a precise description of the mechanism driving the operation.
It was shown that the solid residue 1 is composed afiigture of solid solution (a disordered
phase of TM oxalate) and graphit&his solidenters a second leactgn2, with two primary
objectives:1/ to separate the valuable elements from the graphite &ido 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 8& for 2 hoursOver95%of the TMwere recovered and present as
sulphatein the solution.The instability of Ni in the solution was demonstrated as it easHy
precipitatesas oxalate in the bulk, forming a new phase in the leaching residue.

The next stage was to stacbnsideringthe production of CAMand for this purposeimpurity
removal wasecessarylt was proven that thenetal oxalatereadily precipitateswhenthe pH is
increased A pH as low as 1 lead® high oxalate precipitation No moreinvestigationswere
pursuedfor this, as it directly correlates with the synthesis of the CAM precursor.

Due to this instability, solvent extraction with Acorga M5640 was performedrnmve CuHigh

selectivity towards Cu was shown. Despite the impossibility of controlling the equilibrium pH, it

was demonstrated that 99% could be removeddpylying 3stages crossurrent extraction with

an Acorga M5640 concentrationof 30 vadttda® 2 F nX G NB2Y G SYLISNI G dz

H2C204 H2S04 Acorga / ESCAID

\

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

(0.6 M, 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)
/ 5 5
Li, Al Graphite Cu NMC Cathode

material

Figure30: Summary of the developed route based on oxalic acidthitlidentified optimal conditions: 1)
H.GOs Leaching 12) BHSQ Leaching?2 for the TM 3) Cu removal
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6 CONCLUSION

This thesis compardsvo uniqueLiB 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 recovefédC, 20 g/L, and 60 mir)espite this limited
recovery, the process is highly likely to be appliednolustry. First, because of its maturity,
processes based on sulfuric acid have been widely investigated, and @a@meven already
applied in the world. This pyrolysis step as afpeatment would offer a new and advantageous
way to 1/ concentrate the BM, wh could then be transported elsewhere for its wet processing,

2/ increase the Li overall recovery, and finally 3/ have strong potential-syméhesize the CAM
material. Aside from the industrial aspects, this work has succeeded in detailing the nsuhani

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 thbg-products formed (LiF, d8Q, and
LiAIQ). Moreover, due to high fluorine content, special eattion 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 sdheally, the pyrolysis enabled the
recovery of all metals, as more than 95% coulddmovered withouthe 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 lea@iwatjc acid)ed to the
recovery of about 90% of Li and 100% ofoXklic acid 0.6M, 6C, 50 g/L, and 60 minyhe thesis

gave a strong importance to defining the dissolution mechanism, defining that the operation is
chemically controlled but can turn into a more diffusioontrolled mechanism at higher
temperatures. This nature aperation shows how vital acid concentration is for thissolution,

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
observedmainly attributed to forming a product layer around unreacted core partigiegealed

during Leaching 2Yhis phenomenon is complex to avoid and constitutes a big drawback for the
rest of the process. However, some more research dutmggindustrialization phase could be
carried out to find asolution; some leaching equipment is made to tackle these isJire=n 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 precwsichhave

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 recovésetfuric acid 2M65°C,20 g/L, and

120 min) Then Cu was removed with 8X#th Acorga M5640 despite the impossibility of adjusting

the equilibrium pHMore than 99% of Cu could be removed from the solution, after 3 stages
crosscurrent extraction with an Acorga M5640 concentration of 30 vol% ahd a2 ¥ n X | G NI
temperature.The resulting solution has a strong potent@iproduceoxalate precursor.
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FUTURWORK

At thisresearch stagea definitive comparison of the two proposed routes remains challenging
due to their respective advantages and drawbacks. Future work will inacdeenprehensivefe

cycle assessment (LCA) and economic feasibility evaluations to provide a more robust analysis.
Both will be planned oncthe entire process is finalize@heLCAs a crucial tool for quantifying
environmental impactwhich is more relevant at the end of the research,tlas assumptions
made at the early stage can potially lead to inaccurate conclusions as the process matures
Similarly, a thorough economic evaluation is planha&tr. This assessment will be pivotal in
determining the industrial viability of each royti 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 optimizatio@urrently, this evaluation is premature, as key process
parametersare yet to be fully investigated and optimized 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 littloaded leaching
solution (Leaching Solution 1) necessitates purification. Bagdtie solution specifications, we
strongly recommend initially exploring ion exchange or adsorptiaremoveTM impurities This

is followed by a second ion exchange step to exchange lithium ions with protons. This strategy
could significantly enhancéé subsequent regeneration of oxalic acid.

Furthermore, we propose investigating alternative leaching agents to ascertain if sulfuric acid is
the most effective option. Regardir@@uremoval, we suggest exploring tvabher approaches: 1)
evaluating alternative extractants with lower pH sensitivity or equilibrium pH, such as LIX reagents
known for Cuselectivity, or 2) investigating cementation as a method to precipitateas a
metallic compound, potentially utilizing another transition metal present in the CAM to avoid
introducing additional impuries.

Finally, the resynthesis of the CAM will be undertaken to complete pinecess developmentAs

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

Appendixl: Results of the analysis of variance of the fitted model for all the elements

Element Source Degrees of | Sum of Square| Mean Square | Fvalue p-value
freedom SS MS
Lithium Total 17 4922 .4 289.6 - -
Regression 10 4889.1 488.9 102.8 0.000001

Residual 7 33.3 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 - - - - -

Pureerror - - - - -

Manganese Total 17 25.2 15 - -
Regression 10 22.2 2.2 51 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 29.4 29 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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Appendix2: Sumup of the significant parameters obtain for thegression models for every element

Element Effect Coefficient | Standard t Stat p-value
error

Lithium Intercept 92.09 0.86 107.32 1.61E12

OA Concentration 6.76 0.69 9.80 2.45E05

Time 10.68 0.69 15.49 1.13E06

Temperature 12.61 0.69 18.28 3.63E07

Time*Temperature -8.40 0.77 -10.89 1.22E05

OA Conc. * OA Conc. -6.33 1.32 -4.78 2.01E03

Time * Time -5.85 1.32 -4.42 3.09E03

Temperature*Temperature -6.50 1.32 -4.90 1.75E03

Aluminium Intercept 94.43 3.36 28.09 1.86E08

Time 16.24 2.70 6.01 5.36E04

Temperature 13.58 2.70 5.03 1.52E03

Time*Temperature -8.60 3.02 -2.85 2.48E02

Manganese Intercept 2.64 0.26 10.18 1.90E05

Time -0.55 0.21 -2.64 3.34E02

OA Conc. * OA Conc. 1.22 0.40 3.04 1.90E02

Cobalt Intercept 0.48 0.07 6.70 2.78E04

OA Concentration -0.48 0.06 -8.28 7.33E05

OA Conc. * Temperature -0.29 0.06 -4.49 2.83E03

OA Conc.* Time * Temperature 0.16 0.06 2.55 3.83E02

OA Conc. * OA Conc. 0.63 0.11 5.64 7.86E04

Nickel Intercept 0.40 0.16 2.53 3.90E02

OA Concentration -1.01 0.13 -8.04 8.80E05

Time -0.70 0.13 -5.56 8.47E04

Temperature -0.41 0.13 -3.27 1.37E02

OA Conc. * Temperature -0.37 0.14 -2.63 3.41E02

OA Conc.* Time * Temperature 0.52 0.14 3.67 7.92E03

OA Conc. * OA Conc. 141 0.24 5.82 6.53E04

Copper Intercept 1.32 0.51 2.57 3.69E02

OA Concentration -1.66 0.41 -4.04 4.96E03

OA Conc. * OA Conc. 2.28 0.79 2.88 2.36E02
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Appendix3: Pareto chart of the standardized effects of the factois4gid concentration,xtime and x:
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 exipeentally observed response (€)
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Appendix4: Oxalic acid leaching of the Blatiassc Evolution of E (orange), pH (black), and temperature
(blue) during the operation.
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Appendixs: Composition of the residwet% (%)after the oxalic acid leaching (420 min, 4@@n, 0.6M
oxalic acid) at different temperatures (obtained after aqua regia digestion + ICP measurement)

Co Ni Mn Fe Cu Al Li
T (°C) / Black mass w(%)| 10.8 | 8.7 8.0 0.1 4.3 1.1 3.3
80 931 | 666 | 592 | <LOD| 1.32 <LOD 0.53
70 950 | 6.77 | 6.05 | <LOD| 1.56 <LOD 0.58
60 9.09 | 650 | 582 | <LOD| 1.64 <LOD 0.51
50 874 | 6.22 | 563 | <LOD| 155 <LOD 0.50
40 9.08 | 646 | 583 | <LOD| 1.67 <LOD 0.57
30 941 | 6.68 | 593 | <LOD| 1.98 <LOD 0.64
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Appendixé: Evolution of the leaching yield and concentration during the leaching operation undef@, = 65
[H2S504] = &4, 300 rpm agitation and different S/L ratios, 10, 40, an8iC80r Co a), Mn b), Ni c¢), and Cu
d)
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Appendix7: FFIR spectra of the leaching residue 2 (T *€€68SQ] = 2 M, t = 120 min, 300 rpagitation)
at different S/L ratios
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