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Maailmanlaajuiset pyrkimykset fossiilisista polttoaineista puhtaampiin teknologioihin siirtymiseksi
ovat kasvattaneet akkujen merkitystd huomattavasti, mika on arkielamassa nakynyt erityisesti viime
vuosina kasvaneena sahkoautojen maarana. Sahkdautojen litiumioniakut sisaltéavat suurina pitoi-
suuksina arvokkaita metalleja, joista monet on maaritelty kriittisiksi. Tehokas kierratys on valttdma-
tonta naiden materiaalien saamiseksi takaisin kayttdon niiden elinkaaren lopussa.

Yleisimmin kaytetyt akkukierratysprosessit ovat hydrometallurginen ja pyrohydrometallurginen,
joista tama vaitoskirja tutkii hydrometallurgisen prosessin liuotusvaihetta. Liuotuskokeita suoritettiin
sulfaatti- ja kloridiliuoksissa kayttaen raaka-aineena niin puhtaita kaupallisia akkukatodikemikaaleja
kuin teollisesti prosessoitua akkujatettakin (musta massa). Nama raaka-ainevalinnat mahdollistivat
sekd puhtaiden katodikemikaalien liuotukseen liittyvien ilmididen tutkimisen ettd muiden akuissa
esiintyvien materiaalien liuotusprosessissa aikaansaamien vaikutusten havainnoinnin.

Puhtaiden katodikemikaalien liuotuksessa mangaanin huomattiin saostuvan liuoksesta I[ampéti-
loissa T = 70 °C ilman lisattyja pelkistimia. Vastaavaa saostumista ei havaittu kloridipitoisissa liuok-
sissa, jotka sen sijaan reagoivat muodostaen kloorikaasua. Lisaksi vaitoskirjassa tutkittu liukoisten
kuprokloridikompleksien pelkistdvaa vaikutusta hyddyntava liuotussysteemi todettiin tehokkaaksi
akkukatodimateriaalien liuotuksessa. Systeemin avulla saavutettiin yli 90 % Co ja Li saannot suh-
teellisen miedoissa olosuhteissa (1 M H2S04, 0.2 M NaCl, 30 °C, 2 h). Kokemukset teollisen mustan
massan kaytosta raaka-aineena vastaavassa systeemissa herattivat kuitenkin huolta kloridipitoisten
liuosten ja mustan massan yhteensopivuudesta reaktioon liittyvan voimakkaan kaasunkehityksen ja
vaahdonmuodostuksen vuoksi.

Teollisen mustan massan liuotukseen keskittyvissa tutkimuksissa kuparin pelkistysominaisuuk-
sien havaittiin tehostuvan liuoksen rautapitoisuuden kasvaessa 0.4 g/L Fe asti, kun taas alumiinin
pelkistava vaikutus voimistui ainoastaan lampdtilan noustessa. Lisaksi kuparin havaittiin olevan alu-
miinia tehokkaampi pelkistin suhteessa naiden metallien luovuttamien elektronien maaraan. Kuparin
huomattiin myds sementoituvan alumiinikappaleiden pinnalle ja liukenevan uudelleen liuotusproses-
sin edetessa.

Tyossa kaytettiin lisdksi Design of Experiments (DoE) -metodologiaa yhdessa regressiomallinnuk-
sen kanssa. Nain saatiin johdettua akkumetallien liuotussaantoja ennustavat yhtalot perustuen seu-
raaviin liuotusparametreihin — lampatila, liuoksen rautapitoisuus seka kuparin ja vetyperoksidin maa-
rat. Regressioanalyysi osoitti liuoksen rautapitoisuuden ja kuparin maaran olevan katodimateriaalin
pelkistymisen kannalta merkittdvampia tekijéitéd kuin usein kaytetty H202, minka epailtiin johtuvan
useista vetyperoksidiin liittyvista sivureaktioista.

Aikaisempi akkumateriaalien ja teollisen mustan massan liuotukseen liittyva kirjallisuus on keskit-
tynyt pitkélti uusien liuotussysteemien kehittdmiseen tutkimalla vaihtoehtoisia pelkistimia vetyperok-
sidille, mutta teollisen akkujatteen sisaltamat metalliset fraktiot ovat tyypillisesti jaaneet vahalle huo-
miolle. TAma vaitoskirja tuottaa uutta tietoa kyseiselta tieteenalalta tarjoamalla yksityiskohtaisen ver-
tailun sulfaatti- ja kloridiliuoksien liuotustehokkuuksien valilla, esittelemalla uuden kuprokloridikomp-
lekseihin perustuvan liuotussysteemin ja tutkimalla kuparin ja alumiinin pelkistystehokkuuksia seka
liukoisen raudan roolia elektronien siirrossa naiden metallien ja akkukatodimateriaalien valilla.
Tassa vaitoskirjassa esitetty tutkimus hyodyttaa seka tulevaa tutkimusta ettéa teollisia akkukierratys-
toimijoita tuottamalla lisaa tietoa eri liuosten liuotustehokkuudesta seka akkujatteessa esiintyvien
metallisten fraktioiden pelkistystehosta.






A? ABSTRACT

Aalto-yliopisto

Author Jere Partinen

Name of the doctoral thesis Leaching of lithium-ion battery materials in sulfate and chloride me-
dia for hydrometallurgical recycling

Article-based thesis

Number of pages 60

Keywords Lithium-ion battery recycling, Reductants, Sulfate—chloride media, Black mass

As a result of the worldwide attempt to phase out fossil fuels and implement cleaner technologies,
batteries are becoming increasingly important. One of the most obvious effects of this green transi-
tion in everyday life has been the rapid increase in the number of electric vehicles (EVs) over the
past few years. Li-ion batteries used in EVs contain high concentrations of valuable materials, many
of which are classified as critical. To ensure the circulation of these materials back to reuse after
End-of-Life (EolL), efficient recycling is necessary.

The most commonly used battery recycling processes are hydrometallurgical and pyrohydrome-
tallurgical. This thesis studies the leaching step of the hydrometallurgical recycling route. Leaching
experiments were performed in sulfate and chloride media, using both pure commercial battery cat-
hode chemicals and industrially processed battery waste — black mass — originating from EoL bat-
teries. This allowed for the investigation of both fundamental phenomena associated with cathode
materials leaching as well as holistic process considerations related to the presence of other battery
components.

During the leaching of pure cathode chemicals, Mn was observed to precipitate out of sulfate
media at temperatures T 2 70 °C in the absence of external reductants. This precipitation was inhi-
bited in chloride-containing lixiviants, where Clz2 gas was formed instead. Moreover, a system utili-
zing the reductive properties of soluble cuprous chloride complex species was found to be efficient
for battery cathode materials leaching, reaching over 90% Co and Li yields under relatively mild
conditions (1 M H2S04, 0.2 M NaCl, 30 °C, 2 h). Nonetheless, observations on the use of real in-
dustrial black mass in a similar system raised questions about the compatibility of chloridecontaining
lixiviants, as the reactor overflowed due to rapid gas evolution.

In studies involving industrial black mass, the reductive properties of Cu were found to be improved
in response to an increased solution iron concentration — up to 0.4 g/L Fe — whereas Al reductive
properties were only improved as the temperature was increased. Furthermore, Cu was found to be
overall a more efficient reductant in terms of electron efficiency when compared with Al. In the pre-
sence of both Cu and Al, copper was also found to temporarily cement on Al particle surfaces and
redissolve as leaching progressed.

Furthermore, Design of Experiments (DoE) methodology was used in combination with regression
modeling to derive equations that can predict leaching yields based on input parameters — tempe-
rature, solution Fe concentration, Cu amount, and H202 amount. This analysis revealed solution Fe
concentration and feed Cu amount as more impactful variables in terms of cathode material reduc-
tion when compared with the commonly used hydrogen peroxide. This finding was attributed to the
various side-reactions associated with H202.

Existing literature on LIB cathode material and industrial black mass leaching has largely focused
on the development of novel leaching systems by the investigation of alternative reductants to H202
while often neglecting the role of various metallic components found within industrial black masses.
This thesis contributes to the field by providing a detailed comparison of sulfate and chloride media
leaching efficiencies, elucidating the capability of soluble cuprous complexes to catalyze the
leaching system, and investigating the reductive efficiencies of current collector metals Cu and Al
and the role of soluble Fe as an electron transporter between these metals and battery cathode
materials. The research presented in this thesis will help future researchers and industrial operators
by providing detailed information about the performance of various leaching media and the reductive
efficiency of metallic fractions found within industrial black mass.
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1. Introduction

1.1 Background

The first modern battery was introduced in 1800 by the Italian physician Ales-
sandro Volta when he reported his findings on his “columnar machine” (Volta,
1800), now known as the voltaic pile. This innovation started the history of con-
temporary batteries and their development, leading to the discovery of more
advanced energy storage systems such as the lead—acid battery (1859), the
nickel-cadmium battery (Ni-Cd, 1899), and the nickel-metal hydride battery
(NiMH, 1989).

In 1991, the first lithium-ion batteries (LIBs) were introduced to the market
(Matsumoto and Gunji, 2022). LIBs exhibited clear advantages over other port-
able secondary battery chemistries, as they contained no toxic cadmium and
possessed a considerably higher energy density than the previous alternatives
(Warner, 2015). LIBs also demonstrated a significantly lower self-discharge rate
and did not suffer from the memory effect (Manoharan et al., 2024). The im-
portance of the lithium-ion battery for the modern society was later highlighted
by the 2019 Nobel Prize in Chemistry which was awarded to scientists John B.
Goodenough, M. Stanley Whittingham, and Akira Yoshino for their innovations
toward making this technology possible (Nobel Prize Outreach AB, 2024).

The electrochemical properties of LIBs make them an excellent power source
for electric vehicles (EV), as they can provide a long driving range with a single
charge/discharge cycle. The demand for EVs has recently seen an unprece-
dented surge — in only five years, the global number of electric passenger cars
has increased 8-fold, from 5 million in 2018 to 40 million in 2023 (IEA, 2024).
As EVs start to reach their End-of-Life (EoL) — which has been forecast to bring
secondary raw material, i.e., waste batteries to circulation on a large scale start-
ing from the second half of the 2030s (IEA, 2024) — LIB recycling is becoming
increasingly critical. Recycling will also have a significant role to provide a suf-
ficient raw material supply to battery manufacturers, as several of the battery
materials (Li, Ni, Co, Mn, Cu, natural graphite, and phosphate rock) are cur-
rently included in the European Union (EU) List of Critical Raw Materials (Eu-
ropean Commission, 2023a). However, from a sustainability perspective, recy-
cling should always be the last resort when considering the circularity of mate-
rials and products. For example, the circular economy diagram created by Ellen
MacArthur Foundation (Ellen MacArthur Foundation, 2021) shows three circu-
lar economy steps before recycling: maintain/prolong, reuse/redistribute, and
refurbish/remanufacture. For EV batteries, these principles can be followed by
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correct charge/recharge habits, reusing the batteries for stationary energy stor-
age applications, and potentially replacing defective modules/cells for fresh
ones within the battery pack.

The earliest commercial LIBs were based on the LiCoO, (LCO) cathode mate-
rial, with LiMn,O, (LMO) becoming available shortly afterward (Ehrlich, 2002).
However, the current EV industry is mostly using nickel-based chemistries —
such as different compositions of the LiNiMnyC0,.4yO. (NMC) cathode group —
due to their higher energy density (IEA, 2024). More recently, an alternative
chemistry free of Ni and Co — LiFePO, (LFP) — has also gained traction within
the EV battery sector, doubling its global share from 20% in 2020 to 40% in
2023 — primarily due to its popularity in China (IEA, 2024).

Of the current LIBs on the market, the chemistries that contain high concen-
trations of Co and Ni are the most suitable for recycling from an economic point
of view, as their material value is significantly higher when compared with, for
example, the recently trending LiFePO,. Nevertheless, recycling can be incen-
tivized or enforced by legislation to ensure recycling of also lower-value chem-
istries. An example of such legislation is the EU principle of Extended Producer
Responsibility which mandates companies that bring portable batteries to the
market to arrange the collection and recycling of these without additional costs
to consumers (European Commission, 2023b). Currently, the LIB components
that are recycled in modern processes mainly include the metal contents of the
batteries — especially Co, Ni, Cu, Mn, and Li — whereas other fractions like
graphite, electrolytes, and plastics are often either burned for energy or dis-
carded as waste without further recovery (Latini et al., 2022; Ji et al., 2023).

Recovery targets for the majority of battery metals have been set by the EU in
the current battery regulation — 80% for Li and 95% for Co, Cu, and Ni by the
end of 2031 (European Commission, 2023b) — however, such targets for Al and
non-metallic components are not included, although the topic has recently re-
ceived significant attention in the scientific field (Cattaneo et al., 2023; Roy et
al., 2024; Staudacher et al., 2024). It has been suggested by batteries Europe
roadmap for battery raw materials and recycling (European Commission, 2020)
that to improve the battery materials recycling, emphasis should be placed on
the collection, logistics, sorting, and dismantling steps of the battery recycling
process. Moreover, the roadmap suggests that more work should be done to
connect metallurgical recycling processes to primary battery manufacturing
plants. Finally, it is suggested that all batteries and their production processes
should have their environmental impacts assessed with LCA methodology to al-
low for clearer sustainability evaluations and thereby ensure minimum environ-
mental impacts.

In addition to economic and regulatory issues, recycling operators must also
solve numerous technical challenges to ensure the maximal efficiency of their
processes — consequently, a comprehensive knowledge of the associated unit
processes is crucial. After collection, batteries must be stabilized by, for exam-
ple, complete discharge after which they can be dismantled and subjected to
suitable pre-treatment steps like crushing and sieving in preparation for subse-
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quent recycling processes. Current industrially applied battery recycling meth-
ods can generally be classified under the categories of hydrometallurgy or pyro-
hydrometallurgy, depending on the approach used to extract and recover the
constituent materials. Here, the current thesis investigates the phenomena as-
sociated with hydrometallurgical processing, where concentrated battery waste
“black mass” is subjected to hydrometallurgical treatment, i.e., leaching fol-
lowed by solution purification and metals recovery. More specifically, this thesis
aims to provide new information on the leaching step — both in terms of funda-
mentals and broader considerations associated with the treatment of real indus-
trially relevant battery waste fractions (black mass).

1.2 Objectives and scope

The field of battery recycling faces various challenges which necessitate the use
of carefully planned experimental setups to solve. For example, a thorough un-
derstanding of the issues posed by the complex and heterogeneous nature of
industrial battery waste necessitates the investigation of such battery waste as
raw material and under industrially relevant conditions. In contrast, fundamen-
tal research aimed at identifying individual reactions and other phenomena re-
quires a more simplified and well-defined feed free of impurities. To compre-
hensively cover the topic involving these two aspects, this thesis investigates
both fundamental leaching phenomena associated with pure cathode materials
as well as the leaching behavior of industrially processed battery waste.

The main goals of this thesis are as follows:

1. To elucidate the phenomena occurring in sulfate and chloride solutions
during LIB cathode material leaching in the absence of external reduct-
ants (Publication I).

2. To apply a leaching system that utilizes Cu* chloride complex species in
a novel way to enable efficient electron transfer between metallic copper
and battery cathode material, using NaCl as the chloride-ion source
(Publication II, Compendium).

3. Toinvestigate the reductive efficiency of battery current collector metals
(Cu and Al) toward black mass with different Cu and Al foil amounts
(Publication IIT) and under different temperatures and solution Fe con-
centrations (Publication IV).

4. To construct regression models able to predict reductive cathode metal
leaching yields under various conditions (Publications III and IV).

The topics and publications of this thesis are shown in Figure 1.
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Figure 1. Schematic of the thesis structure with publications, raw materials, and leaching media.

1.3 New scientific contribution

The following findings presented in the publications are proposed as original by

the author:

1.

A comprehensive comparison between sulfate, chloride, and mixed sul-
fate—chloride lixiviants at different temperatures in the context of pure
NMCi11-type cathode material leaching was performed. Pure cathode ma-
terial was used to study the chemical phenomena to avoid any unwanted
interference caused by impurities.

1.

ii.

1ii.

The cathode material delithiation degree was observed to increase
as a response to higher leaching temperatures — phases detected
within the leach residue included Li, 4Nii/sMn,/3C0./50. at T = 30
°C and a completely delithiated phase, Mno 33C00.33Ni0.330(OH), at
T =70 °C.

Mn was found to precipitate out of sulfate-based lixiviants as a bir-
nessite-type compound — Li,Mn;;,0,,-xH,0 — at 30 °C and MnO, at
temperatures T = 50 °C due to the high oxidative power of the in-
vestigated battery cathode material.

In the presence of Cl- ions, manganese compound precipitation
was inhibited, and the anodic reaction of Cl. gas evolution domi-
nated instead at temperatures T > 70 °C.
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iv.  Cl. gas evolution and the associated cathode material dissolution
reaction was more pronounced in H.SO,—NaCl lixiviants when
compared with HCL

2. Theleaching system based on cuprous chloride complex species was found
to efficiently utilize the reductive properties of metallic Cu toward pure
LCO-type cathode material.

i.  High leaching rates (reaction rate constant k = 4.6-103 min™) were
obtained with pure cathode material and Cu powder under rela-
tively mild conditions (T = 30 °C, [H.SO,] = 1 M, [NaCl] = 0.2 M)
in the presence of 1/1 mol ratio of Cu/LCO.

ii.  Reaction rates were found to stagnate between 0.2—0.8 M NaCl
concentrations due to intermediate CuCl precipitation.

iii.  CuCl precipitation and the resulting reaction rate stagnation were
overcome under chloride concentrations of [Cl-] = 1.6 M, resulting
in very fast kinetics (reaction rate constant k ~ 20-103 min-).

iv.  To demonstrate this leaching system with industrial NMC111-type
black mass representative of typical EV battery waste (Publication
IV black mass in Table 3, Section 3), fast kinetics were initially ob-
served (leaching yields of ~60% for Co, Ni, and Mn within 5 min)
and rapid gas generation caused the reactor to overflow. However,
no significant leaching yield increases were observed upon pro-
longed leaching.

3. The individual and combined reductive efficiencies of Cu and Al current
collector materials in the leaching of a sieved fraction (< 500 um) of an
LCO-based black mass (Publication III black mass in Table 3, Section 3)
were determined under different temperatures and solution iron concen-
trations. The black mass fraction in this study was chosen due to its low
content in the studied reductant metals Cu and Al, allowing for a more
precise investigation of the effects of Cu and Al additions on the system.

i.  Cu was found to have a higher reductive efficiency (66%) when
compared with Al (47%), as a larger share of electrons donated by
Cu was utilized in cathode material reduction and dissolution.

ii. Al additions to the system resulted in Cu cementation despite the
presence of a strong oxidant — i.e., black mass.

iii. Al dissolution rate was found to accelerate in response to increased
temperatures (40% Al dissolved after 120 min leaching at T = 30
°C; 85% Al dissolved at T = 70 °C), whereas Cu was not significantly
affected by temperature.

iv.  Cu dissolution rate was observed to increase as the solution iron
concentration was increased — up to 400 mg/L Fe — whereas Al
was unaffected by Fe concentration.

4. Design of experiments (DoE) methodology and regression modeling were
used to construct models able to predict Co leaching yields from an
NMC111-based industrial black mass (Publication IV black mass in Table
3, Section 3) based on temperature, Fe concentration, and additions of Cu,
Al, and H,0.. The black mass in this study was chosen due to its lower Fe
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content when compared with other black mass types available, which al-
lowed for the systematic study of different soluble Fe concentrations.

i.  The models indicated Cu and Fe additions to be a markedly more
efficient method to improve black mass leaching yields when com-
pared to the commonly used H.O.. Increasing the temperature was
also found to be an efficient way to improve leaching yields.

ii.  Large differences between the models created in Publications IIT
and IV illustrate the limitations of modeling in leaching processes
— models are only valid within the boundaries of investigated pa-
rameter values.

1.4 Thesis Structure

This thesis comprises a compendium section as well as four scientific publica-
tions (denoted as I, II, ITI, and IV in the text) appended to the end of the thesis.
The compendium part is structured as follows: Chapter 2 reviews the literature
related to the scope of the thesis, introducing the parts of a lithium-ion battery
along with their functions, current recycling methods for LIBs, and especially
the theoretical background related to the leaching step of hydrometallurgical
recycling. Chapter 3 lists the chemicals, equipment, and methodology used in
the research included in this thesis. Chapter 4 highlights the main results from
the publications for discussion, and a critical outlook and future prospects re-
lated to the work are outlined in Chapter 5. Lastly, conclusions drawn from the
work are presented in Chapter 6.
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2. Theoretical Background

This section presents the background of lithium-ion batteries and their compo-
nents (Section 2.1), along with the most widely used and researched recycling
methods and industrial recycling processes (Section 2.2). These subchapters are
followed by a comprehensive look at the theory behind leaching of battery cath-
ode materials and industrial black mass (Section 2.3) under the conditions stud-
ied in this thesis.

2.1 The lithium-ion battery and its components

Lithium-ion batteries contain various components, each made of different
chemical compounds — including organic and inorganic chemicals — tailored to
optimize their performance. In order to understand the significance of these
materials in the context of a recycling process, it is important to consider the
key components contained within batteries and battery packs.

Chemical energy storage within the lithium-ion battery is based on lithium-
ion accumulation and transport between the anode and cathode which are sep-
arated by a separator — often comprised of polypropylene — to prevent short-
circuiting (Figure 2; Or et al., 2020). Both electrodes are composed of sub-
stances that can accommodate lithium within their structure. On the cathodic
side, lithium-ion storage can be accomplished by a variety of compounds. Lay-
ered oxide-type cathode materials — such as LiCoO, (LCO) and LiNi,Mn,Co,0,
(NMC) - store Li ions in between transition metal oxide layers, whereas olivine
(LFP) and spinel (LMO) cathode-types store Li ions inside pores within the
cathode crystal structure (Harper et al., 2019; Lu et al., 2019). The anode, on
the other hand, is typically composed of layered graphite (Castro et al., 2022)
which stores Li ions by intercalation between the graphene layers, forming LiCe
as an intercalation compound (Driie et al., 2013). In addition to the extensively
used graphite, other anode materials have also received a lot of attention in re-
cent research (Hossain et al., 2023). For example, anode doping with Si has
been suggested to improve the electrochemical performance of the battery
(Bishoyi and Behera, 2024), whereas Li,Ti;O:. (LTO) has found a lot of interest
due to its superior performance regarding safety and fast-charging characteris-
tics when compared with graphite-based anodes (Gopalakrishnan et al., 2016).
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Figure 2. Main components of the lithium-ion battery and illustration of the charge—discharge cy-
cle. Adopted from Or et al., 2020. Reproduced from Wiley under CC BY 4.0.

In a fully charged state, all the lithium is stored at the anode, and upon dis-
charge, lithium ions migrate to the cathodic side of the battery, resulting in elec-
tron transfer — i.e., electric current — through an external circuit (Warner, 2015).
Li-ion transfer between the anode and cathode is enabled by the electrolyte,
which is typically an organic solvent like ethylene carbonate or dimethyl car-
bonate, with a lithium-containing salt — often LiPFs — dissolved within (Liu et
al., 2023). To allow for electric current passage through an external circuit, elec-
trode active materials are attached to metallic current collectors — Cu for the
anode, Al for the cathode — which collect the electric charge released upon Li-
ion transfer and conduct it to power a desired application (Zhu et al., 2021).
Electrode material adhesion on current collector surfaces is achieved with a
binder — often polyvinylidene fluoride (PVDF) — the choice of which may also
affect the solid—electrolyte interphase formation and electrode charge transfer
capabilities (Trivedi et al., 2024).

In EVs, the materials mentioned above are packed within cells inside a casing
typically made of nickel-coated steel (cylindrical cells) or aluminum (pouch and
prismatic cells) (Bree et al., 2023). These cells are further packed into modules,
which together with the casing material (e.g., steel, aluminum, plastics, fiber
glass, or composite materials), battery management system, and electrical con-
nections constitute the battery pack (Figure 3; Warner, 2015).
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Figure 3. Construction of EV battery packs from cylindrical, prismatic, and pouch cells. Adopted
from Harper et al., 2019 with permission. © Springer Nature.

2.2 Lithium-ion battery recycling methods

Despite the importance of recycling as a tool to enable material circulation back
to primary production at battery end-of-life (EoL), it is important to consider
other alternatives — maintain/prolong, reuse/redistribute, and refurbish/re-
manufacture (Ellen MacArthur Foundation, 2021) — for as long as the battery
state-of-health allows. Particularly, reuse — as detailed in the European Union
Waste Framework Directive (European Commission, 2024) — should be priori-
tized to ensure a maximal lifetime for the materials and other resources used in
the manufacture of the product. EV batteries can often be used in stationary
energy storage applications after their capacity is no longer sufficient for use in
EVs, that not only results in prolonged battery use, but also potentially reduced
environmental impacts over whole battery lifetime (Kang et al., 2025).

After reuse is no longer possible, EoL batteries must be recycled to reclaim
their valuable materials and bring them back to circulation. The complex struc-
ture of such batteries and the multitude of components contained within neces-
sitate the development of flexible recycling processes able to handle a wide va-
riety of battery designs and chemistries. The main industrially used recycling
methods can be divided into pyrometallurgical, hydrometallurgical, and me-
chanical separation methods. Although these recycling methods are often dis-
cussed separately in literature — sometimes even with an inferred intent to show
the supremacy of one over the other — none of them is alone able to recycle bat-
teries back into pure substances or battery-grade chemicals to produce new bat-
teries. In fact, these processes are complementary rather than competing, and
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are always used in combination in one way or another. Before subjecting EoL
battery waste to recycling processes, batteries often must undergo battery pack
sorting and disassembly to remove casing materials and expose battery cells for
subsequent processing (Velazquez-Martinez et al., 2019). This disassembled
material first undergoes pre-treatment and subsequently to metallurgical recy-
cling processes. Alternatively, the battery waste can be subjected directly to a
pyrometallurgical process without need for further pre-treatment (Figure 4).

Co salt
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. " Pre-treatment Hydrometallur Ni salt
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Figure 4. A simplified schematic of different battery recycling process options and products.

2.2.1 Pre-treatment

Commonly, battery cells are stabilized before recycling to avoid explosion risks
and fire hazards. A popular stabilization method used in scientific research is
complete battery discharge, often achieved by attachment to an external circuit
or immersion in a brine solution — e.g., NaCl (Amalia et al., 2023; Shi et al,,
2023). In established industrial processes, however, discharge is often circum-
vented by performing the primary crushing or shredding stage under an inert
atmosphere such as carbon dioxide, argon gas, or water spray (Harper et al.,
2019). However, such alternative stabilization methods are unable to recover
any residual electric energy from EoL batteries — a topic that has previously
been highlighted, for example, in the European Commission Batteries Europe
Roadmap (European Commission, 2020).

After sorting, disassembly, and stabilization, waste batteries are typically sub-
jected to various mechanical separation methods to separate battery fractions
into individual material streams. There are multiple ways to achieve efficient
separation, but an example presented by Mossali et al. (2020) is briefly dis-
cussed here. Typically, the battery cells are first crushed to allow for steel casing
removal by magnetic separation. The crushed battery waste then continues to a
finer grinding stage to detach electrode powders from current collectors and
separate these into different streams by sieving. The overflow — comprising
mostly plastics and metallic materials — can then be subjected to eddy current
separation and densimetric methods to separate Cu, Al, and plastics and direct
them to dedicated recycling processes. The underflow — the fine fraction con-
taining the electrode active materials (i.e., black mass) — can then be subjected
to subsequent recycling processes such as hydrometallurgical or pyrometallur-
gical recycling.

10
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Pre-treatment processes can also include thermal treatments, e.g., electrolyte
evaporation and plastics pyrolysis (Makuza et al., 2021). High-temperature
treatments can also help in binder removal and purify the raw material for sub-
sequent metallurgical processes. Electrolyte recovery from battery waste has
also been investigated — primarily via supercritical CO. treatment (Roy et al.,
2024).

2.2.2 Pyrometallurgical processing

Pyrometallurgical processes include various methods involving thermal treat-
ment. These processes rely on elevated temperatures to achieve various phase
transitions, structural changes, and chemical reactions within the black mass,
e.g., cathode material smelting and reduction. Some pyrometallurgical recycling
processes — such as the one developed by Umicore — can also treat whole bat-
teries by smelting, with only minimal dismantling requirements (Velazquez-
Martinez et al., 2019). Smelting produces two immiscible molten phases — a
metallic alloy containing Cu, Co, Ni, and a fraction of Fe, and an oxidic slag
phase containing Al, Mn, Li, and the rest of the Fe.

The greatest advantages of pyrometallurgical processes include simplicity,
good scalability and high flexibility toward different battery types and chemis-
tries (Liu, C. et al., 2019). The main disadvantages — especially in the case of
smelting — have been claimed to be the high energy usage associated with the
method and loss of lithium into slag, which may necessitate further slag treat-
ment by, e.g., hydrometallurgical methods (Cornelio et al., 2024). Hence, these
treatment methods are typically combined into a pyro-hydrometallurgical recy-
cling process, where smelting is followed by hydrometallurgical metals recovery
and refining. Nonetheless, the shortcomings mentioned above may not be com-
mon between all pyrometallurgical processes, as e.g. Umicore claim their pro-
cess achieves over 70% Li recovery from the fumes formed during smelting,
while additionally producing excess energy by the combustion of the carbon
content (Umicore, 2023; Scheunis and Callebaut, 2024). This characteristic,
however, underlines another potential drawback of pyrometallurgical pro-
cesses, as any carbon-containing materials in the feed are burned for energy,
resulting in a complete loss of plastic fractions and graphite materials (Latini et
al., 2022).

2.2.3 Hydrometallurgical processing

Hydrometallurgical processing can be used to reclaim valuable metals from me-
chanically pre-treated black mass or metal-containing fractions produced by py-
rometallurgical treatment (Yasa et al., 2023). Hydrometallurgical recycling
methods use multiple unit processes to transfer metals into soluble form and
recover them one by one as high-purity products. The first step of hydrometal-
lurgical processing is leaching, where soluble compounds are transferred into
solution form for further purification and recovery, whereas the leach residue —
comprising mainly graphite, plastics, and binder materials — is typically burned
or landfilled (Liivand et al., 2023). Leaching is most often performed using an

11
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inorganic acid — especially H.SO, — as the lixiviant and hydrogen peroxide as a
reductant (Harper et al., 2019). Due to concerns related to chemical and envi-
ronmental footprints, a plethora of research on alternative acids and reductants
has been conducted (Jena et al., 2021; Castro et al., 2022; Li et al., 2024).
Leaching will be discussed in more detail in Section 2.3.

After solubilization, the pregnant leaching solution (PLS) undergoes a series
of separation and recovery steps for metals reclamation and valorization (He et
al., 2024). Co, Ni, and Mn are often separated from PLS by solvent extraction —
typically using bis(2-ethylhexyl) hydrogen phosphate (D2EHPA) and Cyanex
272 (Jantunen et al., 2022). After separation, Co, Ni, and Mn can be recovered
by e.g. precipitation, crystallization, or electrowinning (Larouche et al., 2020).
Regarding current collectors and casing metals, copper can be recovered by ce-
mentation with iron powder, sulfide precipitation, or hydroxide precipitation
(Schlesinger et al., 2022), while iron and aluminum can be removed by solution
neutralization, producing Fe(OH); and AI(OH); (Wang and Friedrich, 2015) or
phosphate precipitates (Chernyaev et al., 2023; Zou et al., 2024). Lithium is
typically the last metal to be recovered from solution, often by precipitation as
e.g. Li.CO; or LiOH (Zhang et al., 2020). Nonetheless, due to the expected in-
crease in Li demand and potential future supply shortages, solvent extraction of
lithium from PLS as the first element or directly after Ni and Co separation has
also been studied lately (Zhang et al., 2020; Wesselborg et al., 2021). Early-
stage Li recovery is suggested to mitigate Li losses typically associated with so-
lution purification and other metals recovery steps, albeit the competitive ex-
traction mechanism between Li* and H* ions may potentially pose drawbacks
(Wesselborg et al., 2021). In traditional industrial recycling processes, the re-
covery of Li and Mn has often been overlooked, however, the methods described
above are technologically viable and being applied in new industrial processes
— as indicated by recent patents related to Li and Mn recovery (Harris and
White, 2021; Kiveli et al., 2023).

2.2.4 Directrecycling methods

In addition to the processes described above, direct recycling methods for bat-
teries have also been developed. Direct recycling as a term is not strictly defined
but is commonly used to describe battery materials reuse without the involve-
ment of extensive thermal or chemical treatments (Figure 4; Ji et al., 2023).
Typically, batteries undergo similar pretreatment steps as with traditional recy-
cling processes. In these processes, Battery components — such as cathode ma-
terials or graphite — are then separated and reclaimed for potential reuse. For
example, selective flocculation in combination with froth flotation has recently
been investigated as a potential separation method (Rinne et al., 2024).

Due to the various structural changes undergone by the cathode and anode ma-
terials during their lifetime, the separated battery components typically require
an additional regeneration step before they can be used in new battery cells (Xu
et al., 2023). Anode materials require different approaches when compared
with cathode chemicals, and the optimal regeneration method also varies from

12
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one material to another, necessitating the development of a vast array of regen-
eration methods (Ji et al., 2023).

The proposed advantages of direct recycling when compared to traditional
pyro- and hydrometallurgical processes include preservation of the material
structure and morphology, energy efficiency, cost effectiveness, and easy scale-
up. Nonetheless, it has been suggested that direct recycling of EoL batteries may
not be industrially viable with current technological capabilities, and the
method will likely be more suitable for treating production scraps, as such ma-
terials have not been packed into complex battery packs or subjected to various
aging-related transformations (Hayagan et al., 2024). Notwithstanding, prom-
ising results have recently been achieved with respect to graphite recovery from
black mass leach residues and its reuse in new battery cells (Chernyaev et al.,
2024) and electrocatalysts (Liivand et al., 2023), indicating potential benefits
in the application of direct recycling methods in combination with traditional
hydrometallurgical processes.

2.3 Li-ion battery leaching

This subsection describes the phenomena that occur during LIB leaching in sul-
fate and chloride media, as well as the reactions associated with reductants rel-
evant to this thesis. It is important to note that this thesis primarily deals with
cathode chemistries that have a layered structure — such as LCO and NMC.
Therefore, this subchapter only considers the reactions associated with these
specific cathode materials and excludes other materials — like LiFePO, — which
have different mechanisms associated with their dissolution. A list of half-cell
reactions relevant in the context of this thesis is presented in Table 1.

Table 1. Half-cell reactions relevant to the thesis along with their reduction potentials, calculated
with HSC 9.4.1 at 30 °C.

Half-cell reaction E (Vvs. SHE) | Eq. (#)
LiCoOx(s) + 4H*(aq) + € = Li*(ag) + C0%*@ag) + 2.152 1
2H20(l)

O:g) + 4H*@g + 4e° S 2H:20q) 1.225 2
2H*(ag) + Oz(p) + 26 S HaOx(aq) 0.690 3
H20z(aq) + 2H*(ag) + 2€° S 2H20q) 1.761 4
MnOags) + 4H g + 26 S Mn2tag + 2H20() 1.227 5
Clyg + 2e- 5 2Clag) 1.355 6
Cuztag + 2e° S Cug) 0.337 7
Cu?*ag + & S Cut(ag) 0.160 8
Cu'ag + e S Cug 0.515 9
[CuCl:]- + e s Cugs) + 2Clraq) 0.189 10
Fedtag + e S Fe?tag) 0.644 11
Als*ag) + 36 S Al -1.698 12
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2.3.1 Sulfuric acid media

LIB black mass leaching is typically carried out in sulfuric acid (Harper et al.,
2019) due to its low price, good availability, and widespread industrial applica-
tion (Miiller, 2000). During the leaching process, hydrogen ions react with LIB
cathode metal oxides, solubilizing the cathode metals and producing water and
oxygen gas as a result (Equation 13; Nan et al., 2005). This dissolution has been
attributed to the ability of cathode metal oxides to oxidize water to O, gas and
H+ions (Equations 1 and 2 in Table 1; Cerrillo-Gonzalez et al., 2020). However,
to the knowledge of the author, no experimental verification in favor of this
mechanism has been presented in previous literature.

4LiC00; (5) + 6H,S04 (aq) (13)
i 2Ll2504 (aq) + 4COSO4, (aq) + 6H20(l) + 02 @

Nevertheless, in the absence of external reductants, the above-mentioned reac-
tion typically does not proceed to completion. Instead, the leaching progress
tends to stall after around 40—-60% of the cathode transition metals have been
leached (Sohn et al., 2006; Takacova et al., 2016; Porvali et al., 2020a). This
stagnation has been hypothesized to be caused by structural changes in the cath-
ode material — like formation of Co;0, (Equation 14) in the case of LCO (Fer-
reira et al., 2009) and other highly oxidized transition metal oxides in the case
of NMC (Billy et al., 2018) — as such oxides exhibit semiconductor-like proper-
ties (Ma et al., 2019), that hinder electron transfer to the cathode material.

4LiCo0y ) + 3H,S04 4y (14)
. 1
= €030, + 2LipS04 gy + COSO4 ) + 3H,00) +5 03 )

In contrast, Li dissolution is not as strongly controlled by these principles —
when compared to transition metals Co, Ni, and Mn — as Li ions can deinterca-
late from the cathode metal oxide structure without such requirement for elec-
trons, i.e., reductants. This deintercalation subsequently results in the for-
mation of delithiated cathode material compositions such as Lio..CoO. and
Lip4oC00, in the case of LCO (Takacova et al., 2016) and
Lio.48Mn 33C00.33Ni0.53302 and Lio 38Mn.33C00.33Ni0.330- in the case of NMC (Billy
et al., 2018). Furthermore, it has been suggested that this deintercalation reac-
tion may release electrons which can further contribute to cathode material re-
duction and dissolution (Billy et al., 2018) — potentially also facilitating the par-
tial cathode material dissolution mentioned above.

Regardless of the mechanism governing the initial dissolution step, the high
transition metal oxidation states in layered oxide-type cathode materials (Co3*,
Ni2+, Mn4*; Shinova et al., 2008) necessitate the presence of a reductant, as
higher-valence ions such as Co3+ and Mn#4+ are not stable in aqueous solutions.
The most widely used and researched reductant for LIB cathode materials is
hydrogen peroxide (Harper et al., 2019; Mao et al., 2022) which dissociates into
oxygen gas and water as a result of the reaction with cathode materials (Equa-
tion 15).

14
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2LiC00; ) + 6H* (ag) + Hy04 40
il 2Li+(aq) + ZCOZ+(aq) + 02(9) + 4'H20(l)

(15)

Although several other processes use H.O, as an oxidant due to its high oxida-
tion potential (Equation 4 in Table 1), the superior oxidative properties of bat-
tery cathode materials allow for the use of peroxide as a reductant (Equation 3
in Table 1) in LIB leaching. Nevertheless, hydrogen peroxide production is as-
sociated with a high energy consumption and toxic by-products generation (Che
et al., 2022), which makes it a suboptimal reductant from an environmental im-
pact perspective. Another drawback associated with H.O. is the presence of me-
tallic components within black masses, as peroxide readily oxidizes Cu, Al, and
Fe, diminishing the reductive power of both H,O, and these metals (Chernyaev
et al., 2022). Moreover, H,0, decomposition has been reported to be accentu-
ated in the presence of dissolved Fe (Gil-Lozano et al., 2017), and even more so
in the presence of both soluble Fe and Cu (Eul et al., 2001). Furthermore, the
reduction of H,O, to water via Cu or Al oxidation also increases the acid con-
sumption of the process (Equation 4 in Table 1). To overcome these drawbacks,
a plethora of research with the aim to find alternative and novel reductants as a
replacement for H,O, has been conducted (Table 2).

Table 2. An overview of LIB leaching systems studied in literature.

Lixiviant + re- | Temperature Leaching Reference
ductant yields
2 M H.SO,, 10 75 °C 99% Co Sohn et al., 2006
vol-% H.0,
2.5 M H,SO,, 0.8 80 °C 99% Li; 97% Co, Lvetal.,, 2018
M NH,C Ni, Mn
3 M H.SO,, 0.4 95 °C 96% Li; 98% Co | Chen et al., 2018
g/g glucose/LCO
powder
3 M H.SO,, 0.4 95 °C 100% Li; 96% Co | Chen et al., 2018
g/g sucrose/LCO
powder
2 M H,SO,, 0.3 90 °C > 90% Li, Co, Ni, | Chen etal., 2019
g/g waste tea bi- Mn
omass,/LIB cath-
ode powder
1M H,SO,, 1.2 30 °C 99% Li, Co, Ni, Joulié et al.,
g/g Cu/NMC Mn 2017
powder
2 M H.SO,, 0.11 80 °C 96% Li; 94% Co | Pengetal., 2018
M ascorbic acid
4 M Formic acid 60 °C 80% Li; 50% Co | Gaoetal., 2017
2 M H,SO,, 15 75 °C 100% Li, Co Shin et al., 2005
vol-% H.0,
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1 M oxalic acid 95 °C 98% Li; 97% Co | Zenget al., 2015
(precipitated and
recovered as
CoC,0,)
4MNH,, 1.5 M 80 °C 95% Li, 90% Ni, Zheng et al.,
(NH,).S0O,, 0.5 81% Co, 4.3% 2017
M Na.SO, Mn
1 M H.SO,, 95 °C 97% Li, 92% Co, | Meshram et al.,
0.075 M NaHSO, 96% Ni, 88% Mn 2015
3.5 M HCl, 4.0 M 80 °C 100% Li, 100% Yiet al., 2021
NH,C], 0.5 M Ni, 95% Co,
H,0, 100% Mn
1.25 M H,SO,, 75 °C 100% Li, Co Liu, F. et al.,
0.758/8 2019
NiMH/LCO
powder
2.0 M H.SO,, 50 80 °C 100% Li, 98% Carreira et al.,
vol-% Kraft black Co, 100% Mn, 2024
liquor 97% Ni
5M H.SO,, 10 90 °C 99% Li, Co Kong et al., 2023
vol-% methanol
300 g/L glycine, 80°C 91% Li, 97% Co | Chen et al., 2021
10% H.0,
1/2 molar ratio 180 °C 95% Li, Co Wang et al.,
of Choline chlo- 2020
ride/urea
Fe»(S0,); solu- 30 °C 67% Li, 19% Co, Nazerian et al.,
tion (9 g/L Fe3+), 50% Mn, 34% Ni 2022
bioleaching with
Acidithiobacillus
ferrooxidans, ul-
trasonification
2 M H.SO,, 1.06 30 °C > 95% Co Porvali et al.,
g/LFe, 1 2020a
mol/mol
Cu/LCO
2 M H,SO,, 0.1 80 °C > 99% Co, Li Peng et al., 2019
g/g black mass
coarse frac-
tion/black mass
fine fraction
2 M H.SO,, 28.3 60 °C 100% Co, 88% | Zou et al., 2024a

gpure LFP/50 g
black mass

Ni, 91% Mn,
100% Li
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2.3.2 Metallic reductants

A considerable portion of the research discussed above has focused on the leach-
ing of cathode materials in isolation, i.e., using pure battery chemicals and re-
ductants. Nevertheless, real-life recycling processes deal with industrial black
masses which also contain various other components that can greatly affect the
leaching process — as discussed in Section 2.1. From redox reactions point of
view, potentially the most interesting of these components are the metallic con-
tents originating from current collectors and casing materials — Cu, Al, and Fe
— as these metals can act as reductants toward cathode metal oxides (Equations
7, 11, and 12 in Table 1), as previously demonstrated in studies by Joulié et al.
(2017), Peng et al. (2019), and Ghassa et al. (2020). As these metallic compo-
nents are very often present in industrial black masses (Wilke et al., 2023), their
utilization for cathode material dissolution may potentially allow for the devel-
opment of a leaching process with a significantly lower external reductant de-
mand. Nonetheless, redox reaction facilitation between cathode metal oxides
and current collector metals Cu and Al requires a catalyst — an aqueous species
or ion pair capable of both oxidation and reduction — such as the Fe2*/Fe3+ ion
pair (Equation 16, Peng et al., 2019; Porvali et al., 2020a), necessitating a suffi-
ciently high solution Fe concentration to allow for efficient electron transfer.

) Fe?t /pe3* ]
2LiC00y ) + Cugs) + 8H* (aq) ———— 2 Li* (gq) + 2C0%* o) + 4H,0) (10)

+ Cu2+(aq)

Although Equation 16 only considers Cu, aluminum has also been hypothesized
to act via a similar mechanism (Peng et al., 2019). However, Al dissolution in
sulfate media has previously been found to be considerably slower when com-
pared with Cu (Chernyaev et al., 2022), and the potential side-reaction of H., gas
evolution (Equation 17) in combination with the low reactivity of the H. mole-
cule (Baade et al., 2001) significantly decreases the Al reductive efficiency.

2Als) + 6H (4q) = 2413 (4q) + 3Hy(g) (17)

2.3.3 Chloride media

As an alternative to the traditional sulfuric acid lixiviants, some research has
also been conducted in hydrochloric acid media, as HCI has been claimed to be
a more efficient lixiviant when compared to H.SO,, due to the suggested reduc-
tive nature of the Cl-ion toward LIB cathode materials (Equation 18; Takacova
et al., 2016; Porvali et al., 2019). Although the studies mentioned above did not
include any Cl. gas measurements to support this claim, this interaction has lat-
terly been suggested by indirect measurements in other studies involving vari-
ous NMC-type cathode materials (Xuan et al., 2019; Xuan et al., 2021; Yi et al.,
2021).

2LiCo0, (s) + 8HCl(aq) - 2LiCl(aq) + 2CoCl, (aq) + 4H20(l) +Cl, @ (18)
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In addition to direct cathode metal oxide reduction, chloride ions can promote
cathode material dissolution via the stabilization of cuprous chloride complexes
— such as [CuCl,] — which can catalyze redox reactions between reductant met-
als and cathode materials (Equation 19) akin to the Fe2*/Fe3+ ion pair discussed
earlier (Equation 16). N.B., in Equation 19, Cu* refers to any soluble chloro-
complex (Zhao et al., 2013) with Cu in the +1-oxidation state.

. Cu+ .
2LiC004(5) + Cii(s) + 8H () — 2 Li* (aq) + 2C0%* (gq) + 4H,0( (19)
+ Cu2+(aq)

The requirement for chloride ions in this system stems from the fact that such a
leaching system is not thermodynamically viable in sulfuric acid media due to
the Cu* ion instability in aqueous and sulfate solutions (Greenwood and Earn-
shaw, 1997). The use of cuprous chloride complexes has previously been studied
extensively in other research fields, particularly in the leaching of copper min-
erals — such as chalcopyrite (Lundstrom et al., 2005) and chalcocite
(Hashemzadeh et al., 2019) — and gold (Seisko et al., 2019). Nevertheless, in
these applications, Cu* complexes are merely an intermediate species resulting
from oxidative reactions involving Cu2+*. Consequently, these systems require an
additional oxidant — like oxygen gas — to regenerate copper back to the +2-oxi-
dation state, whereas the reductive system described in Equation 19 uses metal-
lic Cu to reduce Cu2+ species back to the +1-state after initial oxidation. On the
other hand, due to the high oxidizing tendency of Cu* species (Raudsepp and
Beattie, 1986), this leaching system may be prone to interferences by atmos-
pheric oxygen, potentially resulting in overconsumption of Cu unless oxygen
can be eliminated from the system by, e.g., inert gas purging.

2.3.4 Considerations for solution purification

Metallic elements such as Fe, Cu, and Al have previously been shown to be effi-
cient reductants in hydrometallurgical recycling processes. Nonetheless, any el-
ements entering the process require a dedicated removal step — with associated
environmental impacts and technical challenges. Typically, Cu, Fe, and Al are
removed from the solution after leaching and before valuable battery metals
(Co, Ni, Mn, Li) recovery, which may lead to unwanted losses of these target
metals — e.g., by co-precipitation or co-extraction.

Copper is the most noble species present in battery leaching systems, there-
fore, its removal by cementation, H.S precipitation, or SX is state-of-the-art
technology (Latini et al., 2022). Furthermore, Cu removal does not cause addi-
tional challenges for Co or Ni recovery due to its distinct chemical properties. In
contrast to copper, iron is typically not recovered as a product but rather pre-
cipitated as a hydroxide or other mixed precipitates (Dutrizac and Monhemius,
1986). Fe can be precipitated either individually or together with Al, although
significant amounts of battery metals may be lost within these precipitates —
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losses of up to 4—5% of Li, Ni, and Co have been reported in previous literature
(Chernyaev et al., 2023; Zou et al., 2024b).

Moreover, Al is not a favorable element in PLS due to the lack of industrially
viable methods able to recover the element as a valuable product from aqueous
solutions (Sristava and Meshram, 2023). Therefore, in downstream processes,
Al is typically precipitated and discarded as Al(OH)s, which can cause problems
in the subsequent filtration step due to the colloidal nature and gel-like proper-
ties of this precipitate (Zhang et al., 2022). In addition to the poor filterability
characteristics, AI(OH); precipitation has been reported to result in notable val-
uable battery metal losses as co-precipitates. For example, Wang and Friedrich
(2015) reported losses of 3—5% for Co, Ni, and Mn, whereas Chernyaev et al.,
(2021) reported losses of up to 10% Ni, 2% Co, and 10% Li to the hydroxide cake.
Due to these drawbacks related to Al hydroxide precipitation, alternative meth-
ods like phosphate precipitation have been studied (Alemrajabi et al., 2022;
Chernyaev et al., 2023) with promising results related to filterability character-
istics and co-precipitation.

If chloride-rich processes are used in battery leaching, copper may instead be
precipitated as atacamite (Cu.CI(OH);) (Lundstréom et al., 2016), whereas Fe
and Al can be precipitated as their respective hydroxides by pH increase. In ad-
dition to solution purification, the presence of a high concentration of Cl- ions
may necessitate different approaches with respect to valuabe metals recovery —
e.g., by the choice of different solvent extraction chemicals when compared with
sulfate media (Torkaman et al., 2017).

2.3.5 Implications of previous literature for the current work

Previous literature shows that lithium-ion batteries comprise multiple chemi-
cally different components — such as cathode and anode materials, electrolyte,
and separator — which must be considered as a part of recycling. Upon reaching
EoL, batteries should primarily be directed for use in a secondary application,
e.g., as stationary energy storage units. Only when batteries can no longer be
used, should they be recycled to recover their valuable materials.

The first stage of hydrometallurgical battery recycling — i.e., leaching — is elec-
trochemical in nature. Current literature commonly reports final metal extrac-
tions to solution, however, the electrochemical phenomena in the system — and
therefore, the current efficiencies of the associated reduction reactions — are of-
ten overlooked. Moreover, the complexation and stability of soluble species can
have significant impacts on the predominant reactions. Consequently, this work
investigates the prevalent electrochemical reactions in battery leaching systems
and the current efficiencies related to these processes.

Industrial black mass is not homogeneous by nature, but varies based on the
constituent battery types and pre-treatments used for preparation. For example,
the Ni content in EV batteries has substantially increased in recent years, which
will result in a waste with a very high Ni content and low Co and Mn contents as
these batteries reach their EoL. On the other hand, the content of metallic frac-
tions (Fe, Cu, Al) is more dependent on the pre-treatment methods applied in
preparation for metallurgical recycling. The complexity and variance between
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different black masses poses challenges for a comprehensive analysis of chemi-
cal reactions within black mass leaching systems. Therefore, careful selection of
industrial raw materials has been performed in this work, with the aim of having
a low initial content of Fe or current collector metals in studies investigating
additions of these materials. Such careful raw material selection also allows for
a statistical analysis of the leaching results — an approach rarely undertaken in
existing literature.
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3. Experimental

3.1 Materials and Equipment

Leaching experiments detailed in Publications I-IV and Compendium were all
conducted in sulfuric acid-based lixiviants using H.SO, (95-97%) to prepare
leaching solutions of different concentrations. Additionally, Publication I and
some experiments in Publication II — as well as the individual Compendium ex-
periment — added NaCl (= 98%) to the lixiviants to investigate the impacts of
chlorides on LIB leaching performance. Publication I also used HCI (37%) for
this purpose in selected experiments. All the chemicals mentioned above were
provided by VWR Chemicals, Belgium. Additionally, all solutions were prepared
using deionized water (15 MQ-cm, Merck Elix Essential 15, Germany).

Regarding the LIB materials investigated, Publications I and IT used commer-
cial virgin LIB cathode powders (NMC111, > 99.5%, MSE Supplies, USA, in Pub-
lication I; LiCoO., > 99.5%, Alfa Aesar, Germany, in Publication II) in leaching
experiments, whereas Publications III and IV — and the individual Compen-
dium experiment — used industrially produced black mass instead. The indus-
trial black mass used in Publication III originated mainly from LCO-type mobile
phone and laptop batteries, whereas the black mass used in Publication IV and
the Compendium experiment originated primarily from NMCi11-type EV bat-
teries. Both black mass types were produced by an industrial battery recycling
company via a process entailing two-step crushing and magnetic separation
(Pudas et al., 2015). The black masses were obtained as sieved fractions with a
particle size of < 2 mm (Publication III) and < 1 mm (Publication IV and Com-
pendium). The black mass used in Publication III was further sieved down to <
500 um with a vibratory sieve (Fritsch Analysette 3, Idar-Oberstein, Germany)
prior to experiments to reduce the current collector content in the black mass
and allow for a more precise investigation of reductant addition effects on the
leaching performance.

Other chemicals used in leaching experiments included copper powder (99.5%
Cu, Sigma-Aldrich, USA) in Publication II, ferric sulfate (Fe.(SO,);-nH.O, VWR
chemicals, Belgium) in Publication III, and ferrous sulfate (FeSO,-7H.O, >
99.0%, Sigma-Aldrich, USA), LiFePO, cathode powder (> 98%, MSE Chemicals,
USA), and hydrogen peroxide solution (50% H,0,, Sigma-Aldrich, USA) in Pub-
lication IV. Additionally, Publication III used Cu and Al current collector foils
originating from LIB production scrap, whereas Publication IV used reclaimed
copper from an industrial battery recycling process. The Cu and Al materials
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were processed with a cutting mill (Retsch SM 300, Germany) to shred them to
~1 mm flakes to ensure a more consistent particle size of the materials.

Leaching experiments were performed using several different setups. In ex-
periments using pure commercial cathode chemicals, a smaller, 500 mL reactor
was used. This was done to avoid the extensive use of virgin cathode chemicals.
Publication II used a 500 mL round-bottom jacketed glass reactor with a circu-
lating water bath (Lauda A100 Germany). This setup was utilized to resemble
the setup previously used by Porvali et al. (2020) for a maximum comparability
between results reported in their study and Publication II. Publication I used a
500 mL single-walled glass reactor heated with a submersible water bath
(Lauda AQUAline AL 25, Germany) to resemble the reactor system used by Por-
vali et al. (2019), albeit using a smaller reactor and lower S/L ratios.

In experiments using industrial battery waste (Publications III and IV and
Compendium), a larger, 1000 mL flat-bottomed jacketed glass reactor was used
in conjunction with a circulating water bath (Haake 1, Thermo Electronics, Ger-
many). In these experiments, a larger reactor volume was deliberately chosen
when compared with experiments dealing with pure cathode chemicals and low
S/L ratios to allow for extra space within the reactor and thereby account for
potential frothing associated with the leaching of industrial black mass. In all
publications, agitation was achieved using an overhead stirrer (VWR VOS 16)
and a stirrer shaft with a 45° angled four-blade polytetrafluoroethylene (PTFE)
impeller with a diameter of 50 mm — in conjunction with 500 mL reactors (Pub-
lications I and II) — or 90 mm in the case of 1000 mL reactor volume (Publica-
tions III and IV, Compendium).

In all publications, solution samples were taken during leaching with a silicone
tube attached to a syringe and immediately filtered using syringe filters (0.45
um polyethersulfone, VWR, USA, Publications I and II) or filter papers (grade
005, Ahlstrom-Munksjo, Finland, Publication III; Grade 41, Whatman, UK,
Publication IV and Compendium). The samples were subsequently diluted with
2% HNO; solution (prepared from 65% HNO;, VWR Chemicals, Belgium) and
analyzed with atomic absorption spectrometry (AAS; Thermo Scientific, iCE
3000, USA). In Publication IV, ICP-OES (inductively coupled plasma—optical
emission spectrometry; Agilent 5900 SVDV, USA) was additionally used to an-
alyze solution Al concentrations. Leaching yields were calculated using Equa-
tion 20 which considers the effects of sampling and evaporation.

t

C'(Vi_Vsc_Ve't_x)+mxc (20)
Y = ! -100%
m;
where Y = leaching yield

¢ = solution metal concentration at sampling interval x (g/L)

Vi = initial volume (mL)

Vs = cumulative sample volume prior to sampling interval x (mL)
V. = total volume lost upon evaporation (mL)

t, = time at sampling interval x (min)

tr = total leaching time (min)
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my = cumulative metal losses upon sampling prior to sampling
interval x (g)
m; = initial mass of metal in the feed (g)

Furthermore, the evaporated solution volume (V) and metal losses upon sam-
pling at each sampling interval (m,) were calculated with Equations 21 and 22.

Ve =Vi = V5 = Vstor (21)

where Vr = final solution volume after experiment (mL)
Vs ot = total volume of samples during experiment (mL)

my=c-V, (22)
where Vs = sample volume at timepoint x (mL)

In all publications, leaching progress was additionally monitored with redox po-
tential measurements. In Publications II, III, and IV, this was undertaken with
a Ag/AgCl vs. Pt redox probe (Mettler Toledo InLab, USA), whereas Publication
I used a calomel reference electrode (SCE, B521, SI Analytics, Germany) in com-
bination with platinum wire (Kultakeskus Oy, Finland) instead — to allow for
the use of a salt bridge between the electrode probe and leach solution and
thereby avoid damaging the probe when measuring high-temperature solutions
(T = 70 °C). In Publication I, the leaching process was also monitored by Cl. gas
measurements using a hand-held single-gas detector (WatchGas UNI mp100,
0.1-50 ppm Cl,, the Netherlands), whereas Publication III followed the leaching
progress by titration of the residual acid from solution samples. The titration
was done by diluting a part of a sample with 50—80 mL of deionized water and
reacting the solution with a few crystals of Na.S,05-5H.0 (99.8%, VWR, Bel-
gium) — to reduce any soluble iron to the Fe2* state, thereby preventing un-
wanted ferric iron precipitation — after which the solution was titrated with 0.1
M NaOH solution (Merck, Germany) to determine the H.SO, concentration.
Methyl orange solution was used as the indicator, prepared from solid powder
(Schering A.G Berlin, Germany) and deionized water.

In Publications I-III, raw material and leach residue mineral compositions
were determined with X-ray diffraction (XRD; PANalytical X *Pert Powder — the
Netherlands — with Cu Ka radiation source operated at 40 mA current and 40
kV voltage), using Rietveld refining (HighScore PLUS, The Netherlands) to re-
fine and assess the obtained diffractograms. In Publication III, solid samples
were also analyzed with scanning electron microscopy in combination with en-
ergy dispersive X-ray spectroscopy (SEM-EDX; Tescan Miras3, Czech Republic)
to obtain micrographs of solid particles for surface investigation.
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3.2 Raw material characterization

In order to calculate leaching yields from measured solution metal concentra-
tions, chemical compositions of the black masses used in Publications III and
IV were analyzed. This analysis was done by digesting four small samples (5 g
each) of the respective black masses in aqua regia (1:3 molar ratio of HNO3/HCI)
under a boiling temperature for 30 minutes. Samples of the resulting solutions
were then diluted with 2% HNO; solution and analyzed with AAS and ICP-OES
for their metal concentrations (Table 3). Additionally, the black mass F- content
in Publication III was determined using a fusion method (performed by ALS
Finland Oy), where the sample was fused with a carbonate flux and dissolved in
a pH-buffered citric acid solution, followed by fluoride-ion content measure-
ment with an ion-selective electrode. For comparison between industrial black
masses and pure chemicals, Table 3 also shows a typical chemical composition
of pure NMCi11-type cathode powder.

Table 3. Chemical compositions of black masses used in Publications Il and IV and a typical
NMC111-type cathode powder (MSE Supplies, 2024), reported in wt-%. < 2 mm refers to black
mass before further sieving. Black mass compositions are adopted from Publications 11l and 1V,
© 2021, © 2024 The authors, reproduced from Elsevier under CC BY 4.0.

Material Li Ni Mn Co Al Fe Cu F
Publication lll black mass

<2mm 3.7 23 2.6 26 34 0.6 4.0 34
> 500 um 2.7 2.2 2.0 19 16 1.1 13 n/a
<500 uym 3.8 25 2.8 26 2.3 0.5 15 n/a
Publication IV black mass

<1 mm, Average 3.3 8.8 7.9 10 35 0.1 75 n/a
Standard deviation  0.08 0.36 0.21 0.55 0.18 0.02 1.35 n/a
Pure cathode powder

NMC111 7.6 20.2 16.0 20.3 n/a 0.0025 0.001 n/a

As can be calculated from concentrations shown in Table 1, metals typically only
account for around 40-55% of the total black mass weight. In comparison, pure
NMC cathode material is composed of ~65% cathode metals Li, Ni, Mn, and Co,
whereas the rest (~35%) is mainly oxygen bound to the molecular lattice. Using
the same ratio between cathode metals and oxygen, the mass accounted for by
oxygen in black masses is around 14-19%, and the remaining fraction not re-
lated to either metals or oxygen (26—46%) is mostly plastic fragments and
graphite.

In addition to black mass samples, the reclaimed copper scrap used as reduct-
ant in Publication IV was also analyzed by total dissolution in aqua regia fol-
lowed by solution analysis by ICP-OES to ascertain that no unwanted impurities
would be introduced upon addition to the solution. The scrap was found to be
~99.5% pure Cu.
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3.3 Leaching experiments

In terms of research objectives, the publications were divided into two catego-
ries. Publications I and II studied the fundamental leaching phenomena occur-
ring during LIB cathode material leaching in the absence of other black mass
components. For this purpose, these experiments used low solid/liquid (S/L)
ratios — between 17 g/L (Publication I) and 28 g/L (Publication II) — to keep
acid consumption low during experiments. In contrast, Publications III and IV
studied leaching of industrially produced black mass, and therefore, a high S/L
ratio of 200 g/L — relevant to industrial leaching processes — was used. All ex-
perimental procedures are presented in more detail in their respective Publica-
tions I-IV.

For all experiments, the lixiviant solution was preheated to the desired tem-
perature before any cathode material or black mass additions. Publications II
and IIT used a single temperature throughout the experiments — 30 °C in Publi-
cation II, 60 °C in Publication III — whereas Publications I and IV studied a
range of leaching temperatures — 30—80 °C in Publication I, 30—70 °C in Pub-
lication IV. In Publication III, metallic reductants were added after 30 minutes
of leaching, whereas in other publications, any solid additives — such as metallic
Cu — were added into the leaching reactor at the start of the experiments, along
with LIB cathode powder or black mass. In experiments studying H.O. as a re-
ductant (Publication IV), the peroxide solution was steadily added throughout
the first hour to avoid excessive O. gas formation and minimize the potential
risk of violent froth formation and subsequent reactor overflow.

Publication II studied the effects of solution chloride-ion concentration with
the goal of stabilizing various chloro-complexes of the Cu* ion to act as catalysts
for cathode material reduction by metallic copper (Equation 19) and subse-
quently enhance cathode material leaching. The study used 0.5 and 1.0 M H.SO,
as the base lixiviants, the chloride concentration of which was adjusted with
NaCl - dissolved into the solution before each experiment — to obtain Cl- con-
centrations between 0.1—3.2 M. In these experiments, the reactor was also
purged with nitrogen gas (99.99% N., Linde, Finland) at a flow rate of 0.5
L/min, regulated with a rotameter (LH-ZC51-HR, Kytola, Finland). Nitrogen
purging was started 10 minutes before the commencement of each experiment
and continued throughout the leaching time to prevent atmospheric oxygen
from affecting the leaching system. Such gas purging was not used in any other
of the publications.

Publication I investigated the reactions involved in the leaching process of a
pure NMCi11-type cathode powder in sulfate, chloride, and mixed sulfate—chlo-
ride solutions. For this purpose, the study used H.SO,, HCl, and H.SO,—NaCl
solutions — all in the concentration of 1 M. Leaching phenomena were addition-
ally monitored with a redox probe and chlorine gas detector (WatchGas UNI
mp100, 0.1-50 ppm Cl,, the Netherlands).

Lastly, both Publications III and IV studied the effects of various parameters
on industrially produced black mass leaching in sulfuric acid solutions. For this
purpose, both publications used 2 M H,SO, exclusively as the leaching medium,
with various reductants added to improve cathode metal oxide dissolution.
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3.4 Kinetic studies and regression analysis

In addition to the comparison of leaching yield results between experiments,
Publications II, ITI, and IV used further mathematical analysis methods to allow
for more rigorous conclusions to be made. Publication II studied the kinetics of
the investigated leaching reaction to enable a more precise comparison to ear-
lier studies. For this purpose, the reaction was assumed to conform to a shrink-
ing particle model, with chemical reaction rate as the controlling factor (Equa-
tion 23). The following considerations with respect to the model chosen in the
study were made based on Levenspiel (1999, pp 568-579). A shrinking-core
model was chosen, as such an approach is typically more representative when
compared to progressive-conversion models. The special case for shrinking
spherical particles — as opposed to a particle with a shrinking core — was ap-
plied, as particle dissolution was assumed to occur without the formation of a
solid reaction product layer at the particle surface. Lastly, agitation was deemed
to be sufficient as to eliminate film diffusion resistances, leading to the conclu-
sion of a chemical-rate controlled model as the most representative of reality —
as opposed to a film diffusion-controlled model. N.B., although a shrinking par-
ticle model was chosen in this work, the mathematical representation for a
chemical reaction-controlled shrinking-core model — assuming the formation of
a solid reaction product layer — is identical. Furthermore, the use of the same
model as applied by Porvali et al. (2020) allowed for a direct comparison be-
tween their findings and the results obtained in Publication II.

£=1—(1—x)% (23)

Where t = time (min)
T = time required for complete conversion (min)
x = dissolved fraction of the studied element

To allow for reaction rate interpretation with trendline fitting, Equation 23 was
modified by substituting the inverse of reaction rate constant, 1/k. for 7 to obtain
Equation 24.

ko t=1-(1-2x)3 (24)

Where k. = rate constant (min-)

Publications III and IV used a DoE (Design of Experiments) methodology in
conjunction with regression modeling to assess the statistical effects of different
parameters on the black mass leaching process. DoE is a statistical tool designed
to allow for the assessment of interaction effects between multiple studied var-
iables, in contrast to the often used one-factor-at-a-time (OFAT) design which
only allows for the evaluation of variable effects individually (Shina, 2022). In
Publications IIT and IV, DoE was used in combination with regression modeling
to create leaching models able to predict cathode metal yields based on chosen
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experimental variables. The experimental designs were selected using two ver-
sions of the software MODDE (Sartorius, Germany). Publication III (MODDE
8) used a central composite face-centered (CCF) design with two factors — Cu
and Al additions. This model design was chosen due to the advantages of central
composite designs which include easy fitting, small number of required experi-
ments, reasonably high efficiency, and the possibility for sequential experimen-
tation — allowing for an expansion from a two-level factorial design by the addi-
tion of axial points and additional center points (Gilmour, 2010). On the other
hand, Publication IV (using MODDE 13) used a full-factorial design with four
factors — temperature, solution Fe concentration, and additions of Cu and H,O..
Such a full-factorial design was chosen to test for each parameter and combina-
tion individually, thereby yielding the highest amount of data, which was
deemed necessary due to the inhomogeneity of the raw material. Both models
were fitted using the partial least squares method (Wold et al., 2001).
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4. Results and discussion

This section presents and discusses the main results reported in Publications I—-
IV. It is divided into two subsections so that Section 4.1 focuses on leaching sys-
tems using pure LIB cathode powders with the goal of providing a better under-
standing of the impacts that individual elements and process conditions can
have on pure LIB leaching systems, whereas Section 4.2 deals with leaching phe-
nomena associated with industrially produced impure LIB black mass.

Section 4.1 discusses the results of Publication I which investigated various
fundamental leaching phenomena occurring during pure LIB cathode material
leaching in sulfate and chloride-based media without added reductants, specif-
ically focusing on interactions between NMCi11 cathode powder and soluble
Mn2+ and Cl- ions. The section proceeds with the topic of cathode material leach-
ing in the presence of chlorides (Publication II), with the addition of a new re-
ductive component into the system in the form of metallic Cu powder — repre-
senting a typical current collector material used in LIBs. Copper acts as a re-
ductant toward cathode metal oxides (Equation 19), enabled by the complexa-
tion with chloride ions. This leaching system was studied under a wide range of
chloride concentrations (0.1—3.2 M NaCl).

In contrast, section 4.2 discusses the performance of current collector foils —
contained within the studied industrially produced black masses — as reductants
toward LIB cathode materials. The performance is evaluated using data from
both kinetic experiments and regression modeling. These results are supple-
mented with a brief CO. footprint comparison between different reductants —
Cu, Al, and H.O. — along with observations of a black mass leaching experiment
performed using a chloride-containing lixiviant.

4.1 Leaching of pure Li-ion battery cathode powders

Publications I and II studied the leaching of pure LIB cathode powders to inves-
tigate the leaching phenomena in selected leaching environments. Leaching was
studied in both sulfate and chloride media (Publication I). In addition, a wide
range of chloride concentrations were investigated to study the reductive capa-
bilities of soluble Cu* complex species toward LIB cathode material (Publication
10).
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4.1.1 Leaching in sulfate and chloride solutions

The research in Publication I focused on identifying the main dissolution phe-
nomena and redox reactions that occur during LIB cathode material leaching in
lixiviants based on sulfates, chlorides, and their mixtures. The goal was to in-
vestigate the leaching mechanisms and spontaneous redox reactions taking
place in LIB leaching systems in the absence of external reductants, i.e., reduc-
ing agents like hydrogen peroxide.

As discussed in Section 2.3, a part of the LIB cathode material can be leached
in acidic solutions without any added reductants. Nonetheless, some research-
ers have used HCI as the lixiviant instead of H.SO,, based on the supposed re-
ductive properties of the Cl- ion toward LIB cathode metal oxides (Takacova et
al., 2016; Porvali et al., 2019). This hypothesized reductive property was one of
the main motivations behind the research conducted in Publication I. Experi-
ments were initially conducted in H.SO, solutions at temperatures between 30
and 80 °C to establish reference points against which results obtained using
chloride-containing media could be compared. In addition to moderate (~40%)
transition metals dissolution in sulfuric acid media (Figure 5b), it was found
that at temperatures of T = 50 °C, Mn started to precipitate out of the solution
(Figure 5). This precipitation was additionally accompanied by a slight increase
in other battery metal yields at 80 °C.
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Figure 5. Leaching yields of a) Mn and b) Niin 1 M H2SO4 solution. Adapted from Publication I,
© 2023 The authors, reproduced from Elsevier under CC BY 4.0.

The precipitated manganese compounds were identified from leach residues
with XRD as a birnessite-type lithium—manganese oxide — Li,Mn;40.,-xH,0 —
and manganese dioxide, MnO. (Figure 6). In addition, the cathode material lith-
ium content in the leach residue was found to decrease in response to increased
reaction temperatures — from the pristine LiNi;;sMn,;/5Co,/30- (in the pure
chemical) to Lio 4Nii/3sMn,/5C04/50 (at T = 30 °C) and to Lio.o4Ni;sMn;/5C01/502
(at T = 50 °C). Furthermore, after leaching at 7= 80 °C, a completely delithiated
phase — Nig 33Mn, 33C00,330(OH) — was identified as well. Similar findings with
respect to delithiation and manganese precipitation have previously been re-
ported by Billy et al., (2018), albeit at a lower temperature and with longer re-
action times.
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Figure 6. XRD diffractograms of pure NMC111 powder and leach residues after leaching in 1 M
H2SO4 solution at different temperatures. Adopted from Publication I, © 2023 The authors,
reproduced from Elsevier under CC BY 4.0.

Soluble manganese has previously been suggested to act as a reductant toward
the NMCi11 cathode material by the oxidation of Mn2* ions to the 4+-state (Kim
et al., 2022; Equation 25). This reaction has a very high reduction potential — E
=1.20-1.23 V vs. SHE between 30 °C and 80 °C (HSC 9.4.1, Metso, Finland) —
and is therefore suggested to be a thermodynamically viable reductant in a pure
system for NMC-type cathode materials with a very high oxidative power.

MnOZ () + 4H+(aq) + 26_(aq) S Mn2+(aq) + ZHZO(l) (25)

When comparing leaching phenomena in 1 M HCl and 1 M H,SO,—NacCl solu-
tions, almost equivalent leaching yields were measured for Co, Ni, and Li. How-
ever, manganese behavior changed significantly — in the presence of chlorides,
no extensive Mn precipitation was observed. This was attributed to Cl- ions act-
ing as the reductant (Equation 26) in preference to Mn2* ions (Equation 25).

Cly gy + 27 (aq) S 2C1 (aq) (26)

Nevertheless, the theoretical reduction potential of this reaction (Equation 26)
is even higher than that of Equation 25 (1.29 V at 80°C, HSC 9.4.1), and should
therefore be thermodynamically less favorable. However, the relationship be-
tween the two reactions is known to be heavily dependent on solution pH (Hao
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et al., 1991; Li et al., 2019), with chlorine gas evolution being particularly fa-
vored at pH levels below 1, i.e., at acid concentrations above 0.1 M (Tu, 1993) —
as was the case in these experiments. This property has also been used histori-
cally to generate Cl. gas for textile bleaching via the Weldon process (Equation
27; Pisarczyk, 2005; Schmittinger et al., 2011).

4HCl(aq) + MnOz(s) d MnClz(aq) + ZHZO(l) + Clz(g) (27)

The redox potentials measured during leaching in H.SO, and HCI solutions
(Figure 7) are in line with the observations described above, as the experiments
exhibit sufficiently high potentials to allow for both Mn2+ and CI- oxidation re-
actions to occur. Interestingly, the presence of chlorides appears to limit the
measured redox potentials to around 1300 mV vs. SHE — which corresponds to
the Cl, evolution potential — possibly due to the redox electrode ability to only
measure the potential of the active Cl, formation reaction rather than the entire
system.
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Figure 7. Redox potentials measured during NMC111 leaching experiments in a) 1 M H2SOa4, b)
1 M HCI. The dashed lines indicate the theoretical reduction potentials of the MnO2/Mn2* and
Cl2/CI- reactions at 30 and 80 °C. Adapted from Publication I, © 2023 The authors, repro-
duced from Elsevier under CC BY 4.0.

Furthermore, the prevalence of chlorine gas evolution as the anodic reaction
was also confirmed by Cl. gas measurements, as both HCl and H.SO,—NaCl so-
lutions were found to generate notable amounts of Cl, (= 50 ppm) during
NMCi111 cathode powder leaching at elevated temperatures (T = 50 °C; Figure
8). Between the two chloride-containing media, Cl. gas evolution was markedly
higher in mixed H.SO,—NaCl media — with also higher associated Ni yields (Fig-
ure 9) — when compared with HCI alone. Also, Mn and Co had a similar leaching
behavior when compared with Ni. Although the measured Cl. concentrations
between the two lixiviants were very similar (Figure 8), the gas detector reading
reached its maximum display value considerably faster in experiments using
H.S0O,—NaCl media. These pronounced effects in the presence of NaCl were hy-
pothesized to be caused by an increased Cl- ion activity associated with chloride
salts in comparison to HCI (Puvvada et al., 2003).
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Figure 8. Measured Clz gas concentrations evolved during NMC111 leaching experiments in a)
1M HCI, b) 1M H2SOs—NaCl. Adapted from Publication |, © 2023 The authors, reproduced
from Elsevier under CC BY 4.0.

100 a 100 b
—=—30°C —=—30°C
90 50°C 80+ 50 °C
804—~—70°C 80{—+—70°C
£ 70| —v—80°C § o] 80°C
5 60 5 60
5 504 5 504
2 50 2 50 R
@ 404 v T . B 404 4
© 30 ©
z 01 z 307
204 204
104 104
0 T T T T T T 0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 9. Leaching yields of Niin a) 1 M HCI, b) 1 M H2SO4s—NaCl solution. Adapted from Publi-
cation |, © 2023 The authors, reproduced from Elsevier under CC BY 4.0.

Despite the differences in leaching behavior between lixiviants at higher tem-
peratures (T = 50 °C), all studied leaching systems resulted in almost identical
outcomes at a lower temperature (T = 30 °C), with virtually no detectable Cl.
gas evolution or decrease in Mn yield. This suggests that the reduction reactions
of Cl- or Mn2* ions require elevated temperatures to allow for sufficiently high
reaction kinetics, or alternatively, a very long reaction time as demonstrated by
the results of Billy et al. (2018). Nonetheless, the reaction kinetics may also be
strongly related to the cathode material composition, as reported earlier by
Xuan et al. (2019, 2021).

To summarize, the results outlined here showed that Cl- ions can act as a re-
ductant toward NMC-type cathode materials in pure leaching systems, whereas
Mnz2* ions can exhibit a similar reductive behavior in sulfuric acid media, result-
ing in the precipitation as MnO, and Li,Mn,,0.,-xH,0. Both these reactions take
place preferentially at elevated temperatures (T = 50 °C) and require a high ox-
idative potential (E = 1300 mV vs. SHE) to occur and are therefore less likely in
industrial multimetal black mass leaching systems where alternative reductants
— such as Cu, Al, and Fe — are typically present.
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4.1.2 Cu as a reductant in the presence of chlorides

Similarly to Publication I, Publication II studied LIB cathode powder leaching
in the presence of chlorides, however, using metallic copper powder as an exter-
nally added reductant. The study used chloride-containing sulfuric acid solu-
tions to stabilize complexes of Cu* species, thereby facilitating redox reactions
between LCO-type cathode powder and metallic Cu (Equation 19, Section 2).
The main goal was to investigate, whether a previously studied leaching system
— using Cu as a reductant and Fe2*/Fe3* ion pair as a catalyst (Porvali et al,,
2020a; Porvali et al., 2020b) — could be modified to substitute Cu+ species for
the Fe2+/Fe3* ion pair, removing the requirement of iron as a catalyst in this
process. Leaching experiments with pure LCO cathode material were performed
using sulfuric acid as the base lixiviant, the chloride content of which was ad-
justed with NaCl, as detailed in Section 3.3.

The results showed the investigated leaching system to be viable, with notable
Co yields achieved with a Cl- concentration of 0.1 M (Figure 10). Furthermore,
90% Co yield was also achieved under relatively mild conditions (T = 30 °C,
[H.SO,] = 1 M, [NaCl] = 0.2 M) after 2 hours of leaching. Additional analysis
also revealed the reaction rate to be comparable with previous results obtained
using the Fe2*/Fes3* ion pair as the catalyst (reaction rate constant k = 4.6-103
min; Porvali et al., 2020a).
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Figure 10. Co leaching yields as a function of time in 1 M H2SO4 solution at solution chloride
concentrations of 0-3.2 M at 30 °C. Adapted from Publication Il, © 2022 The authors, repro-
duced from Elsevier under CC BY 4.0.

Nevertheless, further increases in chloride concentration up to 0.8 M did not
result in improved leaching yields, as the leaching kinetics were observed to
plateau. This leaching rate stagnation was hypothesized to be caused by an in-
termediate reaction involving CuCl precipitation and redissolution (Equations
28 and 29), as evidenced by the formation of visible clusters on copper powder
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surfaces, especially with solution chloride concentrations between 0.2 and 0.8
M.

C'U.(S) + Cu2+(aq) + ch_(aq) d ZCuCl(s) (28)

CuClsy + Cl™ (qq) = [CuCly]™ (29)

(aq)
This CuCl layer was proposed to inhibit charge transfer — and consequently, re-
dox reactions — between Cu and LCO, resulting in leaching rate stagnation. The
clusters were subsequently identified as CuCl via leach residue XRD analyses
(Figure 11). The diffractograms also indicated the presence of a delithiated LCO
phase — Lio 5 Co0, — which suggests that LCO dissolution undergoes a similar
delithiation phenomenon as NMCi11 during its dissolution process, as dis-
cussed in the previous section and previously reported in literature (Takacova
et al., 2016).
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Figure 11. XRD diffractograms of pure LiCoO2 powder and leach residues after 2 hours of leach-
ing in 1 M H2S04 under various solution CI- concentrations. Adopted from Publication Il, ©
2022 The authors, reproduced from Elsevier under CC BY 4.0.

These results related to CuCl precipitation were also in line with the previous
findings of Herreros et al. (2005), who reported inhibited dissolution rates at
solution molar ratios of Cl/Cu2*< 8 because of CuCl precipitation on metallic Cu
particle surfaces. Based on the Cu amount used in the experiments of Publica-
tion IT (0.07 mol Cu, 400 mL lixiviant), this ratio predicts that CuCl formation
would be prevented at solution Cl- concentrations above 1.4 M — a hypothesis
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also supported by the calculations of Fritz (1982). Results obtained under solu-
tion chloride concentrations of [Cl-] > 1.6 M correlated with this prediction, as
the dissolution rate of LCO drastically increased under such high chloride con-
centrations — suggesting an uninhibited reduction by soluble Cu* species. None-
theless, traces of solid CuCl were also found within the leach residues in these
experiments (Figure 11), although evidently the formation did not inhibit Cu
dissolution and subsequent LCO leaching reactions. It is also possible that the
CuCl formation in these experiments occurred after leaching, e.g., as a response
to the diminished solution chloride concentration during water washing of the
leach residue after filtration.

4.2 Leaching of industrially produced black mass

While Publications I and II studied the leaching of pure LIB cathode powders,
Publications III and IV investigated a topic more applicable to real-life pro-
cesses — leaching of industrially produced black mass. These studies were per-
formed to obtain a deeper understanding on how different reductants affect the
leaching process in a more complex system, and in particular, to find new ways
to utilize the reductive power of metallic fractions found within black masses as
a more environmentally benign alternative to the predominately used H.O..
These studies exclusively used H.SO, as the lixiviant due to its wide-spread ap-
plication in industrial leaching processes.

4.2.1 Leaching experiments

Publications IIT and IV studied the utilization of current collector metals Cu and
Al as reductants in black mass leaching, however, from different perspectives.
Publication III investigated the reductive effects of added Cu and Al scrap on a
black mass fraction low on these metals, whereas Publication IV aimed to utilize
the Cu and Al content — already present in an iron-lean black mass — supported
by temperature increases and iron additions.

At the start of each experiment in Publication III, black mass was first leached
without external reductants for 30 minutes to allow any metallic particles con-
tained within to be consumed before controlled reductant additions — thereby
ensuring that any subsequent increases in cathode metal leaching yields were
specifically a result of the reductants added manually. XRD characterization of
the leach residue showed the cathode material dissolution to proceed in a simi-
lar manner when compared with pure LCO powder in Publication II, as delithi-
ated LCO was identified from the diffractogram (Figure 12).
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Figure 12. XRD diffractograms of the black mass used in Publication Il and the residue after
leaching without external reductants. Adapted from Publication Ill, © 2021 The authors, re-
produced from Elsevier under CC BY 4.0.

In the experiment without added Cu and Al (Publication III), the Co leaching
yield was relatively low (52%). Both Cu and Al scrap additions were found to
improve Co leaching yields (Figure 13), and based on the results, Al seemed to
have a larger impact per mass unit when compared with Cu. Nevertheless, the
most substantial increase in Co yield was obtained by the simultaneous addition
of both current collector metals (Figure 13 A).
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Figure 13. Concentrations of A) Co, B) Cu as a function of time in 2 M H2SOa4. The time of Cu
and Al scrap addition is indicated by vertical red lines. Adapted from Publication Ill, © 2021
The authors, reproduced from Elsevier under CC BY 4.0.

However, the most important factor related to leaching yield improvements was
unlikely to be solely related to the choice of reductant metal, but rather the total
added reductive power contained within. The seemingly higher impact of Al can
be explained by its higher “electron density”, as Al can donate around 3.5 times
the number of electrons per mass unit when compared with Cu (Publication IV;
Equation 30).
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m 1
7 _— .3
M Al 26.98 g/mol
Ne (avjcw) = - = ig/ =3.533 (30)

_.Z . .
Mcw ““* 355 g/mol 2

Where ne (al/cu) = Relative difference between molar electron amounts do-
nated upon Al and Cu dissolution
m = mass (g)
M, = molar mass of element x (g/mol)
Zx = number of electrons donated upon dissolution of one atom of
element x

Contrary to the observation stated above, it was found that the current efficiency
— the calculated share of donated electrons used in cathode material reduction
— of Al was significantly lower than that of Cu (47% for Al vs. 66% for Cu). Such
aresult was expected as Al is less noble and can consequently participate in side-
reactions, i.e., the donated electrons can also be consumed in the reduction re-
action of H* ions to H, gas (Equation 17, Section 2) which is unlikely to further
contribute toward cathode material reduction, as discussed in Section 2. In ad-
dition to the increased Co leaching yields, Al additions also resulted in a subse-
quent decrease in the solution Cu concentration (Figure 13 B). This behavior
was attributed to Cu cementation on Al particle surfaces, i.e., spontaneous dep-
osition of dissolved Cu2* caused by the reduction potential difference between
the two metals (Chernyaev et al., 2022). After initial cementation, Cu was ob-
served to redissolve into the solution, potentially as a response to the depletion
of available Al. This hypothesis, however, remains merely speculation, as Al dis-
solution was not monitored as a part of the study.

Similarly to Publication III, Publication IV also studied the effects of Cu and
Al contents of a black mass on cathode material leaching performance, however,
with a different approach — using different leaching temperatures (Figure 14)
and solution iron concentrations (Figure 15) to facilitate the reductive proper-
ties of these metallic fractions already present within the black mass. Within the
investigated parameter range (30—70 °C), T = 70 °C was found to be the most
efficient temperature in terms of cathode metal leaching yields, reaching over
90% yields within two hours (Figure 14 c¢), whereas experiments at lower tem-
peratures yielded lower transition metal leaching yields (at 50 °C, ~70%; at 30
°C, ~50% for Co, Ni, and Mn). The reason for such low leaching yields was found
to be the low solution iron concentration ([Fe/ ~200 mg/L) which impeded ef-
ficient electron transfer between reductant metals and the cathode material —
as the black mass used in these experiments had a very low iron content (0.1%
Fe, Table 3). Increasing the iron concentration from ~200 mg/L (Figure 14) to
~400 mg/L (Figure 15 a and c¢) improved the cathode metal yields by a notable
margin — reaching around 80% yields at T' = 50 °C — due to the increased con-
centration of soluble Fe2*/Fe3+ ions able to facilitate electron transfer between
the reductant metals and cathode material. Nonetheless, a further increase to
~600 mg/L (Figure 15 b and d) did not result in noticeable improvements on
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metal yields other than Cu (74% at 50 °C, 400 mg/L Fe, Figure 15 ¢; 89% at 50

°C, 600 mg/L, Figure 15 d).
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Figure 14. Metal leaching yields at a) 30, b) 50, c) 70 °C in 2 M H2SOa. Solid lines indicate metal
leaching yields (left Y-axis). Dashed lines illustrate solution iron concentration (right Y-axis).
Adapted from Publication IV, © 2024 The authors, reproduced from Elsevier under CC BY
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Figure 15. Metal leaching yields with added iron at a) 30 °C, 0.4 g/L total Fe, b) 30 °C, 0.6 g/L
total Fe, ¢) 50 °C, 0.4 g/L total Fe, d) 50 °C, 0.6 g/L total Fe in 2 M H2SO4. Solid lines indicate
metal leaching yields (left Y-axis). Dashed lines illustrate solution iron concentration (right Y-
axis). Adapted from Publication IV, © 2024 The authors, reproduced from Elsevier under CC
BY 4.0.

Experiments carried out under these different conditions revealed highly inter-
esting information on the reductant metals behavior. Increasing the tempera-
ture did not have a notable effect on Cu dissolution, whereas Al dissolution was
strongly accelerated at higher (T > 50 °C) temperatures. On the other hand, so-
lution iron concentration did not considerably affect Al dissolution, whereas Cu
dissolution increased remarkably when iron concentration was increased to 400
mg/L. These findings were interpreted as indicating a difference between the
limiting factors of Cu and Al dissolution — Al being limited by surface pas-
sivation and reactions related to the oxide layer (Shukla et al., 2023), while Cu
is controlled by reactions between metallic Cu and soluble Fe3+ ions. Further-
more, none of the experiments in Publications III and IV showed any signs of
manganese precipitation — unlike in Publication I. This observation can be ex-
plained by the abundance of alternative reductants in the system, as Mn2+ oxi-
dation to MnO:. is thermodynamically less favorable when compared with many
of the alternative reactions, e.g., Cu and Al oxidation to Cu2* and Al3+ (Equations
7 and 12 in Table 1). The redox potentials measured in Publication III also indi-
cated that the leaching conditions were not oxidizing enough to allow for MnO,
precipitation (E < 880 mV vs. SHE).

Notably, Publications IIT and IV demonstrated that high cathode metal yields
can be achieved by carefully considering the raw material contents and modify-
ing the feed compositions accordingly. As discussed above, Publication III
added extra Cu and Al into the feed, whereas Publication IV adjusted the solu-
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tion iron concentration to facilitate the reductive capabilities of the current col-
lector metals already present within the black mass. The success of both meth-
ods with these different raw materials highlights the importance of a thorough
knowledge on black mass composition and the ability to adjust the feed accord-
ingly in order to maximize the benefits attainable by current collector utilization
— and thereby reduce the demand for external reductants such as H.O,.

4.2.2 Regression modeling

Both Publications IIT and IV supplemented experimental work with regression
modeling. In Publication III, this included deriving an equation to predict Co
leaching yields (Equation 31) — as well as for acid consumption and final PLS
acidity — based on added Cu and Al masses. For the purposes of this thesis, the
Co leaching yield model was further refined to consider molar reductant
amounts vs. reducible cathode metal amounts in the feed (Equation 32) for a
more convenient comparison with the model created in Publication IV (Equa-
tion 33) which predicts Co leaching yields based on a different set of variables —
molar amounts of Cu, Fe, and H,O, in the feed, as well as temperature. Both
publications considered only linear terms in their models, as quadratic and in-
teraction terms were found to be statistically insignificant. N.B., Equation 33
has been modified from Publication IV to consider iron as a solution concentra-
tion in g/L instead of a molar ratio Fe/TM (Transition Metals).

Co yield (%) = 3.56 - [Cu] + 11.6 - [Al] + 72.5 (31)
Co yield (%) = 269 - [Cu/TM] + 300 - [Al/TM] — 4.97 (32)
Co yield (%) = 0.90 - [T] + 31.4 - [Cu/TM] + 34.2 - [Fe] + 18.5 (33)

- [Hy0,/TM] + 16.6

Where [Cu] = Added copper (g)
[Al] = Added aluminum (g)
[X/TM] = Molar amount of reductant X in feed divided by the sum
of transition metals (Co, Ni, and Mn) molar amounts in feed
(mol/mol)
[T] = Leaching temperature (°C)
[Fe] = Solution iron concentration (g/L)

Formulating Equation 31 to consider molar reductant additions vs. reducible
cathode metals instead of mass units changes the coefficients for Cu and Al by a
large margin. Specifically, the coefficients between Cu and Al in the resulting
Equation 32 are almost equal (269 for Cu, 300 for Al), whereas the original co-
efficients reported in Publication III seemed to significantly favor aluminum
over copper (3.56 for Cu, 11.6 for Al). Moreover, even the modified equation
does not consider the different numbers of electrons donated by the reductant
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metals per dissolved atom (2 per Cu, 3 per Al), whereas taking this characteristic
into account would likely result in a larger coefficient for Cu due to the smaller
number of side-reactions and higher current efficiency associated with Cu dis-
solution — as discussed above in Section 4.2.1. Furthermore, the coefficient for
copper varies largely between the models of Publications III and IV (Equations
32 and 33) — the coefficient of Cu/TM being almost 10 times larger in Equation
32. This could be due to the different temperatures used between the studies
(60 °C in Publication III vs. 30—50 °C in Publication IV), as temperature has
been shown to have a major effect on reaction kinetics (Levenspiel, 1999, pp
28). It is also possible that since Equation 32 does not consider solution iron
concentration, the model assigns the positive effects of iron to Cu and Al — as
without these metals, solution iron concentration does not influence cathode
metal leaching yields — whereas in Equation 33, the effect of iron is considered
separately.

The model created in Publication IV also revealed crucial information regard-
ing the efficiency of copper when compared to hydrogen peroxide. Cu was found
to be markedly more efficient as indicated by Figure 16 — likely due to the vari-
ous side-reactions and decomposition phenomena associated with H.O,, as dis-
cussed in Section 2.3.1. This finding emphasizes the benefits of utilizing scrap
Cu as a reductant in preference to H.O..
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Figure 16. Predicted Co yields (%) with various Cu and H202 additions ata) T=30 °C, b) T = 50
°C, with [Fe] = 0.4 g/L. Adopted from Publication IV, © 2024 The authors, reproduced from
Elsevier under CC BY 4.0.

4.2.3 Environmental considerations

Sections 4.2.1 and 4.2.2 above have mainly focused on the reductive capabilities
of various reductants and their performance in the leaching process. However,
the manufacture of chemicals that can be used as reductants inevitably produces
CO, emissions, and therefore, environmental issues are of high interest as a part
of reductant consideration for industrial processes. To illustrate the environ-
mental aspects of selected reductants, Publication III compared the CO. emis-
sions associated with the production of H.O, and current collector metals Cu
and Al, considering both primary and secondary production (Figure 17). It can
be seen that production of H,O, for the reduction and dissolution of one metric
tonne of cobalt originating from LCO would result in more than 1 200 kg of CO.
emissions. Using scrap Cu and Al instead — either contained within black mass
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or as a separate feed consisting of production scrap — would avoid these emis-
sions and thereby aid in the carbon footprint reduction of battery recycling pro-
cesses.
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Figure 17. CO2 amounts emitted in the production of various reductants required for the reduction
of 1 tonne of Co (according to Ecoinvent 3.6 database). Adopted from Publication Ill, © 2021
The authors, reproduced from Elsevier under CC BY 4.0.

The main disadvantage related to the use of Cu and Al as reductants in prefer-
ence to H,O: is the subsequent need for their removal from the PLS at a later
process stage, which will inevitably contribute to the energy consumption and
CO, emissions of the process. Nonetheless, in the case of copper, there are many
efficient and industrially applied state-of-the-art methods to recover the metal
from various leach solutions (Schlesinger et al., 2022), whereas excessive
amounts of soluble Al could prove problematic due to the shortcomings associ-
ated with its removal and recovery, as discussed in Section 2.3.2. The low emis-
sions associated with secondary Al production (Figure 17) also suggest Al sepa-
ration from black mass and recycling in a dedicated process as a more beneficial
alternative than utilizing the metal as a reductant in leaching — a similar ap-
proach has also been proposed by Rinne et al. (2021). The reductant demand
could then be satisfied with the copper contained within the black mass, poten-
tially supported by extra copper scrap additions — originating e.g. from battery
cell production or other industrial manufacturing facilities — as necessary.

4.2.4 Black mass leaching in the presence of chlorides

Experiments in Publications III and IV were exclusively performed using H.SO,
as the lixiviant. Nonetheless, the promising results of Publication II raised the
interest to also investigate the use of chloride-containing lixiviants for black
mass leaching. One separate leaching experiment for this compendium was con-
ducted using a similar chloride concentration to that found previously efficient
for the pure cathode chemicals in Publication II (T = 50 °C, [H.SO,] = 3 M,
[NaCl] = 0.2 M, S/L = 200 g/L). However, the reactor overflowed soon after
black mass introduction as a result of excessive gas generation (Figure 18 a) —
due to either H, gas produced by a rapid reaction between H+ ions and Al (Equa-
tion 17, Section 2) or Cl, gas evolved as a result of cathode material reduction by
Cl- ions (Equations 6 and 18, Section 2). It is likely that both reactions may have
contributed to frothing, as considerable amounts of Ni, Mn, Co, and Al were
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found to have dissolved within the first 5 minutes (Figure 18 b) — although the
calculated yields should only be treated as estimates due to material losses from
the overflow. Such a violent reaction raises questions about the compatibility of
LIB black mass materials with chloride-containing lixiviants in real-life pro-
cesses, even at low chloride concentrations (0.2 M NaCl). Nevertheless, the ten-
dency for such intense frothing may also be characteristic for the type of black
mass used, as similar incidents have not been reported previously in literature
where leaching of LIB waste fractions was studied using 2 M HCI at 80 °C
(Takacova et al., 2016) and 4 M HCl at 80 °C (Porvali et al., 2019). Alternatively,
S/L ratio may have had a remarkable impact on frothing, as the existing litera-
ture used considerably lower S/L ratios — 20 g/L (Takacova et al., 2016) and
50—100 g/L (Porvali et al., 2019) — whereas the experiment in this thesis was
conducted with a higher, more industrially attractive S/L ratio (200 g/L).
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Figure 18. a) Reactor overflow after black mass introduction to the chloride-containing sulfuric
acid solution, b) metal leaching yields, T = 50 °C, [H2SO4] = 3 M, [NaCl] = 0.2 M. Solid lines
indicate metal leaching yields (left Y-axis). Dashed lines illustrate solution iron concentration
(right Y-axis).
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5. Critical outlook and future prospects

When looking at the results and observations obtained from the research out-
lined in this thesis, it should be noted that leaching is only one part of a wider
hydrometallurgical recycling process. Also, the results obtained using a small-
scale laboratory setup are not always directly applicable to a large-scale indus-
trial process. Therefore, it is important to consider the implications of these re-
sults and observations in relation to real-life battery recycling processes.

For example, manganese was found to precipitate out of sulfuric acid media
when commercial NMC cathode powder was used as the raw material — espe-
cially under temperatures of T > 70 °C (Publication I), implying that this could
result in significant Mn losses into the leach residue in the context of a black
mass recycling process. Nonetheless, the presence of metallic reductants within
black masses was found to inhibit this precipitation (Publication IV), which in-
dicates that such a drawback does not exist in industrial processes, provided
that a sufficient supply of thermodynamically more favorable reductants — such
as current collector metals Cu and Al — is ensured.

As discussed on several occasions throughout this thesis, metallic reductants
have multiple advantages over the traditionally used H,O,, both in terms of re-
ductive efficiency and potentially also regarding environmental impacts. None-
theless, achieving a complete dissolution simultaneously for both reductants
and cathode materials would necessitate a very precise control over the transi-
tion metal/reductant metal ratio in the feed — which may not be realistic in in-
dustrial operations, especially with varying battery chemistries entering the
process. Therefore, as a potentially more beneficial processing strategy, the
leach residue could be subjected to a second leaching stage using hydrogen per-
oxide as an additive. In this kind of process, the dual nature of H,O, as both an
oxidant and reductant would be an advantage, as it could dissolve the rest of the
metal contents regardless of whether the main metal content in the residue is
composed of undissolved cathode material or reductant metals.

Another aspect that should be considered on an industrial scale is cathode ma-
terial reduction by CI- ions and the resulting Cl. gas formation. As shown by the
results of Publication I, this is a viable interaction with beneficial impacts with
respect to cathode metal leaching yields. Nonetheless, the Cl, gas generation
may pose additional drawbacks in terms of safety and equipment corrosion.
Moreover, a high S/L ratio in conjunction with a chloride-containing lixiviant
may potentially result in violent frothing with adverse consequences, as demon-
strated by the individual black mass leaching experiment conducted in chloride-
containing media (Section 4.2.4). Such intense frothing may present challenges

44



Critical outlook and future prospects

to the development of chloride-based battery recycling processes in the indus-
try, where high S/L ratios are typically preferred. Therefore, further research on
the effects of S/L ratio on chloride-based black mass leaching is necessary. An-
other important aspect for potential future research related to frothing is the
impacts of organic battery constituents — especially electrolytes — on frothing
behavior. Investigation of black masses with their organic contents removed —
e.g., by pyrolysis — focusing on froth formation behavior could be undertaken to
determine whether the removal of these compounds prior to leaching would al-
leviate the associated shortcomings.

Lastly, as always when working with experimental data, all results are subject
to potential errors. This is particularly evident when working with industrial
black masses due to the inhomogeneity of the raw material, as demonstrated by
the relatively large standard deviation values — especially with respect to Cu —
outlined in Table 3 (Section 3.2) and previously reported by Porvali et al. (2019).
Nonetheless, despite the relatively large error margins, all publications included
in this thesis show clear trends in relation to the phenomena investigated, and
the observations made thereof are believed to be valid and serve as a rigorous
foundation for the development of future battery recycling technologies.
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6. Conclusions

This thesis investigated the leaching behavior of different kinds of lithium-ion
battery raw materials. Publications I and II used pure cathode powders to in-
vestigate the leaching mechanisms of LCO and NMCi11 cathode materials in
sulfate and chloride systems. These principles were then researched in Publica-
tions III and IV under more industrially relevant conditions, using industrially
produced black mass to study the effects of temperature and various reductants
on cathode material leaching performance.

In experiments conducted with pure cathode materials, chloride-containing
solutions were found to be marginally more efficient lixiviants when compared
with sulfuric acid solutions, as manganese compound precipitation was pre-
vented by provision of an alternative anodic reaction in the form of chlorine gas
evolution (Publication I). Nevertheless, as the associated benefits were limited,
the risks regarding the Cl. gas produced — particularly related to toxicity and
equipment corrosion — may outweigh the benefits. This is especially true since
manganese compound precipitation was also found to be inhibited in sulfate-
based solutions in the presence of metallic reductants commonly found within
industrial black masses (Publications III and IV). When compared with leaching
experiments using Cl- ions as the sole reductant (Publication I), experiments
using metallic copper as an external reductant exhibited markedly improved
leaching kinetics even at relatively mild conditions (T = 30 °C, [H.SO,] =1 M,
[NaCl] = 0.2 M; Publication II), despite the associated CuCl formation. None-
theless, a subsequent leaching experiment conducted with industrial black mass
revealed the potential hazards related to the use of chloride-containing lixivi-
ants, as rapid gas evolution and associated frothing resulted in a reactor over-
flow. This incident demonstrates that results obtained using pure cathode
chemicals cannot be directly assumed to apply to real-life waste fractions, as any
impurities contained within such waste can have remarkable effects on the
leaching performance.

Leaching experiments performed using sulfate solutions and industrially pro-
duced black masses (Publications III and IV) provided new information with
respect to current collector metals behavior under various leaching conditions.
For example, Al dissolution was found to be enhanced at increased tempera-
tures (T = 50 °C), whereas Cu dissolution rate was much more affected by the
solution iron concentration due to the catalyzing effect of the Fe2*/Fe3+* ion pair
— up to 0.4 g/L Fe. Furthermore, statistical analysis of these leaching systems
with DoE and regression modeling also provided important information about
the reductive capabilities of different reductants, showing a relatively similar
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reducing power between Cu and Al (Equation 32) and a much lower reducing
power of H.O, when compared with Cu (Equation 33). Furthermore, a brief con-
sideration of carbon dioxide emissions associated with Cu, Al, and H.O. pro-
duction indicated current collector metals to be a potentially more environmen-
tal alternative over H.O., especially considering the amount of extra H.O. re-
quired to achieve the same degree of cathode material dissolution — as demon-
strated by Equation 33.
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