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Abstract

Owing to recent trends in e-mobility, lithium is in high demand resulting in increased global production and
record prices for lithium ores and compounds. Accordingly, many efforts are being made to maintain supply by
exploiting primary resources around the world, while effective lithium recycling from secondary sources is still
lacking. Concerning primary pegmatite ores, the current state of industrial technology necessitates energy
intense high-temperature pretreatments to increase the reactivity of the refractory lithium minerals prior to
leaching. Moreover, these routes are focused only on the low but economically relevant lithium content,
disregarding the main components Al and Si, leading to large quantities of leaching residues. In addition to
primary lithium minerals, a similar chemical assemblage of elements is found in secondary raw materials, such
as Li»0-Al,05-Si0; glass-ceramics (LAS), which can be seen as an untapped urban source of lithium found in
significant quantities in discarded electrical appliances. Although the recycling of these devices is already
established, large quantities of valuable lithium are lost on this disposal route, as recycling has so far only
concentrated on recovering the transition metals while neglecting the glass-ceramic sections. Encouraged by
these circumstances, the present dissertation investigated a holistic approach that attempts to utilize the entire
chemical inventory of the feedstock materials, leading to various value-added by-products during extraction and
downstream hydrometallurgical treatments on the way to a pure lithium compound. For this study, a LAS glass-
ceramic plate from an end-of-life cooktop and naturally occurring lithium silicate minerals such as lepidolite,
spodumene and petalite were selected as source materials for alkaline mechanochemical studies, focusing on
lithium extraction without thermal pretreatments.

The first section addresses the experimental investigations of the LAS samples, leading to efficient
decomposition of the lithium-containing B-quartz phase under alkaline conditions, while lithium was
significantly enriched in the leach liquor. Optimal experimental parameters were identified at a NaOH
concentration, a rotational speed and a ball-to-powder ratio of 7 mol/L, 600 rpm and 50:1 g/g respectively,
resulting in a substantial extraction of up to 92.4 %. In addition to leaching, the entire feedstock was transformed
into different zeolite frameworks as a function of NaOH concentration.

In the second section, the findings from the investigations of LAS samples were transferred to the three most
common lithium silicate minerals lepidolite, spodumene and petalite. In these studies, petalite was identified to
be significantly more compatible with the chosen mechanochemical approach compared to spodumene or
lepidolite. This resulted in a considerable lithium extraction of up to 84.9 %, while in parallel a nearly complete
conversion of petalite into a sodalite zeolite was achieved. The significantly higher reactivity of petalite under
mechanochemical conditions was associated with specific features in its crystal structure, such as the less dense
atomic packing and the pronounced activation of cleavage planes along the lithium sites during ball milling.

Unavoidably, as a side effect of alkaline leaching, parts of the silicon from the starting materials went into
solution during the mechanochemical experiments, necessitating desilication as an intermediate step prior to
lithium precipitation. CaO proved to be an effective agent leading to high desilication rates for LAS- and petalite-
based solutions, while the lithium content remained unaffected in both cases. Upon purification of the solution
by desilication, lithium was precipitated by adding moderate amounts of phosphoric acid, permitting the
formation of sparingly soluble LisPO, at specific P:Li ratios. In a final step, the obtained LisPO,was further treated




with Ca(OH),, resulting in the precipitation of hydroxyapatite Cas(PO4)sOH and the formation of lithium
hydroxide LiOH-H,0 in solution, which can be crystallized to a pure phase after filtration. In addition, Ca-silicate
phases, formed during the desilication of the enriched solution, as well as apatite, resulting from the
transformation procedure, are regarded as value-added byproducts as they offer specific applications and thus
correspond to the holistic approach.

The leaching residues obtained during mechanochemical treatments of LAS or petalite samples revealed
comparable high specific surface areas, and consisted mainly of sodalite and/or LTN zeolites, renowned for their
special properties in molecular sieving or selective adsorption. Accordingly, these byproducts were investigated
as potential adsorbents in a side study, demonstrating excellent sorption performance for divalent heavy metal
ions in synthetic wastewater samples.

Vi



Zusammenfassung

Aufgrund der jliingsten Trends im Bereich der Elektromobilitdt besteht eine hohe Nachfrage nach Lithium, was
zu einem Anstieg der weltweiten Produktion und Rekordpreisen fiir Lithiumerze und -verbindungen gefiihrt hat.
Dementsprechend werden viele Anstrengungen unternommen, um das Angebot durch die Ausbeutung von
primaren Ressourcen auf der ganzen Welt aufrechtzuerhalten, wahrend ein effektives Lithiumrecycling aus
Sekundarquellen noch immer aussteht. Bei primaren Pegmatit-Erzen erfordert der derzeitige Stand der
industriellen Technik energieintensive Hochtemperaturvorbehandlungen, um die Reaktivitdt der refraktaren
Lithiumminerale vor der Laugung zu erhéhen. AuBerdem konzentrieren sich diese Verfahren nur auf den
geringen, aber wirtschaftlich relevanten Lithiumgehalt, wobei die Hauptbestandteile Al und Si auler Acht
gelassen werden, was zu groBen Mengen an Laugungsriickstanden fiihrt. Neben primaren Lithiummineralen
findet sich eine dhnliche chemische Zusammensetzung von Elementen in sekundaren Rohstoffen wie Li;0-Al,0s-
SiO, Glaskeramik (LAS), die als ungenutzte urbane Lithiumquelle angesehen werden kann und in erheblichen
Mengen in ausrangierten Elektrogeradten zu finden ist. Obwohl das Recycling dieser Gerate bereits etabliert ist,
gehen auf diesem Entsorgungsweg groRe Mengen an wertvollem Lithium verloren, da sich das Recycling bisher
nur auf die Riickgewinnung der Ubergangsmetalle konzentriert und die Glaskeramik vernachlassigt. Motiviert
durch diese Umstande wurde in der vorliegenden Dissertation ein ganzheitlicher Ansatz untersucht, der
versucht, das gesamte chemische Inventar der Ausgangsmaterialien zu nutzen, was zu verschiedenen
wertschopfenden Nebenprodukten bei der Extraktion und nachgeschalteten hydrometallurgischen
Behandlungen auf dem Weg zu einer reinen Lithiumverbindung fiihrt. Fiir diese Studie wurden eine LAS-
Glaskeramik aus einem ausgedienten Kochfeld und natirlich vorkommende lithiumhaltige Minerale wie
Lepidolith, Spodumen und Petalit als Ausgangsmaterialien fiir alkalische mechanochemische Untersuchungen
ausgewahlt, wobei der Schwerpunkt auf der Lithiumextraktion ohne thermische Vorbehandlungen lag.

Der erste Abschnitt befasst sich mit den experimentellen Untersuchungen der LAS-Proben, die zu einer
effizienten Zersetzung der lithiumhaltigen B-Quarz Phase unter alkalischen Bedingungen fiihrten, wahrend
Lithium in der Laugungsflissigkeit deutlich angereichert wurde. Als optimale Versuchsparameter wurden eine
NaOH-Konzentration, eine Rotationsgeschwindigkeit und ein Kugel-Pulver-Verhaltnis von 7 mol/L, 600 U/min
bzw. 50:1 g/g ermittelt, was zu einer erheblichen Extraktion von bis zu 92,4 % fiihrte. Zusatzlich zur Auslaugung
wurde das gesamte Ausgangsmaterial in Abhangigkeit von der NaOH-Konzentration in verschiedene Zeolith-
Strukturen umgewandelt.

Im zweiten Abschnitt wurden die Erkenntnisse aus den Untersuchungen der LAS-Proben auf die drei haufigsten
lithiumhaltigen Silikat Minerale Lepidolith, Spodumen und Petalit Gbertragen. Dabei zeigte sich, dass Petalit im
Vergleich zu Spodumen oder Lepidolith deutlich besser mit dem gewahlten mechanochemischen Ansatz
vereinbar ist. Dies flihrte zu einer betrachtlichen Lithiumextraktion von bis zu 84,9 %, wahrend gleichzeitig eine
nahezu vollstandige Umwandlung von Petalit in einen Sodalith-Zeolith erreicht wurde. Die deutlich hohere
Reaktivitdat von Petalit unter mechanochemischen Bedingungen wurde mit spezifischen Merkmalen seiner
Kristallstruktur in Verbindung gebracht, wie der weniger dichten Atompackung und der ausgepragten
Aktivierung von Spaltebenen entlang der Lithium Positionen beim Kugelmahlen.
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Als unvermeidlicher Nebeneffekt der alkalischen Auslaugung ging wahrend der mechanochemischen
Experimente ein Teil des Siliziums aus den Ausgangsmaterialien in Losung, so dass eine Entkieselung als
Zwischenschritt vor der Lithiumausfallung erforderlich wurde. CaO erwies sich als wirksames Mittel, das zu
hohen Entkieselungsraten fir LAS- und Petalit-basierte Lésungen fiihrte, wahrend der Lithiumgehalt in beiden
Fallen unbeeinflusst blieb. Nach der Reinigung der Losung durch Entkieselung wurde Lithium durch Zugabe
moderater Mengen von Phosphorsaure ausgefillt, was die Bildung von schwerldslichem LisPO4 bei bestimmten
P:Li-Verhéltnissen ermoglichte. In einem letzten Schritt wurde das erhaltene LisPO, mit Ca(OH), weiter
behandelt, was zur Ausfadllung von Hydroxylapatit Cas(PO4)sOH und zur Bildung von LiOH-H,0 in Losung fiihrte,
dass nach der Filtration zu einer reinen Verbindung kristallisiert werden kann. Zusatzlich, werden Ca-Silikat
Phasen, die bei der Entkieselung der angereicherten Losung entstehen, oder Hydroxyapatit, der aus dem
Umwandlungsverfahren resultiert, als wertsteigernde Nebenprodukte betrachtet, da sie spezifische
Anwendungen bieten und somit dem ganzheitlichen Ansatz entsprechen.

Die bei der mechanochemischen Behandlung von LAS- oder Petalit-Proben anfallenden Auslaugungsriickstande
wiesen vergleichbar hohe spezifische Oberflachen auf und bestanden hauptsachlich aus Sodalith und/oder LTN-
Zeolithen, die fir ihre besonderen Eigenschaften bei der Molekularsiebung oder selektiven Adsorption bekannt
sind. Dementsprechend wurden diese Nebenprodukte in einer Nebenstudie als potenzielle Adsorbens
untersucht und zeigten eine hervorragende Sorptionsleistung fiir zweiwertige Schwermetallionen in
synthetischen Abwasserproben.
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1 Introduction

1.1 Motivation and Concept

Lithium, discovered around 200 years ago by the Swedish chemist Johan August Arfwedson [1], has recently
experienced a renaissance as it plays a central role in the transition from combustion engines to electric mobility,
by combining a remarkably low atomic weight with the highest electrochemical potential of all alkali metals
[2,3]. Driven by current trends in Lithium-ion battery (LIB) technology, which currently consumes about 80 % of
global lithium production, this element is in demand as never before, leading to 21 % increase in global output
to 130,000 tin 2022 [4]. In parallel, record prices for spodumene ore (a-LiAlSi>.O¢) and for both lithium carbonate
(Li>COs3) and lithium hydroxide (LiOH), the key compounds for LIB manufacturing, have been achieved recently
[4]. Consequently, many efforts are being made nowadays to maintain lithium supply through the exploitation
of primary deposits around the world, while recovery from secondary sources is almost non-existent [5,6].
Considering the crucial role of lithium in LIB and other future technologies, demand is expected to further
increase in the upcoming years; hence recycling and recovery of lithium from end-of-life products will be
mandatory to meet future requests [7,8]. In addition to discarded batteries, end-of-life Lithium-Alumina-Silica
glass-ceramics (LAS, Li,0-Al,05-Si0z) should also be considered as a promising and previously untapped
secondary raw material for lithium recovery, as their lithium content of about 2-3 wt% can compete with
currently mined hard rock ores. Due to its low coefficient of thermal expansion, this type of glass-ceramic is
particularly used as stove tops for kitchen ranges, resulting in a promising waste stream with an estimated
volume of up to 900,000 discarded appliances per year in Germany [9—-11]. Until now, large amounts of valuable
lithium have been lost through this disposal route, mainly as the recycling of waste electrical devices focuses
only on the recovery of transition metals, while glass-ceramics are generally neglected.

On the other hand, the processing of primary lithium ores, including the minerals lepidolite, a-spodumene and
petalite, poses challenges due to their low reactivity and poor leachability, requiring intensive pretreatments to
convert them into a more reactive state in which the lithium ions are more available to the extraction reagent
[12-14]. To overcome this drawback, energy intense high-temperature calcination is widely used, resulting in a
phase transformation to tetragonal B-spodumene, which is much more susceptible to leaching owing to its more
open structure [13,15,16]. However, mechanical activation through ball milling of spodumene or lepidolite in air
and aqueous media has also been considered as an alternative to thermal pretreatment, leading to an increase
in specific surface area, a reduction in particle and crystallite sizes, and the formation of amorphous phases,
generally advantageous conditions for the achievement of high leaching rates [14,15,17—-19]. Moreover, present
state of industrial technology does not include holistic approaches and focuses only on the low but economically
relevant lithium content, while omitting the main constituents Al and Si, resulting in large amounts of residues
during sulfuric acid leaching [12,20]. These circumstances encouraged several authors to explore approaches
without any thermal phase transformation, which are using the entire inventory of lithium minerals via
decomposition of silicates at alkaline conditions typically at high pressures in autoclaves, leading to the
formation of zeolites, while lithium enriches simultaneously in the solution [21,22].

Inspired by these findings, a new route for lithium extraction by simultaneously zeolite synthesis without
thermal pretreatments was proposed and investigated in the present work, which combines mechanical
activation with alkaline decomposition via mechanochemical treatment of lithium silicates using moderate
sodium hydroxide concentrations, thus avoiding autoclaving. In the first section of this study, the focus was set
on the Li recycling out of LAS glass-ceramics by alkaline mechanochemistry [23], while in the second part, the




experimental findings were transferred to the three most important naturally occurring lithium minerals
lepidolite, spodumene, and petalite [24]. Upon mechanochemical treatment, several hydrometallurgical stages
are mandatory to obtain a pure lithium compound, while special attention has been paid to holistic approaches,
in which each byproduct has its specific area of application.

1.2 Objectives

Mechanochemistry, known as a versatile method for various applications, was used in this work for lithium
extraction in parallel to synthesis of zeolites using various feedstocks such as discarded LAS glass-ceramics as
well as lithium silicate minerals e.g., lepidolite, spodumene and petalite shown in Figure 1-1.

Glass-Ceramic Spodumene

Lepidolite Petalite

Li,0-Al,0;-Si0,

KLi,Al[Si,040](F,OH), LiAI[Si,O4q]

Figure 1-1. Investigated lithium sources including end-of-life LAS glass-ceramic and primary lithium silicate minerals such as
lepidolite, spodumene and petalite.

So far, the few preceding studies investigated either mechanical activation combined with acid leaching or
alkaline leaching under high pressure in autoclaves on mineral samples, while lithium recovery from glass-
ceramics is only scarcely reported in literature. Therefore, a novel route was investigated in this work by
combining the approaches of mechanical activation with alkaline leaching by performing alkaline
mechanochemistry on various lithium source materials using a laboratory-size planetary ball mill. The present
study is structured in two sections, the first of which comprises an experimental feasibility study on the holistic
recycling of glass-ceramics, in which various parameters were investigated to address the following fundamental
questions:

e How do experimental parameters such as NaOH concentration, experimental time, ball-to-powder ratio
and rotational speed influence the lithium extraction during alkaline mechanochemistry?

e How do these parameters affect zeolite formation and which types of zeolites are generated under
specific experimental conditions such as different NaOH concentrations?




e How much accompanying elements such as Al and Si pass into solution alongside the targeted lithium
during alkaline leaching, and which hydrometallurgical steps are required to purify the solution before
precipitation of a pure lithium compound?

However, in the second part, the results from the experiments with glass ceramics were extended to lithium
silicate minerals, where the following additional questions emerged:

e How are the experimental results from LAS samples transferable to the lithium minerals?

e How do the position of lithium sites and the different crystal structures of lithium silicate minerals play
a role during mechanochemical processing?

e How do the formed zeolites compare to the types produced when a LAS glass-ceramic is used as a
precursor?

e How do the hydrometallurgical steps, including purification of the solution and precipitation of a lithium
compound, differ from the treatment in the first part?

In order to address the questions raised, a range of analytical methods were selected to characterize different
types of samples taken along the chosen processing route from the starting material to the final lithium
compound. Therefore, inductively coupled plasma optical emission spectrometry (ICP-OES) was chosen to
evaluate chemical changes during the various hydrometallurgical steps, while powder X-ray diffraction (PXRD)
was applied to obtain structural data for phase analysis of solid samples. Moreover, these measurements were
combined with complementary methods such as Fourier transform infrared spectroscopy (FT-IR), N;
adsorption/desorption, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) to
assess the changes in molecular bonding, specific surface area, morphology, or microstructures, respectively.
Finally, additional experiments have been required to evaluate the adsorption behavior of selected zeolite
samples and to investigate their potential as adsorbents for the removal of heavy metal ions from aqueous
solutions.




2 Fundamentals

2.1 Mechanochemistry

2.1.1 Definitions

Although the origin of mechanochemistry dates back to ancient times, the term was first introduced into the
systematics of chemistry by Ostwald in 1887 [25], while the actual definition was formulated by Heinecke in
1984 [26] as follows: "Mechanochemistry is the branch of chemistry concerned with the chemical and physical
transformations of solids under the action of mechanical influences." Likewise, the IUPAC Compendium of
Chemical Terminology [27] has chosen a similar term, defining mechanochemistry as a "chemical reaction
initiated by mechanical energy." In contrast, the term mechanical activation defined by Butyagin [28] as an
“increase in reactivity due to stable changes in the solid-state structure" is commonly applied when mechanical
energy is used to change physicochemical properties of samples without a direct chemical reaction being
involved. Thereby, the enhancement of reactivity is mainly attributed to the accumulation of defects, including
partly amorphization of crystal structures and the formation of metastable polymorphs due to mechanical forces
[29], as illustrated in Figure 2-1.
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Figure 2-1. Reported defects in mechanical activated crystalline solids including point defects (Frenkel and Schottky defects),
dislocations, amorphous regions and grain boundaries. Redrawn from [29].

In particular, this mechanical activation is also involved in mechanochemistry, but frequently precedes the
underlying reaction and has no further influence on it [29]. Complementarily, tribochemistry is often referred to
a special branch of mechanochemistry, dealing with the chemical behavior of solids by mechanical action on
their interfaces. Although the term is used synonymously with the more general terminology of
mechanochemistry [26,30].

2.1.2 Historical Background

Already in ancient times, people recognized that grinding of solids not only lead to smaller particles, but can also
cause changes in materials leading to the first mechanochemical experiments [31]. Among the most prominent
examples was the Greek philosopher and natural scientist Theophrastos of Eresos, who as early as 315 B.C.
revealed in his book "De Lapidibus" (On Stones) the reaction of cinnabar (HgS) to elemental mercury when it




was rubbed together with vinegar in a copper mortar according to equation (1), which is considered as the first
mechanochemical reaction and the first documented isolation of an element from its ore [25,31-33]. Recent
investigations have confirmed that this reaction also proceeds under dry or aqueous conditions, whereby acetic
acid is attributed a catalytic role, presumably through the removal of passivation sites on metal surfaces [33].

HgS +2Cu —» Hg+ Cu,S (1)

At the end of the 19th century, the first systematic mechanochemical experiments were attributed to the
American Matthew Carey Lea, who investigated the influence of different forms of energy on silver halides [34].
In his studies, Lea subjected AgCl and AgBr particles to mechanical stresses such as simple pressure or shear and
recorded their decomposition via the formation of elemental silver and the release of chlorine (Cl;) or bromine
(Br3), contrary to heating, which leads to a melt of the entire compound without any further decomposition
phenomena [25,34]. However, in the heydays of chemistry in the 20th century, mechanochemistry was only
little represented since wet chemical processes were much more established, which changed rapidly at the turn
of the millennium, when mechanochemistry experienced a veritable renaissance [31]. One of the main reasons
for this trend is the growing environmental awareness and the emergence of "green chemistry" by Anastas and
Warner [35], which have strengthened the concept of mechanochemistry, in particular by enabling solvent-free
synthesis and the achievement of a higher product selectivity during synthesis [31,36].

2.1.3 Theoretical Background

Contrary to classical chemical routes, which have been researched in detail for decades, mechanisms taking
place in mechanochemical reactors are still largely in the dark, since massive metal or ceramic vessels hinder in-
situ observation of the reactions. Consequently, relatively little is known about the processes that are occurring
during the reaction, which has led to various theories being proposed in the past. [31].

As early as the 1950s, the so-called hot-spot theory was postulated by Bowden, Yoffe and Tabor [37,38], which
assumes temperatures of over 1000 K for a fraction of a second during the collision of milling balls, which can
provide the required activation energy for mechanochemical reactions. Even though such high temperatures
have already been theoretical assumed to occur at crack tips in single crystals [39], this theory is considered
controversial nowadays [25,31]. Little later, in 1960s, Thiessen et al. [40] postulated a more comprehensive
explanation for mechanochemical reactions via the magma-plasma model (see Figure 2-2).

Figure 2-2. Schematic drawing of the magma-plasma
model for mechanochemical reactions after Thiessen et.
al [40], where (E) represents excited electrons, (N) the
non-deformed solid, (D) the deformed surface layer and
(P) the triboplasm. Image reproduced from [31].




This approach is based on the release of very high energies at surfaces at the time of collision, which lead to the
formation of a triboplasm characterized both by the emission of excited particles and by temperatures of
10,000 K, thereby enabling short-lived reactions. Since Maxwell's velocity distribution of the particles cannot
occur due to the short lifetime of the plasm, mechanochemical reactions can take different pathways than their
wet-chemical counterparts [26,31].

In particular, new analytical developments that emerged recently, including in-situ Raman spectroscopy and in-
situ XRD methods, have provided detailed insights into mechanochemical reactors, leading to the establishment
of the pseudo-fluid model, revealing the direct influence of the grinding speed and the temperature of the
grinding bowls on the reaction rate in conjunction with the Arrhenius equation [31]. As illustrated by the
schematical drawing in Figure 2-3, the milling balls primarily support the intensive intermixing of the powders
as a kind of fluid in the mill at high accelerations speeds, while each collision with the sample leads to new
reactive surfaces and the removal of resulting product layers at surfaces, whereby diffusion problems become
secondary in consequence [31,41].

Reactants .
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@D Milling stopped Continued milling '
.@ No further contacts Attrition, mixing and further 'S ¢
(very slow bulk reaction) contact reaction (fast) 'y

Initial milling (a) Further milling
Attrition, mixing and +> Attrition, mixing and further
contact reaction (fast) contact reaction until
N,
\\

completion (fast)

Product

Figure 2-3. Pseudo-fluid model for mechanochemical reactions, where the blue and red spheres represent reactant particles,
which were converted to a product (black) while milling. Thereby the contact reaction occurring between reactants is fast
but self-limiting due to the formation of a product layer at the interface (a). Therefore, continuous milling is required for
entire transformation of the reactants to the product phase (b). Figure reproduced from [41].

2.1.4 Mechanochemical Reactors

In general, mills of different shapes and sizes are being used as mechanochemical reactors, which are further
diversified both in their mode of operation and in the forces acting on the material to be ground, such as impact,
friction or shear. Suitable types of mills can be divided into two groups depending on the grinding media used,
with representative examples shown in Figure 2-4. On the one hand, there are mills with freely movable grinding
media such as ball mills, planetary ball mills or vibration mills (see Figure 2-4 (a) to (c)), usually applying grinding
balls of medium to high densities and a good abrasion resistance, which are inserted into the grinding chamber
together with the material to be processed. In contrast, pin or roller mills (see Figure 2-4 (e) and (f)) are based
on fixed integrated tools such as rotors, knives or screws. In addition, attritor mills (see Figure 2-4 (d)) are a
mixture of both types, as they combine integrated tools with free-moving grinding media [31]. For the purpose
of this work, a planetary ball mill was employed, which derive its name from the planetary movement of the
grinding vessels on a so-called sun wheel. Besides the rotation of the vessels around an inner axis, there is also
a counter-rotation around an outer axis, leading to the superposition of two centrifugal fields, which causes the
intense stressing of the sample material, since the grinding balls roll along the vessel wall. Whenever the milling




balls collide with each other or the balls hit the container wall, impact energy is transferred to the sample
material, whereby the amount of energy mainly depends on the mass and speed of the accelerated milling balls.

(d)

Figure 2-4. Schematical drawings of different mill types, capable for mechanochemical treatments, including (a) ball mill,
(b) planetary ball mill, (c) vibration mill, (d) attritor mill (also known as stirring ball mill), (e) pin mill and (f) roller mill. Image
reproduced from [42].

Thereby, the milling leads to the comminution of particles, the generation of new surfaces and partly amorphous
samples, involving various comminution mechanisms such as impact, friction and shear, mainly depending on
the angle of impact (see Figure 2-5). As a rule, centrifugal forces occur in planetary ball mills that are 50-100
times higher than the acceleration due to gravity, which leads to an energy input that is up to 1000 times higher
compared to vibration or drum mills and thus significantly shortens the reaction time and enables
mechanochemical reactions requiring a high energy input [31].
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2.1.5 Applications

The use of mechanochemistry and/or mechanical activation has already demonstrated its high efficiency in
various scientific and industrial syntheses, including inorganic materials such as alloys, oxides, halides, sulfides,
nitrides or composites, in addition to cocrystals, pharmaceuticals, organic compounds, metal complexes or
organometallic frameworks [31,44,45]. Moreover, mechanochemistry offers great potential for solving
environmental challenges such as the remediation of pollution, waste management or the recycling of various
materials [46—48]. Of particular relevance for this work is the application of mechanochemistry and mechanical
activation in the context of metal recovery from primary and secondary resources, as these approaches are
known to significantly enhance the reactivity of refractory phases as part of hydrometallurgical processes
[47,49,50]. This phenomenon was first associated by Zelikman et al. [51] with the disruption of chemical bonds
in crystalline materials during ball milling, which consequently lowers the activation energy and thus support
the metal extraction process according to equation (2) and (3) [52].

AE* =E—E* (2)

k* =k exp(AE*/RT) (3)

Here, the apparent activation energy is represented by E for the ordered phase and E* for the disordered phase
after milling, while k and k*represent the rate constants of leaching of the parent phase and disordered phase,
in addition to R and T, which represent the gas constant and reaction temperature, respectively [52]. For the
case of E* > E, the terms exp(AE*/RT) > 1 and k™ > k result; therefore, leaching of the activated phase is
expected to be significantly higher, when compared to the starting material [52].

In consequence, mechanochemical treatments are typically applied to improve leaching kinetics of ore minerals
such as chalcopyrite (CuFeS,), tetrahedrite (Cu12SbaS13), wolframite ((Fe,Mn)WOa,), or scheelite (Ca(WOa,)), which
are characterized by having high activation energies, surface controlled leaching mechanisms and are
consequently challenging to leach [50,53]. Overcoming this drawback requires harsh leaching conditions
including autoclaving at temperatures of up to 240 °C, or alternatively increasing the reactivity via
mechanochemical treatments, thus enabling leaching at lower temperatures and under atmospheric pressure
conditions due to the smaller particle size and larger surface area of the sample [50]. In addition to the transition-
metal ores already described, also lithium minerals are affected by these drawbacks, which is why mechanical
activation prior to leaching is being discussed as an alternative pre-treatment by various authors (see chapter
2.3.3).

Besides the various applications mentioned above, mechanochemistry also contribute to the synthesis or
modification of zeolites, a class of microporous materials, typically aluminosilicates, characterized by a three-
dimensional framework structure, a large surface area, a uniform pore size distribution and a relatively high
chemical and thermal resistance [54-57]. So far, the hydrothermal route has been the most frequently utilized
method for zeolite synthesis for decades, requiring a distinctive combination of experimental parameters such
as high temperature, pressure, long reaction time, appropriate aqueous medium, compatible structuring agent
and suitable starting materials to produce a high-purity product [58]. In the meantime, mechanochemistry
emerged as a complementary method for improved solvent-free and template-free synthesis, leading to the
successfully preparation of zeolites with various frameworks including industrial relevant species such as ZSM-5
(MFI, Pentasil group), zeolite Y (Faujasite framework) or zeolite A (LTA) [58—64]. One of the main advantages of
this route is the pre-synthesis step including mechanical activation and intimate mixing of the aluminosilicate




precursors, leading to increased kinetics during subsequent calcination, which in addition increases the
crystallinity of the zeolite and further converts remaining starting materials into the product phase [58]. In terms
of chemical and physical properties, the zeolites synthesized via mechanochemistry showed similar properties
to hydrothermally grown ones. Therefore, this methodology seems to be promising for large-scale production
as it allows significant savings in raw materials, energy and costs, providing a new gateway for zeolite
applications [63]. In addition, mechanochemical processes are also employed in zeolite technology for post-
synthetic treatments such as the incorporation of heteroatoms or the modification of structural properties such
as crystallinity, surface area and porosity, which typically serve to improve catalytic performance [58].

2.2 The Alkali Metal Lithium
2.2.1 History and Discovery

The lithium minerals petalite and spodumene were first described in 1800 by Jose de Andrada from an iron ore
deposit on the island of Utd near Stockholm, Sweden [65], without much being known about their chemical
composition. Further studies on these minerals were carried out by the Swedish chemist Johan August
Arfwedson, an associate of the famous chemist Jons Jakob Berzelius, who first discovered an unknown alkali
metal in 1817 by determining the chemical composition of petalite LiAl[SisO10] [1,66]. Since the occurrence of
the new element was limited to rock-forming minerals, Berzelius named it lithium in reference to the ancient
Greek word lithos for rock [1]. In 1818, just one year after his discovery, Sir Humphrey Davy succeeded in
producing small amounts of metallic lithium by electrolysis of molten Li,COs, while larger-scale production was
first achieved in 1855 by Robert W. Bunsen and Augustus Matthiessen by electrolysis of a lithium chloride (LiCl)
melt [67,68]. As early as 1819, Christian Gottlob Gmelin synthesized various lithium compounds and recognized
the characteristic bright red flame of lithium for the first time [2,69,70]. Exactly 100 years after the discovery of
lithium, Wilhelm Schlenk published in 1917 his results about the synthesis of the first organolithium compounds
methyllithium (CHsLi), ethyllithium (C;HsLi) and phenyllithium (C¢HsLi) from the corresponding organic mercury
compounds [2,71]. For a long time, there was little interest in lithium and its compounds, which changed after
World War |, when lithium was needed as a hardener for lead alloys (railroad metals), which were mainly used
for bearings [68,72]. This development was the reason for the first commercial production of Li,COs;and lithium
metal, which was started in 1923 by the Deutsche Metallgesellschaft in the Hans-Heinrich smelter in
Langelsheim in the Harz Mountains, Germany, on the basis of the domestic mineral Zinnwaldite
(K(Li,Fe?*,Al)3[(F,OH),AlSis010]) [68]. Between the two world wars, demand for lithium was still modest, as it was
mainly used as a lubricant (lithium stearate) and in the glass industry in form of Li,COs. This changed abruptly in
1954, when the U.S. Atomic Energy Commission needed large quantities of lithium hydroxide (LiOH) to produce
tritium out of the °Li nuclide for their nuclear weapons program [72]. Subsequently, intensive mining and
production took place, especially in the U.S., until capacity exceeded demand and several plants were shut down
in the 1960s [72]. Since these days, lithium and its compounds have a wide range of industrial applications,
which will be further discussed in chapter 2.4.




2.2.2 Lithium Chemistry

Lithium with the symbol Li and the atomic number 3 belongs to the group of alkali metals in the periodic table
of elements. Natural lithium occurs in the form of the two isotopes °Li (7.5%) or “Li (92.5%) and it is the lightest
of all solid elements under standard conditions due to its low density of 0.534 g/cm3. Moreover, lithium metal
crystallizes in the cubic space group Im-3m (space group number 229) with the lattice parameter a = 3.51 A and
two formula units per unit cell and forms a soft, silvery-white metal that tarnishes quickly in moist air, while
forming lithium hydroxide and lithium nitride (LisN). In the group of alkali metals, lithium has the highest melting
point (180.75 °C), the highest boiling point (1341.85 °C) and the highest specific heat capacity (3.482 J/(gK)). In
the periodic table, it has the lowest normal potential (Eo = -3.045 V), after which it can be classified as the least
noble of all elements. This is also the reason why metallic lithium can only be obtained by electrolysis of molten
salts, typically LiCl. Similar to all other alkali metals, lithium is also a chemically extremely reactive, which reacts
with all gases, with the only exception of the noble gases, with all main group elements as well as with a number
of subgroup elements as summarized in Figure 2-6.
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Figure 2-6. Summary of the most important
reactions of lithium. Please note, there was no
COQ = CIQ consideration of the stoichiometry and the exact
reaction conditions. Image Redrawn from
https://commons.wikimedia.org  /wiki  /File:

LiQCO3 LiCl Lithium _reactions.svg

Concerning its compounds with more electronegative bonding partners (e.g., LiH, LiF, Li,0), lithium occurs in the
oxidation state +I, which is a consequence its electron configuration [He] 2s1 with only one outer electron [65].
Within the periodic table, a diagonal relationship between lithium and magnesium exists, which can be
attributed to the similar charge-radius ratios of Li* (1 : 0:60 = 1:7), Mg?* (2 : 0:65 = 3:1), versus Na* (1 : 0:95 =
1:0). Although the diagonal Li/Mg relationship is not as pronounced as for the pairs Be/Al or B/Si, several
properties of lithium are more similar to magnesium than to sodium. A prominent example of this relationship,
which also plays a role in lithium extraction and refining, are the solubilities of the lithium salts, which often
differ significantly from those of the sodium salts and rather resemble those of the magnesium salts. For
example, LiOH, Li,CO3 and LisPO4 are only partially dissolvable in water in contrast to NaOH, Na,COs and NazPO,,
in analogy to Mg(OH),, MgCOs and Mg3(PQ4), [67].

Within this chapter, the large field of organic lithium compounds has been neglected, as they are not of
relevance for this work. For more in-depth information on inorganic and organic lithium compounds please see
the textbook by Hollemann and Wiberg [67].
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2.2.3 Lithium Minerals and Deposits

According to Goldschmidt's geochemical classification of elements, lithium can be classified as lithophilic due to
its predominant occurrence in the earth crust [73,74]. Since the average content of lithium in crustal rocks is
estimated to be about 0.006 % [75], it ranks with elements such as copper, zinc, and lead in terms of scarcity.
Unlike these heavy metals, lithium is rarely enriched and is instead widely distributed in low concentrations in
numerous igneous rocks [67]. Consequently, commercially viable lithium deposits are sparse and occur only in
certain geological environments such as salt brines, specific sedimentary rocks or granitic pegmatites [5,75,76],
as exemplarily shown in Figure 2-7.
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Figure 2-7. Relevant examples of worldwide lithium deposits and operations; (a) reveals evaporation ponds of a lithium
brine operation in the Salar de Atacama, Chile, (b) represents a geological map of the Greenbushes pegmatite deposit in
Western Australia with predominant tin, tantalum and lithium mineralization, while (c) shows an enormous spodumene
crystal of up to 14 m in length and 82 t in weight, which was mined as lithium ore at the renowned Etta Mine in the Black
Hills of South Dakota, U.S. at the beginning of the 20" century. Figures adapted and slightly modified from [77-79].

Lithium-bearing salt brine deposits are geologically related to sedimentary basins containing lacustrine
evaporites formed during dry periods with low precipitation and high evaporation rates. Compared to marine
evaporites, lacustrine evaporites and their associated brines generally have a much broader range of chemical
compositions and are frequently enriched in lithium. However, the geogenic source of the lithium enriched in
these brines remains controversial, although weathering of felsic volcanic rocks or geothermal activity
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associated with nearby volcanoes or magma bodies are among the most common possibilities [5,76]. Most of
these brine deposits are located in the South American lithium triangle along the borders of Chile, Bolivia and
Argentina, including the well-known Salar de Uyuni and Salar de Atacama (see Figure 2-7 (a)) with enormous
estimated lithium resources of 10.2 and 6.3 Mt, respectively [5,76]. Additionally, there are brine deposits of
much smaller size on the Qinghai-Tibet Plateau in China, including the Qaidam Lakes with predominant
magnesium sulfate mineralization and the Zabuye Lake with carbonate-rich brines, which is the typical location
for the mineral zabuyelite, the naturally occurring form of Li.COs. Crucial economic factors for the extraction of
lithium from brines are not only the absolute lithium content, but also the amount of impurities such as
magnesium and sulfate, which in turn impede conventional processing routes. Recently, geothermal brines
became another promising source, especially since the generation of steam in the power plant increases the
concentration of dissolved components such as lithium in wastewater, which allows its recovery as a valuable
byproduct through various adsorption techniques [5,80,81].

Up to now, the International Mineralogical Association has recognized 112 valid mineral species containing
essential Li in their respective stoichiometries [74]. Regarding the systematics of minerals, which classifies
minerals according to their chemical composition, most of them belong to the group of silicates (82 species),
while the class of phosphates is in the second place (16). In addition, Lithium-containing halides (4), oxides (5),
carbonates (4), and sulfates (1) also occur in nature, but not abundantly. Since most of these minerals are rather
rare and/or occur only in small quantities, only a limited amount of them is of economic interest, in particular,
silicates and some phosphates as can be summarized in Table 2-1.

Table 2-1. Most important lithium-bearing minerals including their chemical composition and theoretical lithium content
[75,79]. The three minerals highlighted in blue will be discussed in more detail throughout the text. For better comparison
with the own analysis data, the lithium content of each mineral was additionally converted into lithium oxide values.

Mineral Chemical Formular Li-Content Liz0-Content
[wt%] [wt%]
Amblygonite LIAIFPO4 3.73 8.04
Bikitaite LiAISi,0¢-H,0 3.28 7.07
Hectorite Nao.3(Mg,Li)3Sis010(F,OH)2 0.56 1.20
Jardarite LiNaSiB307(OH) 3.39 7.30
Lepidolite K(Li,Al)3(Si,Al)2s010(F,OH), 3.56 7.67
Petalite LiAlSisO10 2.27 4.89
Spodumene LiAISi»O6 3.73 8.04
Triphylite LiFe[POq] 4.40 9.48
Zabuyelite Li>COs 18.79 40.49
Zinnwaldite K(Li,Fe**,Al)3[(F,OH),AlSi3010] 1.70 3.66

From the geological point of view, only few of them are related to sedimentary rocks, such as hectorite
(Nao.3(Mg,Li)3Sis010(OH)2), a trioctahedral member of the smectite group [72,82], or jardarite (LiNaSiB3O7(OH)),
a rare mineral occurring only in the unique combined lithium-boron deposit of Jardar in central Serbia [5,75].
However, the predominant majority of economically important lithium minerals are enriched in granitic
pegmatites and accessory rocks, as a result of the special properties of lithium [75].In particular due to its small
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size, it is incompatible with the common rock-forming minerals during magmatic differentiation [83,84].
Therefore, it remains in the liquid phase for a long time and crystallizes typically at the very end in residual melts
[75,84], such as Lithium-Cesium-Tantalum (LCT) pegmatites. Moreover, the formation of lithium aluminosilicate
phases during crystallization of a residual melt is mainly controlled by temperature and pressure, as shown in
the corresponding phase diagram for quartz-saturated conditions (see Figure 2-8) [84,85].
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Accordingly, a-spodumene is more stable than petalite at higher pressure, while eucryptite exists only in a
narrow pT range at low pressures and temperatures [84,85]. In addition to these phases, B-spodumene and
virgilite [86], a solid solution between B-quartz and y-spodumene, occur as high-temperature phases under
conditions rarely reached during the formation of common magmatic rocks. In addition to the lithium-bearing
minerals, these LCT-type pegmatites are usually enriched in other valuable elements such as beryllium, niobium,
tin or rubidium [5,75,82], which in turn enable lithium hard-rock mining in an economic way.

By far the most significant deposit of this type, with estimated lithium resources of 0.85 Mt Li, is the 2.57 Ga old
Greenbushes pegmatite in Western Australia (see Figure 2-7 (b)), with predominant Li-Sn-Ta mineralization and
spodumene as the main ore mineral [5]. Other significant resources are located in the U.S., such as the Kings
Mountain pegmatite belt, which runs along the border between North and South Carolina and includes the
Bessemer City deposit (0.42 Mt Li) and the Kings Mountain deposit (0.32 Mt Li), where in both deposits
spodumene is the source of lithium [5]. In addition to lithium, the latter deposit is particularly important from a
mineralogical perspective, as it is well known for its phosphate mineralization, being the type locality for several
rare species such as kingsmountite (CasMnFeAls(PO4)s(OH)4:12H,0) or footemineite
(CazMn**Mn%,Mn?,Be,(PO4)s(OH)4-6H,0) [5,74]. Another U.S. locality with only historic lithium production is
the Etta Mine in the Black Hills of South Dakota, known for the world's largest spodumene crystals, up to 14 m
long and 82 t in weight (see Figure 2-7 (c)), which occurred in the extremely coarse-grained inner zone of the
pegmatite body [5,87].

Although pegmatite deposits are often much smaller than brine deposits in terms of size and total estimated
resources, they remain of particular interest due to their generally higher lithium content and wider geographic
distribution, which consequently carries lower geopolitical risks [5]. For more details on the major lithium
deposits worldwide, see Kesler et al. 2012 and the literature cited there [5].
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2.2.4 Investigated Lithium Minerals

In the following section some further mineralogical details on the lithium silicates lepidolite, spodumene and
petalite are presented, which were investigated in this work with respect to lithium extraction and zeolite
synthesis. General physical and optical properties of these minerals are summarized in Table 2-2, while their
idealized crystal structures are depicted on the unite cell level in Figure 4-21.

Table 2-2. Selected physical and optical properties of investigated lithium minerals [88-90]. Highlighted in blue are the Mohs
hardness and the coordination of the lithium, which are of particular importance for wear of the milling balls and the lithium
extraction during the mechanical-chemical treatments.

Lepidolite Spodumene Petalite
Mohs hardness 25-35 6.5-7.5 6.0-6.5
Color light purple to pink colorless, gray-white Colorless, gray-white
Streak color white grey-white white
Density [g/cm3] 2.84 3.184 2.4
Refractive Indices na 1.530 1.648 - 1.661 1.504
Refractive Indices np 1.551-1.556 1.655-1.670 1.510
Refractive Indices ny 1.555-1.559 1.662 - 1.679 1.516
Birefringence 0.025-0.029 0.014-0.018 0.012
Coordination of Li 6 6 4

Lepidolite is a commonly used term to denote unspecified light-colored Li-rich trioctahedral micas of the
polylithionite-trilithionite KLi,Al(SisO10)(F,OH),  and
K(Li1.sAl1.5)(AlSi3010)(F,OH); [88]. Members of this series generally have monoclinic symmetry, but there are
several polytypes with slightly different cell parameters such as Polylithionite-1M (space group C2),
Polylithionite-2M2 (space group C2/c) or Trilithionite-2M2 (space group C2/c) [88]. In addition to lithium,
lepidolite is often enriched in rubidium, which can be recovered as a valuable byproduct [21]. Also noteworthy

series ranging in  composition  between

is Zinnwaldite, another lithium-bearing mica group mineral, which in turn belongs to a series between
siderophyllite (KFe?*,Al(Al,Si,010)(OH),) and polylithionite [88]. From an economic point of view, this dark mica
is a less attractive source of lithium due to the high iron and fluorine content combined with the relatively low
Li content in the ores [75]. Based on its crystal structure (see Figure 4-21 (a)) Lepidolite is a typical phyllosilicate
based on a three-layer structure consisting of a sandwich-like alternating sequence of tetrahedral layer -
octahedral layer - tetrahedral layer [73]. While to achieve charge balance between these sequences large K+
cations are required to saturate the layers [73]. As a consequence of its small ionic radius Li* does not sit on
these interstitial sites, but instead replaces the AI** in the octahedral layers [73]. The relatively strong bonding
forces of Si-O (and Al-O) within a tetrahedral layer and the tight bonding to the octahedral layer explain the
perfect cleavage along the {001} basal plane between the layer packages, which is a characteristic feature of
almost all phyllosilicates [73].
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Spodumene LiAl[Si,O¢], an inosilicate of the pyroxene group, crystallizes in the monoclinic space group C2/c with
lattice parameters a=9.46 A; b=8.39 A; c =5.22 A and B = 110.17 ° and four formula units per unit cell [73,89].
The mineral has a Mohs hardness of 6,5 - 7, a gray-white streak color and is typically colorless or gray-white. In
addition to this most common modification, gem-quality spodumene also occurs in yellow (triphan), light to
emerald green (hiddenite), and pink to purple (kunzite) varieties [73,89]. The crystal structure of spodumene
(see Figure 4-21 (b)) consists of parallel chains of [SiO4]-tetrahedra and [AlOg]-octahedra, both running in the
direction of the c-axis and are connected by corners, while Li* cations fill the gaps in the structure [73].
Spodumene exhibits perfect cleavages along the (110) and (1-10) planes parallel to the chains, intersecting at
an angle of 87 °, which is a characteristic feature of the entire pyroxene group [73]. In nature only the monoclinic
a-polymorph occurs, while B-spodumene with tetragonal space group P432:2 or y-spodumene with hexagonal
space group P6,22 exist only under synthetic conditions, for example, after calcination of the a-phase at high
temperatures [13].

Petalite LiAl(SisO10), crystallizes with a = 11.74 A; b =5.17 A; c = 7.63 A and B = 112.54° with two formula units
per unit cell in the monoclinic space group P2/b [90]. The mineral is typically colorless to gray, has a white streak
and a Mohs hardness of 6.5. In addition to its use as a source of lithium, gem-quality petalite, occurring only in
a few select deposits, is turned into jewelry [90]. Petalite's crystal structure (see Figure 4-21 (c)) is composed of
a three-dimensional framework of TO, tetrahedra (with T = Li; Al or Si) interconnected by corners sharing one
oxygen, which is typical for tectosilicates [91]. On the other hand, petalite can also be considered as a
phyllosilicate due to the perfect arrangement of cations at certain crystallographic sites represented by folded
[Sis010)-layers perpendicular to (001), which are connected by LiOs and AlO, tetrahedra [91]. Regarding the
crystal structure of petalite, the tetrahedral coordination of AI** and Li* is particularly noteworthy [92,93], which
distinguishes petalite from lepidolite and spodumene, where these ions are present in octahedral coordination.
When petalite is heated to temperatures of about 1100 °C, it forms an isomorphous solid solution series
between SiO, and the high-temperature modifications of spodumene, while the presence of tetragonal (B-
spodumene) and/or hexagonal (y-spodumene) phase was also observed [68,72]. From the physical properties,
the perfect cleavage perpendicular to (001) and parallel to the [SisO10]-layers is most remarkable, which also
gave this mineral its name based on the Greek word “petalon” for leaf [90].
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2.3 Lithium Extraction of Primary and Secondary Sources
2.3.1 Lithium Resources and Reserves

In recent years, demand for lithium has been remarkably high, driven by current advancements in
electromobility, leading to a 21 % increase in global production from 107,000 t in 2021 to 130,000t in 2022
besides all-time record prices for spodumene ore (6% lithium oxide content; USS 5,800/t) and for the most
common compounds Li,CO3 (USS 67,000/t) and LiOH (USS$ 78,000/t) in November 2022 [4]. At this point it is
noteworthy that this steadily increasing demand for lithium is actually being met by the production of a limited
number of countries such as Australia (61,000 t), Chile (39,000 t), China (19,000 t), Argentina (6200 t) and Brazil
(2200 t), which are in fact responsible for the majority of global mine production in 2022 [4], as shown in Figure
2-9. In terms of deposit type, current operations in Australia and Brazil are based exclusively on mineral ores,
while large brine facilities are located in Chile and Argentina; contrary to China, which benefits from both types
[4]. In addition, smaller operations located in Canada, Portugal, or Zimbabwe also contributed to global lithium
production through mining and processing of pegmatite ores. Besides the current mine production of about
130,000t for the year 2022, additional reserves of about 26 Mt were calculated for the above-mentioned
countries, while ongoing exploration identified additional global lithium resources of about 98 Mt [4].
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Figure 2-9. Global mine production in t of lithium for 2022, sorted by country. Own figure, data derived from [4].
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2.3.2 Processing of Lithium Brines

Since the chemical composition of the recovered brines varies in certain ranges, downstream steps to the final
lithium intermediate differ from deposit to deposit. In these processes, the amount of impurities, such as Mg,
K, Na, SO4, and the technical effort required to produce a lithium product of adequate purity were identified as
the main cost drivers, hence brines with low Mg/Li and low SO4/Li are most preferable [75].

From the series of various routes, the way of the Rockwood Lithium, established for the brines of the renown
Salar de Atacama deposits located in Chile, has been selected as a representative example, which involves
concentration and subsequent evaporation in large on-site ponds [75]. The aim of this first processing step is
the removal of interfering components such as carbonates, sulfates and potassium and magnesium chlorides by
fractional crystallization, while at the same time the lithium content from an initial 0.15 % is enriched to about
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6 % [75,76]. One of the major advantages of this step is the favorable geographical location of the deposit in the
Atacama Desert, which allows the use of solar energy for evaporation in place [75,76]. On the other hand, the
prolonged time of up to 18 months for evaporation is considered as a disadvantage [75], especially when
compared to the much faster processing routes applied for lithium mineral ores. Subsequent purification
procedures include removal of boron by solvent extraction, precipitation of magnesium and sulfate ions by
treatment with Calcium oxide (Ca0), followed by a slight addition of Sodium carbonate (Na,COs) to ensure the
separation of the last residues of Mg and Ca [75,76]. During these purification steps, a mixture of various
precipitates is generated, including MgCOs, Mg(OH),, CaS0O,, and CaCOs, which are classified as tailings since
they do not meet the actual requirements for further use [75]. After removal of all impurities, lithium carbonate
can be precipitated by adding Na,COs; at elevated temperature [75,76]. For an in-depth survey of lithium brine
processing, reference is made to the work of Garret [76] and Schmidt [75], from which the remarks summarized
above are derived.

2.3.3 Beneficiation and Pretreatment of Hard Rock Ores

Prior to lithium extraction, the mined raw ores (e.g. pegmatites) require several processing steps involving
sorting, crushing, gravity separation, magnetic separation, flotation, washing and drying to become lithium-
bearing concentrates [75]. However, the main beneficiation methods are dense media separation and flotation,
taking advantage of the differences in specific gravity or chemical and physical properties observed between the
lithium minerals and the accompanying gangue minerals [94]. Depending on the quality, these concentrates are
divided into a "technical grade" with a higher level of purity (e.g. low iron content) for direct use in the glass or
ceramics industry and a less pure "chemical grade" for the production of lithium compounds [75]. However,
downstream processing of these concentrates, which contain minerals such as lepidolite, a-spodumene and
petalite, presents some inherent difficulties, such as their low reactivity, which generally results in poor
leachability, requiring either thermal treatments with or without further additions of chemicals or leaching with
harsh chemicals to overcome this drawback.

Therefore, calcination via conventional heating at about 1000 °C is by far the most common pretreatment during
processing of lithium ores, converting the densely packed monoclinic a-spodumene with a specific gravity of
3.15 g/cm? into the more open tetragonal B-spodumene with a specific gravity of only 2.4 g/cm?3, which is
consequently much more susceptible to leaching, in particular compared to the a-polymorph [13]. Similar results
were obtained for petalite, where calcination at about 1100 °C led to the formation of B-spodumene in the
presence of a SiO, phase, thus dramatically increasing leachability [72,95].

Since pretreatment by conventional heating requires large quantities of energy and contributes significantly to
the cost and environmental impact of lithium extraction, microwave heating and mechanical activation are also
under consideration as potentially less energy-intensive alternatives [15]. In general, microwave-assisted
heating is known to provide faster and more energy-efficient heat transfer because only the sample inside the
furnace is selectively heated, while the peripheral region remains unheated [15]. However, since spodumene,
as many other silicates, does not absorb microwave energy, the experimental setup requires a suitable design
with special crucibles made of silicon carbide to ensure rapid heat transfer, which is known as hybrid microwave
heating. Nevertheless, these heating experiments led to promising results such as the almost complete
conversion of a- to B-spodumene after 170 s at a final sample temperature of 1197 °C. [15,16].

In addition to thermal processes, mechanical activation including ball milling in air and aqueous media has been
identified as a further applicable technique for enhancing the reactivity of refractory lithium minerals by
modifying their physiochemical properties [15]. It has been observed that mechanical activation leads to an
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increase in specific surface area, a decrease in particle and crystallite sizes, together with the formation of
amorphous phases, which are generally favorable preconditions for higher reactivity associated with metal
leaching [15]. In this context, Gasalla et al. [19], investigated the mechanical activation of a-spodumene in air
with the aid of a vibratory disc mill and reported an immediate reduction in particle size from 370 to 15 pm after
30 min of grinding, while simultaneously the specific surface area measured by BET analysis increased
significantly from a not measurable surface for the initial sample to 8 m?/g after milling. Supplementary to the
decreasing particle sizes, XRD analyses of the activated spodumene samples additionally confirmed a decrease
in crystallite size due to partial amorphization upon prolonged milling from an initial value of 0.2 um to 360 A
(5 min) and to 200 A (10 min), while further milling did not contribute to a further decrease [19]. In another
study by Kotsupalo et al. [18] a-spodumene was mechanically activated in water rather than in air, resulting in
fewer structural changes, while specific surface area measurements gave a significantly higher value of
213 m?/g, compared with 6 or 8 m?/g [19] obtained under dry media milling conditions. In consequence of
activation in aqueous medium for 30 min, the a-spodumene structure became amorphous, while lithium and
aluminum were partially leached into the activation medium [18]. Moreover, Vieceli et al. [14,17] investigated
mechanical activation as a pretreatment of lepidolite by dry grinding in a steel disk mill prior to sulfuric acid
digestion. Specifically, they report on an entire amorphization of the lepidolite structure by 30 min of milling,
resulting in promising extraction yield of > 90 % [17]. However, the same authors generalized their approach to
several other lithium ores such as spodumene, petalite, lithiophilite-triphylite (LiMn?*PO,4 to LiFe?*PO,) and
amblygonite-montebrasite (LIAIPO4F to LiAIPO4OH), confirming their previous findings [96].

Although hybrid microwave heating and mechanical activation of lithium ores appear to be promising
pretreatment methods for more efficient lithium extraction, they still need to be optimized and scaled up to
industrial-scales to allow economic comparison with the state-of-the-art processing (e.g., calcination) [15].

2.3.4 Lithium Extraction of Hard Rock Ores
Over the last decades, various approaches for lithium extraction from hard rock ores have been investigated,
which are briefly summarized in Table 2-3 and described in more detail below, whereby reference is made to

the cited literature for in-depth information.

Table 2-3. Methods reported in the literature for Li extraction from hard rock ores, including the most relevant reagents
required, which are discussed in the following subsections [12,97]. The abbreviation sc stands for super critical.

Reported Routes Major Reagents
Acidic Treatment H,S04/ HF / H2SO4 + HF / CaF + H,SO,
Alkaline Treatment NaOH / NaOH + CaO / CaO / Ca(OH), / KOH
Sulfate Roasting or Autoclaving K2SO4/ NaSO4/ FeSO4/ CaSO,
Carbonate Roasting or Autoclaving Na,CO3/ CaCOs;
Chlorination Roasting Cl,/ CaCly/ NH4Cl / NaCl
Direct Carbonation sc-CO,
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Acidic Routes

Acidic treatments are mostly predominant in lithium industry, which include the roasting of B-spodumene with
concentrated sulfuric acid (H,SO4) at temperatures of about 250 °C as the most prominent one, resulting in an
ion exchange within the structure (Li* vs. H*) and the formation of solid lithium sulfate (Li.SO4) according to
equation (4) [98,99]. Further downstream processes involve water leaching (equation (5)) to transfer metal
sulphates into the liquid water phase, while separating lithium from the residue consisting mainly of H*-
exchanged B-spodumene (HAISi,Og). Following equation (6), finally Li.COs is precipitated through the addition
of Na,COs3 to the enriched solution, while receiving sodium sulfate (Na,SO4) as a byproduct. Besides B-
spodumene, the sulfuric acid approach can be extended to other lithium minerals such as calcined petalite [95]
or lepidolite without prior thermal treatment [12]. In addition, it is also suitable for the recovery of lithium from
mechanically activated a-spodumene and lepidolite samples with significantly higher yields and lower acid
consumption when compared to samples without this type of physiochemical treatment [14,17,18,96]. Apart
from the relatively high energy consumption for calcination and acid roasting, the formation of relatively large
amounts of Na,SO4 during precipitation is regarded as a disadvantage, since the market for this compound is
already oversaturated, as it arises during several industrial processes as a byproduct [12].

2 B — LiAlSi,04 (5 + HyS04 (conc.) — 2 HAISi, 04 () + LizSO4 (s) (4)
Li2504 (s) ™ Ll2504_ (aq) (5)
Li2504 (aq) + NG,ZCO3 (aq) 4 Ll2C03 () + Na2504, (aq) (6)

In particular, the high energy consumption during the thermal treatments including calcination and/or roasting
is considered as a serious drawback during processing of spodumene, which has encouraged several authors to
develop direct acidic leaching processes [12]. Owing to its unique property to decompose silicates, hydrofluoric
acid (HF) is in particular applied during sample digestion for analytical purposes, but is also considered as agent
for lithium extraction out of mineral ores [12]. In general, there are different approaches for this purpose, using
HF only [100], a mixture of HF and H,SO4 [101], or a combination of H,SO4 and solid fluorite (CaF) for the in-situ
production of HF [99,102]. With respect to lithium extraction all these methods gave promising results as HF
decomposes silicates reliably (exemplarily shown in equation (7) using HF only) and requiring only moderate
temperatures of 75-100 °C [100,101]. Therefore, the use of HF indicating a certain advantage on the energy
consumption when compared to the standard H,SO4, method, which necessitates 250 °C [12].

On the other hand, there are some major drawbacks associated with HF-based leaching processes, such as
significant safety issues, environmental and disposal problems [12] due to the production of large amounts of
F-containing waste, including mixed fluoride salts (NasAlFs/Na,SiFs) occurring as byproduct during purification
of the solution (see equation (8)) [100] and residues of hexafluorosilicic acid (H.SiFs) [101]. Since in-situ
generation of HF following equation (9) lowers safety requirements and thus avoiding direct use of HF [12], it is
considered to be the most promising approach, culminating in the development of the SiLeach® process, which
has already proven its effectiveness for various low-grade ores at pilot scale level [102].

,B - LlAl51206 (s) + 19 HF(aq) il LiF(aq) + H3AlF6 (aq) +2 HZSiF6 (aq) +6 HZO (7)

H3AIF6 (aq) + HZSiF6 (aq) +5 NGOH(aq) - Na3A1F6 (s) + NQZSiF6 (s) +5 HZO (8)
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CCI.FZ (s) + H2504 (aq) - 2 HF(aq) + CaSO4 (aq) (9)

Alkaline Routes

In contrast, decomposition of silicates are also achievable in the presence of alkalis such as NaOH, which was
investigated by several authors in the context of direct lithium extraction out of a-spodumene [22,103],
lepidolite [21] or petalite [104] via hydrothermal high-pressure autoclaving without any thermal pretreatment.
These approaches differ slightly in detail, but in general the highest leaching rates of more than 90 % were
obtained at temperatures of about 250 °C, using strongly alkaline conditions achieved at 400 to 760 g/L NaOH,
sometimes with additional CaO to improve leachability [21,22,103,104]. Recently, it was reported on a novel
two-step process in which a-spodumene is decomposed to Li;SiO; and KAISiO, by alkaline treatment with a
50 wt% KOH solution at 250 °C in the first step (see equation (10), followed by acidic (H,SO4) leaching, thereby
decomposing Li,SiO; and transferring Li into solution, while KAISiO4 remains in the residue for further
applications [97].

3a — LiAlSi,O0 () + 3K*+ 6 OH™ - Li,SiOs (5) + 3 KAISiO4 (s) + 2 H,Si0,% + Li* + Hy,0  (10)

Besides high extraction yields, the alkaline treatment enables, contrary to all other approaches, the generation
of value-added byproducts, such as hydrosodalite zeolites [21,22] or a zeolite precursor such as KAISiO4[97],
thus utilizing the entire inventory of source minerals, which consist mainly of Al and Si. In particular, these
holistic approaches would be able to mitigate large amounts of solid waste, considering that sulfuric acid
leaching of spodumene currently generates about 8 to 10 t of leaching residues per ton of Li,COs [12,20]. Worth
mentioning is that sodium zeolites such as hydrosodalites, with the general formula Nag.[AlgSic024](OH)x-nH>0,
generated as byproducts in alkaline routes, are known for their special properties as molecular sieves or
selective adsorbers, which render them suitable for various potential applications including the removal of
hazardous substance from aqueous solutions or as a membrane material for H,/CHs separation or the
production of ultrapure water [54,56,105,106]. However, among many advantages, the high caustic
consumption (e.g. 760 g/L NaOH) associated with these routes is still considered critically for economic and
technical reasons [12].

Sulphate and Carbonate Roasting or Autoclaving

Owing to the high reactivity of sulfates or carbonates at high temperatures and/or pressures, these compounds
can be used to promote lithium extraction during roasting or autoclaving of lithium ores. In this context sulfate
roasting involves the reaction of spodumene or lepidolite with various sulfates such as K;SO4, Na;SO4, FeSQO,, or
CaS0, at high temperatures of 850-1000 °C, thereby generating water-soluble Li,SO4, which can be extracted
and further processed to Li,COs via the addition of Na,COs to the leaching liquor (see equation (6)) [12].
Moreover, sulfate roasting of lepidolite also has the potential to recover K, Rb, and Cs, which can be separated
to produce value-added byproducts [107]. Besides the solid-solid reactions Kuang et al. [108] reported on an
autoclaving process for hydrothermal extraction while also using Na,SO, with the addition of CaO, delivering a
high yield at much lower temperature of 230 °C and a pressure of about 1.7 MPa.

In addition, roasting with carbonates such as Na,CO3 or CaCOs at high temperatures is also reported for both
spodumene and lepidolite and proceeds analogous to the sulfate method, involving an ion exchange between
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Li* and the metal ion (e.g., Na* or Ca®*) provided by the added carbonate or sulfate [12]. Exemplary equation
(11) illustrates the reaction of B-spodumene with Na,COs; leading to the formation of Li,CO; in addition to
analcime (Na[AlSi,O¢]-H,0) as a mineral phase, which can be achieved through solid-solid reaction during
roasting at 450-750 °C [109] or hydrothermally by autoclaving at about 225 °C [110]. Further developed on this
autoclaving route were done by Tiihonen et al. [111] by adding a conversion leaching step to directly transfer
the synthesized Li,COs to battery-grade LiOH with the aid of Ca(OH), according to equation (12).

2 B — LiAlSi,04 (5) + NayCO3 9+ 2 Hy0 = Li,CO3 5y + 2 Na(AlSiy06) * Hy05  (11)

Li2C03 (s) + Ca(OH)2 (s) -2 LlOH(aq) + CaC03 () (12)

Chlorination Roasting

High-temperature chlorination roasting of a- and B-spodumene and lepidolite has been established by several
authors as an effective route for lithium recovery, attributable to the high reactivity of chlorine and its strong
affinity towards the formation of lithium chloride (LiCl), which can be easily separated via water leaching from
the residues [12]. Therefore, equation (13) is exemplarily shown, indicating the reaction of B-spodumene with
Cl, gas at 1100°C resulting in the formation of LiCl, while the silicious compound are represented by the high-
temperature phases mullite (AlgSi,013) and cristobalite (SiO3) [112].

12 B — LiAlSi 06 () + 6 Cly gy = 3 0y gy + 12 LiClyy + 2 AlgSin 03 () + 20 Si0y ) (13)

In addition to chlorine gas, various salts such as calcium chloride (CaCl,), ammonium chloride (NH4Cl), or sodium
chloride (NaCl), decomposing at high temperatures, have also been shown to be appropriate chlorinating agents
in several experimental studies leading to high recovery rates [12]. However, chlorination of B-spodumene using
solid CaCl; [113] generally benefits from the lower process temperatures of 900 °C compared to 1100 °C when
using gaseous Cl; [114], which exhibit a much higher safety risk as it is both more toxic and corrosive [12].
Furthermore, an economically feasible method was reported by Yan et al. [115] in which lepidolite can be
treated with a NaCl/CaCl mixture at 880 °C, effectively recovering both the intended lithium and accompanying
elements such as K, Rb, and Cs with a high yield.

Direct Carbonation Approach

This process was initially developed for the extraction of lithium from calcined zinnwaldite ores, while little later
it was also applied to the most common lithium minerals such as spodumene, lepidolite and petalite as well as
the black mass from LIB recycling [116—-119].

Similar to other routes, lithium minerals require a pretreatment such as calcination, leading in the case of
zinnwaldite to the formation of B-spodumene, leucite and iron-rich phases such as magnetite or hematite after
a treatment 950 °C for 3 h. Following this route, leaching involves the use of super critical CO; in water (sc-
CO,/H,0) at 10 MPa and 230 °C for 3 h in an autoclave filled with an aqueous suspension of fine milled
zinnwaldite ore (dso particle size = 18 um) at liquid to solid ratio of 100. As a result of this experimental setup,
up to 75 % of Li were transferred under optimal conditions into the liquid phase as soluble lithium bicarbonate
(LiIHCOs), while reaching an elemental content of approximately 100 mg/L. Therefore, further downstream
processing steps, focusing on the enrichment of lithium via dual digestion and the use of electrodialysis with
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special cation exchange membranes, resulted in enriched and purified solutions with about 8500 mg/L Li. These
solutions can be directly used for precipitation via heating at 90 °C, leading to a release of CO, and the formation
of Li,COs in a product grade of 99.0 %. In general, the direct carbonation route benefits from high selectivity in
leaching, low consumption of chemicals (only CO,), relatively high purity of the product and the reuse of leach
residues in geopolymers, although details on phase composition are lacking. However, with the respect to the
use of Zinnwaldite with its low Li and high Fe and F content, the energy-intensive calcination, the fine grinding
required and the enrichment steps associated with this route are regarded critically for economic and technical
reasons [12,116-119].

2.3.5 Lithium Recovery of LAS Glass-Ceramics

Besides the variety of different routes which have been investigated for primary lithium minerals, there are only
a comparatively limited number of studies in the literature on lithium recovery from glass-ceramics, applying
roasting routes or classical leaching approaches [120-122]. In this context, roasting with the addition of CaO and
CaCl; at 1000 °C was performed by Kim et al. [120] to produce water-soluble LiCl, resulting in a rate of 90 % at
optimal parameters during water leaching at 100 °C. A similar approach was adopted by Lee et al. [121], where
the glass-ceramic powder was first calcined at 1000 °C without additives to increase reactivity. The samples were
then mixed with CaO, while subsequent water leaching at 100 °C partially transferred lithium into the solution
via an ion exchange mechanism (Ca?* vs. 2 Li*). This process required a second calcination at 600 °C and an
additional leaching step to recover a total amount of 99.9 % of the lithium, while the leaching residues were
claimed to have applications in the cement industry [121].

In contrast to roasting processes at high temperatures, direct leaching is also achievable via alkaline
hydrometallurgical processes, whereby the efficiency generally depends on the NaOH concentration, the
specific surface area and the reaction temperature. According to Lee [122], who investigated this route, about
70 % of the lithium was leached into solution at optimum parameters such as 12 h reaction time, 2 mol/L NaOH,
53 um particle size, 1:10 solid/liquid ratio, 250 rpm stirring speed and 100 °C reaction temperature. However, a
rather uncommon phenomenon was observed when the leaching experiment was extended from 12 to 48 h,
resulting in a significant decrease in the Li concentration in the leach liquor from 1160 to 236 mg/L. More
specifically, this observation required further XRD analysis, which were supplemented by SEM-EDS examinations
on particle cross-sections. According to this investigation, the lithium loss was attributable to the formation of
zeolite P shells around unreacted LAS particles, which on the one side hinder further lithium extraction and on
the other side lead to a partial adsorption of already extracted Li* ions [122]. From an economic and technical
point of view, the comparatively low extraction rate of 70 % after 12 h of stirring in conjunction with the required
fine grinding prior to leaching and the incomplete conversion of the feedstock must be discussed critically before
further implementation of this route.
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2.4 Applications of Lithium and its Compounds
2.4.1 Overview of the Industrial Applications

Nowadays, lithium and its compounds are used in a variety of ways in industry due to their specific properties,
making this element a sought-after resource [3,7]. Figure 2-10 therefore summarizes the most common
applications for lithium compounds in 2022, based on estimates of global end-use markets, revealing that most
lithium has been consumed for the production of batteries (80 %) [4]. In contrast to the high lithium
consumption for LIB (described in more detail in chapter 2.4.2), classical applications such as ceramics and
glasses (7 %), lubricating greases (4 %), mold flux powders (2 %), air treatment (1 %) or pharmaceutical
applications (1 %) are less important [4]. The use of lithium in ceramics and glasses, which is the second
important application, dates back to Otto Schott, who discovered the beneficial role of lithium oxide (Li,O) in
glass melting as early as 1879 [2]. Therefore, Li.CO3 is commonly used, which decomposes into LiO and carbon
dioxide (CO;) at high temperatures, resulting in a lower melting point, lower viscosity and, above all, lower
thermal expansion [2]. In addition, lithium is frequently adopted as a flux in the fabrication of glazes and ceramic
products such as tiles, sanitary ware or tableware [75]. Especially in the production of glazes or enamels, the
addition of lithium reduces the viscosity of the glaze while increasing the gloss, luminosity, chemical resistance
and abrasion resistance of the finished ware [75]. In addition, the use of lithium compounds is of significant
importance for the manufacturing of LAS glass-ceramics with a low thermal expansion coefficient close to zero
[2,75], which will be discussed in more detail in section 2.4.3. In the field of ceramics and glasses Li,COs is mainly
used, while the direct use of natural minerals such as spodumene or petalite is generally possible, if they reach
a high degree of purity and have negligible iron content [75].

B batteries

I ceramics & glasses
I ubricating greases
P mold flux powders
[ air treatment

[ pharmaceuticals
[ other uses

Figure 2-10. Estimates of the
global end-use markets for
lithium compounds in 2022. Own
work, data derived from [4].

Lithium, sodium or aluminum salts of fatty acids are required to thicken mineral oil during the production of
lubricating greases. For this purpose lithium stearate, synthesized from stearic acid and lithium hydroxide
monohydrate (LiOH-H,0), is commonly adopted, giving the grease a high dropping point of about 180 °C and
low water solubility, which prevents the washout under humid conditions [2,75]. Due to these excellent
properties, lithium greases are widely used in harsh environments where high speeds and heavy mechanical
loads occur, such as mining operations, paper machines, automobiles, aircraft or ships [2,75].

Moreover, lithium containing fluxes are required in the steel casting industry to optimize the process, to
minimize the risk of defective goods and to prevent the formation of imperfections in the finished castings [75].
Therefore, fluxes containing up to 5 % lithium oxide are demanded, which can be added either as Li,O or LiCOs,
while the addition of spodumene or petalite is also possible [75].
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The application of lithium in air treatment salts includes various applications, such as lithium bromide (LiBr)
solutions used in refrigeration systems, highly hydroscopic LiCl in dehumidifiers, and anhydrous lithium
hydroxide (LiOH) for the removal of CO; of enclosed environments, such as submarines or space capsules [2,75].
For the latter application in particular, LiOH is preferable to all other alkali metal salts because it is much lighter
and, consequently, the average amount of CO, of about 1.0 kg a human releases per day under normal
conditions can be absorbed by 1.1 kg of LiOH through the formation of Li,COs [2,75].

In addition to the more technical applications already mentioned, lithium compounds such as carbonates,
citrates, sulfates, acetates or aspartates also have pharmaceutical uses, dating back to the Australian psychiatrist
John Cade, who discovered in 1949 their curative effect in the treatment of manic-depressive disorders [2,76].
Therefore, lithium supplements are used in abundance today, although the cause of the curative effect of the
lithium cation is still debated and different hypotheses need to be proven [2].

2.4.2 Lithium-lon Batteries (LIB)

In recent years, a trend towards the extensive production of LIB is emerging, which can be explained in the
context of the transition from combustion to electric mobility, in which these batteries play an essential role as
they combine the comparatively low atomic weight of lithium with the highest electrochemical potential of all
alkali metals [2,3]. Since this type of battery revolutionizes energy storage technology by having an enormous
impact on our society, the researchers John B. Goodenough, M. Stanley Whittingham and Akira Yoshino have
been awarded the Nobel Prize in Chemistry in 2019 for their fundamental work on this topic [123]. In particular,
their breakthrough developments led to the release of the first commercially available LIB in 1991 consisting of
a petroleum coke-based anode, a Li;«CoO; cathode, along with an anhydrous electrolyte composed of lithium
hexafluorophosphate (LiPFg) in propylene carbonate [123]. Since its introduction to the market, the basic design
of LIB has remained unchanged and consists of the main components shown in Figure 2-11.
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Figure 2-11. Schematic drawing of a conventional LIB cell during discharging (a) and charging (b), while illustrating the most
relevant components including anode, cathode, separator, electrolyte and collector foils. Figure adapted and slightly
modified from Goodenough & Park [124].

These include the positive electrode, often referred to as the "cathode", and the negative electrode, known as
the "anode". However, these terms for the electrodes only reflect the reality when the battery is being
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discharged; on charging, it is reverse and the positive electrode acts as the anode and the negative electrode as
the cathode [125]. As can be clearly seen in the scheme, both electrodes are separated by a microporous
separator but are electrochemically connected via an ion-conductive electrolyte, which consists of a lithium salt
solution typically based on LiPFg, in a mixture of organic solvents. Benefitting from its layered structure of
alternating cobalt- and lithium-rich sheets, lithium cobalt oxide (LiCoO,, LCO) is frequently employed as the
cathode material in LIBs, while graphitic carbon, in which the carbon atoms are arranged in parallel layers, is
conventionally adopted as the anode. When charging a LIB, the lithium ions leave the LCO crystal by
deintercalation, pass through the separator via the liquid electrolyte and is embedded again between the
graphite layers by means of intercalation, while discharging leading to a reversal movement of the lithium ions
[125].

Notably, only about 50% of the lithium can contribute to this process, since a larger loss would destabilize the
LCO crystal structure, resulting in a substantial loss of performance. The reactions occurring during the discharge
of a cell are summarized in Equations (14) and (15), involving the intercalation of Li* ions at the positive
electrode, while in parallel electrons are emitted and Li* ions leave the negative electrode through
deintercalation [125].

2 LigsCo0, + Lit+ e - 2 LiCo0, (14)
LiC, » Lit+e +6C (15)

Considering the fact that the application of layered LCO involves some major disadvantages such as high cost,
toxicity, and relatively poor rate capability, derivatives were investigated in which Co was to some extent
replaced by more abundant and environmentally less critical elements such as Ni, Mn and/or Al [126]. These
developments led to new compounds such as LiNipsC0o.15Al0.05s02 (NCA) or LiNig33Mno33C003302 (NMC), which
have become the favored choice for several applications [126,127]. Besides layered cathode materials, there are
several other structures suitable for LIBs, such as olivine-type LiFePO4 (LFP), which is characterized by low cost,
environmental friendliness and excellent safety, but exhibits low electronic and Li* ion conductivity due to the
one-dimensional pathway in its structure [126,127]. Therefore, the application of this type of cathode material
is limited mainly to large-scale batteries such as stationary energy storage systems [126].

2.4.3 LAS Glass-Ceramics

Glass-ceramics are a group of inorganic non-metallic solid materials that usually have a crystallinity of up to 95 %
and contain a glassy residual phase [128]. These materials are produced by ceramization of glasses, which
involves controlled nucleation and crystallization during thermal annealing, generally improving mechanical
properties in terms of strength and toughness [9,128]. Within this group, Li,0-Al,03-Si0O4 (LAS) glass-ceramics in
particular are characterized by their low coefficient of thermal expansion (CTE) of 0.1 x 10°/K or less for the
temperature range from 20 to 700 °C, in addition to high mechanical strength, excellent thermal shock
resistance and chemical durability [128]. Achieving the goal of low expanding LAS ceramics, the formation of
crystalline phases with highly anisotropic CTE values such as high-quartz (B-SiO;) with hexagonal symmetry
(space group P6,22) or tetragonal keatite-type alumino-silicates (space group P4;2:2) are mandatory during
manufacturing [128,129]. This rather unusual behavior of these LAS phases has been known since the early
1950s, when Hummel [130] and Smoke [131] contributed fundamental research on this material system [129].
The use of high-quartz materials for room temperature applications generally requires stabilization of the crystal
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structure, since a reversible phase transition between low and high-quartz exists at 573 °C [129]. Therefore, at
least 20 mol% of SiO; must be replaced by the pairs (Al,O3, Li>0), (Al,03, MgO) or (Al,03, ZnO) to produce “stuffed
derivates of high-quartz” [132,133], as can be seen in Figure 2-12. During this substitution, the strongly negative
influence of lithium, the slightly negative influence of zinc and the strongly positive influence of magnesium on
the CTE must be taken into account [10,129].

Figure 2-12. Idealized crystal structure on the unite
cell level of a hexagonal high-quartz derived LAS
phase, with a chemical composition of
Lio.33Alo.33Si0.6702, where significant amounts of the
initial SiO2 were substituted by Al203 and Liz0 to
stabilize the structure for room temperature

applications. Note that the figure was created with
the use of VESTA 3 [134] employing atomic radii.

In addition to the oxides already mentioned, components such as alkali oxides (Na;O, K;0) and alkaline earth
oxides (BaO, Ca0) are used to improve the melting behavior of the glass melt, while Sb,03 and SnO; are used as
fining agents [128,135]. Moreover, in order to obtain the characteristic fine-grained microstructure of LAS glass-
ceramic with crystallites below 100 nm, the addition of TiO,, ZrO, or a mixture of both is mandatory to promote
the nucleation of the high-quartz phase [9,128,136]. Finally, the addition of transition metals or rare-earth
elements are mandatory to produce glass-ceramic with a distinct color [135].

Especially the unique properties of LAS glass-ceramics are favorable for the production of cookware for
household applications, stove tops for kitchen ranges or telescopic mirror blanks [9]. Therefore it is not
surprising that Ceran® brand glass-ceramic cooktops are widely used around the world and have a market share
of more than 70 % in the sale of electric cooking devices in Western Europe [137]. In addition, the high market
share is supported by another study from 2014, which shows that around 600.000 to 900.000 of these cooktops
are discarded in Germany every year [11]. In particular, the widespread utilization and the lithium content in the
range of 2 to 3 wt%, which corresponds to hard rock ores currently mined [75], turn waste glass ceramics into a
promising and previously unused secondary raw material for lithium recovery. Recycling of discarded electrical
devices involved so far only on the recovery of transition metals, resulting in large quantities of lithium being
lost along this disposal route [23]; an important aspect, which also triggered the research of this work.
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3 Experimental Procedures

3.1 Sample Treatment

3.1.1 Utilized Chemicals

Sodium hydroxide solution made of solid sodium hydroxide (NaOH, Carl Roth, = 99 %) was used for extraction
and zeolite synthesis, while calcium oxide (CaO; Carl Roth, > 96 %), phosphoric acid (HsPO4, 85 %, Carl Roth,
analytical grade) and calcium hydroxide (Ca(OH),, Sigma Aldrich, 299 %) were used for desilication, precipitation
and conversion of lithium phosphate into lithium hydroxide, respectively. Metal standard solutions (Titrisol,
Merck, 1000 mg/L, analytical grade) were used to study the adsorption behavior of Pb?*, Cu®*, Zn? or Ni?* ions
on the synthesized zeolite samples. Sodium peroxide (Na,0,; Merck, > 95 %), hydrochloric acid (HCI; Merck,
analytical grade) and nitric acid (HNOs; Merck, analytical grade) were used to digest solid samples for ICP-OES
measurements, while potassium bromide (KBr, Carl Roth, analytical grade) was required to prepare pellets for
FT-IR analyses.

3.1.2 Sample Materials and Pretreatment

In this study, four different lithium-containing sample materials were investigated with respect to lithium
extraction and zeolite synthesis. Firstly, a glass-ceramic plate (see Figure 3-1 (a)) from an end-of-life cooktop,
served as a secondary lithium source. Secondly, naturally occurring lithium minerals have been studied, such as
lepidolite (see Figure 3-1 (d)) from the Bikita pegmatite near Masvingo in Zimbabwe, spodumene (see Figure 3-1
(g)) from the Sahatany pegmatite field (Mt. Ibity area) in the Vakinankaratra region of central Madagascar
(purchased from MIKON Mineralienkontor GmbH, Gleichen, Germany) and Petalite (see Figure 3-1 (j)) from
Luolamaki pegmatite near Somero, Finland (acquired from Rockhunter Handels UG, Waldalgesheim, Germany).
Leaching experiments generally require fine and homogeneous powders, which is why a pre-treatment of the
samples becomes necessary. This process involves first crushing the initial materials with a jaw crusher
(Pulverisette 1, Fritsch, ldar-Oberstein, Germany), followed by comminution with a vibrating disk mill
(Pulverisette 9, Fritsch, Germany) to a fine powder, and finally sieving with a vibrating screen (AS 300, Retsch,
Haan, Germany) to a particle size of < 500 um. Additionally, the pretreatment of a glass-ceramic plate from a
discarded cooktop, required manual disassembly to separate the plate from adhering electronical parts.
Moreover, the mineral samples were additionally handpicked after jaw crushing and before disk milling to
remove natural associated species such as quartz, feldspar or fluorite and altered parts of the sample, since both
may affect subsequent analyses and experiments. For an illustration of the fractions obtained after the several
pretreatment steps, see Figure 3-1.
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Figure 3-1. (a) to (c) Glass-ceramic samples derived from an end-of-life cooktop, (a) shard after manual dismantling, (b)

after jaw crushing and (c) powder < 500 um. (d) to (f) Lepidolite samples from the Bikita pegmatite, Simbabwe, (d) as
received, (e) flakes after jaw crushing and (f) powder < 500 um. (g) to (i) Spodumene samples from the Sahatany pegmatite,
Madagascar, (g) as received, (h) cleavage pieces after jaw crushing and (i) powder < 500 um. (j) to (I) Petalite samples from
the Luolamdki pegmatite, Finland, (j) as received, (k) cleavage pieces after jaw crushing and () powder < 500 um.
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3.1.3 Reference Experiments

Reference experiments were conducted with the objective of determining crystallite size without secondary
chemical reactions by ball milling in water, while regular leaching attempts were undertaken to evaluate
whether the use of ball milling in alkaline media is substantial for lithium release and/or zeolite formation. For
this purpose, deionized water was employed instead of the NaOH solution in the ball milling experiments, while
all other test parameters were retained. For the regular leaching experiments, a new experimental setup had to
be prepared in which the samples were solely stirred in a 250 ml round-bottom flask in a temperature-controlled
oil bath at 90 °C. In order to achieve results comparable with mechanochemical experiments, parameters such
as time, liquid-to-solid ratio, temperature and concentration were fixed at the same values. After completion of
the reference experiments, the same experimental procedure as described in chapter 3.1.4 was followed,
including separation, washing, and drying of the samples.

3.1.4 Mechanochemical Leaching Experiments

In the context of this study, mechanochemical leaching experiments were performed on different source
materials using a planetary ball mill (Pulverisette 6, Fritsch, Germany) equipped with 250 mL vessels with the
aim of achieving high lithium extraction yields by combining ball milling with alkaline leaching in sodium
hydroxide solution of varying concentrations. In general, mechanochemistry is a rather versatile method where
several experimental parameters, as summarized in Figure 3-2, can be adjusted to promote the intended
reaction.
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Figure 3-2. Graphical abstract of typical experimental parameters during mechanochemical sample treatment. Own work,
reproduced from [43].

The majority of mechanochemical experiments are performed with milling balls, which are available in various
diameters and made of materials with different densities, such as agate (2.6 g/cm?), zirconium dioxide
(6.0 g/cm3), stainless steel (7.8 g/cm?3), or tungsten carbide (15.6 g/cm?3), as they provide an excellent means of
transferring rotational energy to the sample materials. Therefore, when milling in alkaline media, balls and
vessels made of a martensitic stainless steel 1.4125 (X105CrMo17) were used, which has excellent mechanical
properties, suitable corrosion resistance and a Rockwell hardness of 55-60 HRC corresponding to a Vickers
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hardness of 653 — 746 HV. During these studies, various experimental parameters namely NaOH concentration,
rotational speed, milling time, and ball-to-powder ratio (BPR) were varied within the ranges of 1-9 mol/L, 100-
650 rpm, 30-120 min, and 10-60 g/g, respectively, to examine their influence on lithium extraction as well as
zeolite formation. At the same time the liquid-to-solid ratio (LSR), sample amount, and ball size were maintained
at 10:1 mL/g, 10 g, and 10 mm, respectively. Additionally, the temperature of the reactor was recorded manually
with a digital temperature sensor at the end of each milling step, since no cooling and heating procedure of the
milling device was possible. Upon mechanochemically reaction, the obtained suspension was separated into a
lithium-rich liquid and a solid fraction using a lab centrifuge (Allegra X-30R, Beckman Coulter, Brea, CA, USA). In
order to avoid the formation of byproducts such as Na,COs via the reaction of residual NaOH with atmospheric
CO, during drying, the leaching residues were washed with deionized water. An almost complete removal of the
adhering NaOH could be achieved by repeating this washing procedure three times. Finally, the specimens were
dried at 85 °C for 48 h and then gently homogenized in a mortar for further experiments and analysis.

3.1.5 Desilication Experiments

However, as an unavoidable side effect of alkaline Li extraction, Si and Al are also partially leached into the
solution, requiring desilication of the solution as an important intermediate step to obtain a pure lithium
compound, while avoiding precipitation of silica during further processing steps. For this purpose, two different
approaches are known in the literature, where Ca0O [22,138] or calcium sulfate dihydrate (CaSO4:2H,0) [139] are
considered to be inexpensive and effective in removing silica from alkaline solution. Based on the experimental
results of a previous study (Wolf 2022) [140], in which both routes were investigated in the context of lithium-
containing alkaline solutions, the application of CaO possesses several advantages, such as shorter reaction time,
higher desilication rate, and additional provided beneficial calcium silicate byproducts; hence, this route was
preferred for this study. The experimental setup for desilication studies included a temperature-controlled oil
bath in which the samples were stirred in a 250 ml round bottom flask at constant temperature and rotation
speed of 95 °C and 450 rpm, respectively. In addition, the reaction time and CaO/SiO, ratio were varied to
determine their influence on the on the removal of silica. During these experiments, only a few milliliters of
samples were taken every 30 min to analyze the elemental composition of the solution via ICP-OES.
Subsequently, the obtained reaction products were separated from the solution, rinsed with deionized water
and finally dried at 85 °C and/or calcined at 900 °C.

3.1.6 Precipitation of Lithium Compounds

Upon purification of the solution through desilication, precipitation of a pure and easily handled lithium
compound in the presence of excess Na*-ions can be considered the final challenge of the adopted
hydrometallurgical procedure. Considering that the precipitation of compounds mainly depends on their degree

of solubility, the values for the relevant Li and Na species are summarized in Table 3-1.
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Table 3-1. Solubility of relevant lithium and sodium salts at different temperatures [141]. The lithium species relevant for
precipitation are LisPO4 and Li2COs, which are both characterized by their low solubility, especially compared to their
corresponding Na compounds. Noteworthy is the temperature-dependent solubility of Li2COs (highlighted in green) and
Na2CO0:s (highlighted in blue), which enable selective lithium precipitation at elevated temperatures.

Compound Solubility in H,0 [g/L] Temperature [°C]
Li,CO3 13.3 20

L |

Li»CO3 7.8 I 90 v
LisPO4 0.3 20
LiOH 110.8 20

Na,COs3 178.6 | 20 |

Na,CO;3 308.4 v 90 v
NazPO4 107.8 20

By far the most frequently utilized route is the precipitation of lithium carbonate according to equation (16),
which is accomplished by adding Na,COs to the lithium-containing solution at a temperature of about 90 °C. This
setting is especially relevant for achieving high yields and purer precipitates, since the solubility of Li,CO3
decreases with rising temperature from 13.3 g/L (20 °C) to 7.8 g/L (90 °C), while the solubility of Na,COs
increases in parallel from 178.6 g/L (20 °C) to 308.4 g/L (90 °C). These counteracting tendencies in solubility can
be attributed to differences in enthalpy of solvation; for Li,COs this value is negative, therefore its solubility
decreases with increasing temperature, whereas the opposite is observed for Na,COs with a positive enthalpy
of solvation.

2 Li¥(qq) + NazCOs5 (qq) = Li,CO3 (5) + 2 Na™ 4y (16)

However, a previous study [140] has shown that the carbonate precipitation is only appropriate for highly
enriched solutions with Li contents of 10 g/L or more, since at lower concentrations, as in this work of
approximately 3 g/L, byproducts are formed in addition to the targeted Li,CO; [140]. For this reason, an
alternative approach was found via the precipitation of lithium phosphate (LisPO4), which has a remarkably low
solubility of 0.3 g/L at 20 °C, especially when compared to its sodium analogue NasPO, (107.8 g/L; 20 °C) or
Li,COs5 (13.3 g/L; 20 °C). Therefore, this enables lithium precipitation even at lower concentrations according to
equation (17), which can be further converted into (LiOH-H,0) following equation (18).

3 LiOH(aq) + H3PO4 (aq) = LizPOy () + 3 Hy0 (17)
3 LizPO4 sy + 5 Ca(OH)3 (ag) + 9 Ho0 = 9 LIOH * H0 (qq) + Cas(P04);0Hgs  (18)

Precipitation of LisPO4and further processing into LiOH-H,O followed in general the approach of Mulwanda et
al. [142], in which small amounts of phosphoric acid in molar ratios of phosphorus to lithium of 1.0:3.0; 1.2:3.0;
1.4:3.0; 1.6:3.0; and 1.8:3.0 were added to the solution, preheated to 90 °C in a round bottom flask through a
glass cannula to produce LisPO,. After prolonged stirring for another 60 min, the precipitated phosphates were
isolated from the liquid, washed repeatedly with deionized water, and finally dried at 85 °C for 48 h. For
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conversion into LiOH-H,0, 1.65 g of precipitated LisPOs was mixed with 50 mL of deionized water in a reflux
vessel, while adding Ca(OH), in 1.8-fold molar excess, heated to about 60 °C and held for 120 min. Subsequently,
after the liquid solid separation, the dissolved LiOH-H,0 was crystallized through evaporation of the solution
under an inert argon (Ar) atmosphere, avoiding any interaction with CO, from the atmosphere, which would
favor the formation of Li,COs.

3.1.7 Adsorption Experiments

Taking advantage of their special properties, zeolites are widely used for applications where molecular sieving
or selective adsorption is required, such as the removal of harmful heavy metal ions in aqueous media
[105,143,144]. Therefore, selected zeolite byproducts were investigated as potential adsorbents for the removal
of Pb?*, Cu®*, Zn*, or Ni** ions from synthetic wastewater samples, which were made of single metal solutions
diluted to a concentration of 100 mg/L. During these studies the adsorbent dosage was investigated in the range
of 1 up to 15 g/L to evaluate their influence on the heavy metal removal efficiency. To achieve these dosages
50, 100, 150, 200, 300, 400, 500, 600, and 750 mg of zeolite were added to each of the 50 mL wastewater
samples and placed afterwards in an overhead shaker for 120 min at room temperature. Upon liquid solid
separation the adsorption efficiencies were calculated based on the ICP-OES results for the remaining liquid
sample.
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3.2 Analytical Techniques

As part of this work, various analytical methods were employed to be able to evaluate the solid and liquid
samples arising from the mechanochemical investigations or the associated hydrometallurgical procedures.
These methods are briefly summarized in Figure 3-3 as a flow sheet and are described in more detail below,
whereby reference is made to the recommended literature for more detailed information.

Mechanochemical Investigations

(Ball Milling of Lithium Silicate Samples in NaOH Solution)

Solid Leaching Residue Li-enriched Solution

Chemistry

(ICP-OES, EDS) S—
Desilication,

Precipitation &
Transformation

Chemistry Structure Figure 3-3. Flowchart of analytical techniques
(ICP-OES) WRGPRIEISE  gpplied during this work to evaluate liquid and

solid samples, arising during mechanochemical

Adsorption investigations or the associated

hydrometallurgical procedures. The corresponding

Chemistry samples are marked in ochre, while the methods
(ICP-OES) are highlighted in blue.

3.2.1 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
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ICP-OES was chosen for the chemical characterization of various samples, especially for the study of the
inventory of starting materials as well as for the evaluation of the extraction, desilication, precipitation and
adsorption experiments. For this purpose, an Optima 8300 spectrometer (PerkinElmer, Waltham, MA, USA) was
selected, which allows the simultaneous determination of all metals relevant to this work, including lithium and
some nonmetals such as P, at a low detection limit and excellent reproducibility from acidified aqueous
solutions. During the measurement, several characteristic wavelengths were determined for each element, from
which the two most suitable ones, which did not show any interferences or overlaps, were selected for
guantification using the Syngistix 5.1 software (PerkinElmer, USA).

Each ICP device, as schematically illustrated in Figure 3-4, includes two analytical features that gave the method
its name, where the term plasma refers to the ionized argon gas, while the energy required to maintain the
plasma is transmitted electromagnetically via special induction coils. Especially, this plasma can be considered
as the heart of any emission spectrometer, since here the injected substances are immediately atomized at high
temperatures between 6,000 and 10,000 K, while subsequently atoms and ions are excited to emit
electromagnetic radiation, mainly occurring in the ultraviolet and visible spectral range. After passing through
several wavelength dispersive optics, the emitted light is used for detection and quantification, since there exists
a linear relationship between intensity and concentration. Since the exact correlation between intensity and
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concentration depends on a large number of partly unknown influencing variables, calibration with appropriate
standard solutions is mandatory before each measurement, assuming that the slope of the calibration line of an
element is equal in the standard and in the samples. In addition, internal standards of elements not present in
the sample such as Sc are added to check the recovery rate and ensure reliable quantitative results. Finally, for
more in-depth look on the ICP method, the textbook by Noélte is highly recommended, which covers both

theoretical principles and practical aspects of ICP-OES analysis [145].
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Signal conversion

Liquid samples of low concentration are directly measurable by the ICP-OES method, while highly concentrated
solutions such as leachates required a dilution in a ratio of 1:100 or 1:200 depending on the elemental content.
However, solids have to be digested prior to analysis. Silicate samples had to be fused with threefold excess of
Na;0; in a zirconium metal crucible (HRT Fusion, Seevetal, Germany) at 460 °C for 60 min, followed by digestion
with HCI, while solids expected to be more soluble were prepared for analysis via aqua regia digestion (HCI:HNO3
in a ratio of 3:1) without any heat treatment.

In order to evaluate the leaching experiments, the obtained ICP-OES results were taken to calculate an extraction
rate (synonymously extraction) for lithium Ry [%] following equation (19), where Co [g/L] represents the mass
concentration of metal ions in the leachate, Vo [L] the leachate volume, m [g] the sample mass, and w % [g/g]
the metal mass fraction of lithium in the feed stock.

CO*VO
R, =oYo
L™ mswo

«100 (19)

In addition, the adsorbent removal efficiency (%) was calculated by using ICP-OES results of the initial heavy
metal concentration in the waste water sample C [mg/L] and the final concentration of metal ions after
adsorption Cf [mg/L] following equation (20).

@ «100 (20)

Removal ef fiency [%] =
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3.2.2 Powder X-ray Diffraction (PXRD)

Phase analysis of various samples including source materials, leaching residues, solid byproducts or precipitates
obtained along the extraction route were performed via PXRD. Therefore, an X-ray diffractometer in Bragg-
Brentano geometry (Empyrean, Malvern Panalytical, Malvern, UK), as depicted in Figure 3-5, was selected,
operating at 40 mA and 40 kV and equipped with a cobalt source with a wavelength of A = 1.78901 A. These
investigations recorded diffraction patterns within the 2 8 range from 10 to 75 °, which includes all of the main
diffraction peaks of the expected phases, using a scan speed of 0.006 °/s and a step size of 0.013 °. Moreover,
the data obtained were evaluated with the aid of the HighScore Plus software (Malvern Panalytical, U.K.),
equipped with an inorganic crystal structure database (ICSD; FIZ Karlsruhe, Karlsruhe, Germany).
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Figure 3-5. Typical PXRD setup in Bragg-Brentano geometry including several beam optics to ensure a high signal-to-noise
ratio. During the measurements, both the X-ray tube and the detector are moved upwards to collect data at higher 20
angles. Figure adopted from [147].

Physically, diffraction occurs only when the wavelength of the incident wave and the spacing of the diffraction
lattice have the same order of magnitude, which is the case for crystalline materials with lattice spacings equal
to the wavelength of the X-rays. Therefore, the X-rays are diffracted by the electron shell of the irradiated atom:s,
while the diffracted waves of the individual atoms interfere with each other, resulting in constructive or
destructive interference, which for a fixed angle depends solely on the distance between the atoms. Since
constructive interference occurs only at certain characteristic angles, they can be related to the distance of
certain lattice planes in the crystal on the basis of the Bragg equation (see equation (21)), where n represents a
natural number, A the wavelength of monochromatic radiation, d the spacing of lattice planes and O the Bragg
angle between the beam and the lattice plane.

nx A =2=xd *sinf (21)
In addition, the Scherrer equation (equation (22)) was chosen for the determination of the crystallite size D in

reference experiments, where K stands for the Scherrer constant, A for the wavelength of the radiation, B for
the full width at half maximum (FWHM), and @ for the Bragg angle. It is noteworthy that all calculations were
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performed on the main diffraction peaks, assuming K=0.9, in accordance with Salakjani et al. [13], who studied
similar samples. For a comprehensive overview of X-ray diffraction, the reader is referred to Spiel} et al. [148]
and Waseda et al. [149].

D =K * 1/(B*cos9) (22)

Specimen preparation for PXRD includes manual homogenization of the powders using mortar and pestle, while
the following procedures differ slightly depending on the amount of sample available for analysis. In cases where
only small quantities were available, a sample holder with zero diffraction plate was employed, which consists
of a boron-doped oriented silicon crystal that guarantees no background noise for a wide range of 20 angles.
When using this holder, the powder must be loaded into the well from the front and the sample height has to
be carefully leveled manually by adjusting the powder with a glass plate. For larger sample volumes, ring-shaped
stainless-steel holders were chosen, which were back-loaded with the powders using a semi-automatic
preparation device to ensure a smooth and uniform surface, which is generally mandatory for accurate
measurements.

3.2.3 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis was chosen to identify changes in the molecular bonding of silicon and aluminum within the
samples during mechanochemical reactions initiated by intensive ball milling. Therefore, a Michelson type
interferometer (model Nicolet is50, Thermo-Fisher Scientific, Waltham, MA, USA), schematically illustrated in
Figure 3-6, was chosen, analyzing KBr pellets in the mid-infrared region from 4000 to 400 cm™. Moreover, for
each sample 32 scans were recorded at a resolution of 4 cm™, while blank values were acquired before each
data set. The OMNIC software (Thermo-Fisher Scientific, USA) was taken to evaluate the recorded FT-IR data.
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Generally, in IR spectroscopy, the interaction of electromagnetic radiation with matter is examined in the
infrared range, which triggers the vibration of certain molecular bonds such as symmetric or antisymmetric
stretching vibrations or bending vibrations such as deformation, rocking, wagging or twisting. In principle, the
oscillation of molecular bonds leads to a partial consumption of energy by absorption, which is lacking when
compared to the original IR radiation. Within the resulting IR spectrum this energy loss can be considered as a
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chemical fingerprint, which is characteristic for each material. For a more profound insight, the textbooks by
Stuart [151] and Ginzler & Gremlich [152] are recommended, which summarize relevant aspects of IR
spectroscopy.

Specimen preparation for FT-IR examinations involves the preparation of IR-transparent KBr pellets, which
ensure a high signal-to-noise ratio during the measurement. Therefore, the sample was mixed with oven-dried
KBr in a ratio of about 1:100, homogenized with a mortar and pestle, and finally pressed into a pellet using a
manual hydraulic laboratory press (Specac, Orpington, UK) equipped with a customized pellet die.

3.2.4 Gas Adsorption/Desorption

Gas adsorption/desorption in combination with the F (BET) method [153] was chosen to determine the specific
surface area of the synthesized zeolite samples, using a 3Flex adsorption analyzer (Micromeritics, Norcross, GA,
USA). The application of the BET method assumes the physical multilayer adsorption of probing gas molecules
(adsorptive) such as N, on solid surfaces (adsorbent) without chemical reaction, which can be used for the
quantification of a specific surface area. During these studies, full adsorption/desorption isotherms were
recorded for each sample of interest at constant temperature of — 196 °C (boiling point of liquid nitrogen), where
the adsorbed N, volume was recorded as a function of partial pressure. Moreover, for the calculation of the
specific surface via a BET plot only a 10-point measurement in the lower linear part of the isotherm at relative
pressures between 0.05 and 0.3 p/po was selected, as exemplarily shown in Figure 3-7.
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Figure 3-7. Gas adsorption/desorption investigations exemplarily shown for one of the zeolite samples. (a) Full
adsorption/desorption isotherm and (b) BET plot based on a 10-point measurement at relative pressures between 0.05 and
0.3 p/po, which represents the linear section of the isotherm (a). The intercept (i) and the slope (s) in (b) are considered for
the calculation of the monolayer adsorption vm, which in turn is necessary for the determination of the BET surface area Sser
according to equation (25).

The BET model can be described by equation (23), where v is the adsorbed volume, v, the adsorbed volume of
the monolayer, C an empirical constant, p the pressure and po the saturation pressure. Since a BET plot

represents a linear equation, the intercept (i) with the Y-axis corresponds to — while the slope (s) is equal to
m

(C;l) Therefore, both values can be taken to calculate the BET monolayer capacity vy, following equation (24).

UmC

Subsequently, the specific BET surface (Sger) can be determined according to equation (25), where s represents
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the adsorption cross section of the adsorbate, Ny = 6.022 - 10> molecules/mol the Avogadro number, V the
volume of the adsorbate gas and m the mass of the sample.

p____1 ()P
v(Po—P)  UmC + (vmc) Po (23)
1
Um = s (24)
mSN
Sper = ijnA (25)

Since gas adsorption/desorption is sensitive to any physically adsorbed substances on the sample surface, a
preconditioning step by outgassing with a Smart VacPrep unit (Micromeritics, Norcross, GA, USA) at 200 °C for
720 min under vacuum is mandatory to produce clean and dry surfaces, which are essential for reproducible
results. For a more profound perspective on gas adsorption/desorption for analytical purposes , the textbooks
by Lowell et al. [154] and Webb & Orr [155] are recommended.

3.2.5 Optical Microscopy (OM)

An Axio Zoom.V16 microscope (Zeiss, Jena, Germany) was chosen for the characterization via OM of the starting
materials. Therefore, approximately 50 focus-stacked images per sample were recorded and merged together
to obtain a three-dimensional image of the powder specimens.

Sample preparation for light microscopy of the starting materials included suspension of the powders in ethanol
using an ultrasonic bath, while removing the finest dust fraction after sedimentation to obtain clean and pristine
particles for imaging. Therefore, after evaporation of the ethanol, the pre-treated particles were loosely spread
on a glass slide for further examinations.

3.2.6 Scanning Electron Microscopy (SEM)

A high-resolution field emission Merlin SEM (Zeiss, Jena, Germany) was employed to study the morphological
properties and microstructures of the starting materials and the synthesized zeolite samples, mainly via
secondary electron (SE) imaging at low acceleration voltages of 2 — 5 kV. In general, SEM involves scanning the
sample surface with an electron beam, where the interaction of the beam and the sample volume generates
various secondary signals which are captured by special detectors. This includes, surface-near secondary
electrons (SE), which are acquired for high-resolution topographical imaging of the sample surfaces. Besides,
backscattered electrons (BSE), exhibiting a chemical contrast, since scattering of the primary electron beam
strongly depends on the atomic number of the elements contained in the sample. Lastly, both of these imaging
modes are supplemented by semiquantitative elemental energy-dispersive X-ray spectroscopy (EDS) analysis,
while employing the emitted characteristic X-rays at acceleration voltages of about 8 — 10 kV. More detailed
information on the methodology and a comprehensive overview can be found in Goldstein [156].

SEM investigations of the starting materials involved the same sample preparation procedures, already
described in chapter 3.2.5, followed by mounting of the pristine particles on a SEM stup by using conducting
silver paint. For the much finer zeolite particles in contrast, a drop of the ethanol suspension of the sample was
applied directly to a piece of a polished silicon wafer without further adhesive. After evaporation, the adhesive
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forces of the fine particles were strong enough to hold them in place during subsequent SEM analysis. Finally,
all SEM samples were gently sputtered with a thin, approximately 5 nm thick layer of copper, thus reducing
charging artifacts during electron microscopic examinations.

3.2.7 Transmission Electron Microscopy (TEM)

For micro- and nano structural characterization of selected samples via conventional TEM, a JEM-2100F
microscope (JEOL, Tokyo, Japan) operating at 200 kV and equipped with a field emission electron gun and a
double-tilt beryllium holder (JEOL, Tokyo, Japan) was selected. For image acquisition an UltraScan 1000 CCD
camera (Gatan, Pleasanton, USA) together with the corresponding Gatan Microscopy Suit software was chosen,
while obtained diffraction patterns were analyzed either manually or using specialized diffraction analysis tools
such as PIEP [157] or ReciPro [158]. Once the challenge of fabricating thin, electron-transparent samples
(typically less than 100 nm) is overcome, TEM is a remarkably versatile characterization method for a wide range
of materials, as it combines the key capabilities of simultaneously obtaining both real-space images of a region
of interest at high magnifications and localized diffraction patterns using selective area electron diffraction
(SAED). Further details on this topic can be found in the cited literature by Williams & Carter and Thomas &
Gemming [159,160].

Powder samples for the TEM examinations were prepared according to the standard procedure involving gentle
comminution in a mortar, suspension in ethanol for deagglomeration, and dispersion in an ultrasonic bath,
followed by deposition of a few droplets on a special TEM copper grid coated with a holey carbon film. Finally,
upon evaporation of the solvent, the samples were coated with a thin carbon layer to reduce charging artifacts
during TEM investigations.

3.2.8 Energy-Dispersive X-ray Spectroscopy (EDS)

To complement the SEM and TEM studies, semiquantitative chemical data with spatial resolution were obtained
by EDS using an XMAX 80 detector (Oxford Instruments, Abingdon, UK) attached to each of the microscopes and
analyzed with the aid of INCA or AZtec software (both Oxford Instruments, Abingdon, UK).

Whenever an electron beam with sufficient kinetic energy hits the sample, electrons of the inner shell of an
atom may be ejected, resulting in a gap in the electron structure, which is energetically unstable and therefore
immediately filled by an electron from a higher atomic orbital. As a result of this process, an X-ray quantum is
released whose energy is characteristic of the particular transition and of the emitting element. When these
signals are detected by an EDS detector, they allow rapid and accurate determination of the major elements of
a sample in a semi-quantitative manner, whereas minor or trace elements cannot be captured by using this
method. Depending on the composition of the sample, higher voltages are required with increasing atomic
number to produce characteristic X-rays, which must be taken into account during SEM analysis (1-30 kV),
especially when imaging with low accelerating voltages, while it is generally not a critical issue during TEM
analysis (200 kV). For further details on EDS the reader is referred to the textbook of Goldstein [156].
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3.2.9 Determination of the Loss on Ignition (LOI)

The loss on ignition, corresponding to the proportion of volatile components in the starting materials, was
determined using a STA 449 F3 Jupiter Thermo-Gravimetric Analyzer (Netzsch, Selb, Germany), while the
measurements were evaluated applying the Proteus 80 software (Netzsch, Germany). For this purpose, oven
dried samples (105 °C, 48 h) were heated to 1050 °C at a rate of 10 °C/min, while the final temperature was held
for additional 120 min to ensure entire degassing of volatile components.

3.2.10 Particle Size Measurements

A combination of a Mastersizer 3000 and an Aero S dry powder disperser (both Malvern Panalytical, Malvern,
UK) was used to determine the particle sizes in the starting materials and the ball-milled samples, generally
allowing the determination of particle size distributions in the range of 0.1 um to 1000 pm based on laser
diffraction. During this type of measurement, a laser beam passes through a sample of dispersed particles while
the angular change in the intensity of the scattered light is measured, with large particles scattering the light at
small angles relative to the beam, while small particles scatter the light at large angles. Finally, the obtained
scattering pattern is employed to calculate the size of the corresponding particles following the Mie theory of
light scattering. The resulting particle size is typically expressed as a volume equivalent spherical diameter and
summarized in dio, dso and dgo values, each of which indicates the percentage of the sample that is smaller than
the corresponding value (e.g., dso = 150 um implies 50 % of the particles are smaller than 150 um). For further
details on particle-size measurements the reader is referred to the textbook of Stiess [161].
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4 Results and Discussion

4.1 Characterization of the Feed Materials

Prior to leaching experiments, characterization of the source materials was mandatory to gain a chemical,
structural and microscopic insight about the sample material. In particular the chemical inventory of the source
materials on main and side elemental level are of importance for the validation of the leaching experiments,
while corresponding structural and microscopic investigations are employed to characterize the phase
composition of the samples and to identify impurities and impurity phases.

4.1.1 Chemical Investigations via ICP-OES

Chemical analysis of the four feed materials via ICP-OES measurements are summarized as oxide values in Table
4-1 indicating Li,O contents of 4.52 wt% (glass-ceramic), 5.61 wt% (lepidolite), 7.32 wt% (spodumene), and
5.16 wt% (petalite) besides the main elements silicon and aluminum.

Please note, small amounts of BaO (1.18 wt%), TiO> (3.10 wt.%), ZnO (1.29 wt.%) and ZrO, (1.51 wt.%) were only
present in the glass-ceramic samples, which cannot be classified as impurities. On the contrary, each of these
elements fulfills a specific function during the manufacturing process or enables tailoring the microstructure and
the characteristic properties of this material system, as already described in chapter 2.4.3. Being consistent with
its molecular formula, the lepidolite sample also contained K,O (12.3 wt%) as a major constituent, in
combination with smaller amounts of Rb,0 (1.7 wt%), which has the potential to contribute as a value-added
byproduct in lithium production. Furthermore, analytical results indicate the presence of lower amounts of other
oxides such as of Fe;03;, MnO, CaO (see Table 4-1) in lepidolite, spodumene, and petalite samples, which are
attributed to common impurities in natural rock-forming minerals. In particular, Na, which should be present in
small amounts in all materials, is not reliably detectable due to the excess of Na,O, used during sample digestion.
In addition, F, which is relevant for lepidolite samples, cannot be determined with ICP-OES as this element is
difficult to excite with this technique, an aspect that also extends to the entire group of halogens. Supplementary
to ICP-OES measurements, the comparatively high LOI values of 3.0 % in lepidolite samples indicate the presence
of volatile compounds such as F or OH.
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Table 4-1. Chemical composition of the feed materials based on ICP-OES measurements, recalculated into oxide values. The
values in bold are discussed in the following section, while the Liz:O content is highlighted additionally in blue as it is most
relevant to this study. Highlighted in green is the loss on ignition (LOI), which corresponds to the proportion of volatile
components in the starting materials.

Glass-Ceramic Lepidolite Spodumene Petalite

[wt%] [wt%] [wt%] [wt%]

Al20s 21.46 23.82 27.34 16.24

BaO 1.18 <0.01 <0.01 <0.01
Ca0 0.13 0.15 0.19 0,13
Fe203 0.23 0.14 0.41 0.14
K20 0.42 12.30 0.24 0.39
Li20 4.52 5.61 7.32 5.16
MgO 0.45 <0.01 0.02 0.18
MnO n.n. 0.66 0.13 n.n.

Rb.O <0.01 1.70 <0.01 <0.01

SiOz 56.26 52.35 64.46 71.09

SnO; 0.13 0.02 <0.01 <0.01

TiO2 3.10 0.05 0.02 <0.01

ZnO 1.29 0,02 <0.01 <0.01
ZrO2 1.51 0.06 0.07 0.06
Lol 0.3 3.0 0.4 0.5

4.1.2 Structural Characterization via PXRD

Structural investigations by PXRD on LAS glass-ceramic (see Figure 4-1 (a)) revealed the high-quartz phase with
hexagonal space group P6,22 (PDF#98-007-3072) as the main phase, while tetragonal beta-spodumene (B-
LiAlISi,Os, space group P4s;2,2, PDF#98-002-6817) occurs as a minor phase, both of which are consistent with
literature data [129]. In addition, a strongly broadened diffraction peak around 36 °20 was observed in the LAS
sample, which cannot be clearly assigned to a specific phase with the aid of PXRD, whereby ZrTiO4 (Pbcn; PDF#
98-015-3942) or ZrO; (P4,/nmc; PDF#98-009-3028) are considered as possible candidates. Furthermore, PXRD
measurements on the lithium mineral samples (see Figure 4-1 (b)-(d)) confirm the expected phases such as
lepidolite (PDF#98-003-0784), spodumene (PDF#98-028-0109) and petalite (PDF#98-010-0348) in relatively pure
samples, while cogenetic phases such as low-quartz (PDF#98-020-1354) or analcime (PDF#98-004-0451) play
only a minor role. Even if the occurrence of analcime in petalite samples may be surprising at the first moment,
this observation is well known in literature [162]. Overall, the recorded data generally agree well with the
reference patterns, with the only exception being the lepidolite sample, where the 001 reflections occurring at
10.37, 20.77 and 31.35 °20, corresponding to the 002, 004 and 006 planes, respectively, are more intense than
in the references. This is associated with a slightly preferential texturing of the platelet-shaped mica lamellae
during sample preparation, which is inevitably a challenge with this group of sheet silicates. In addition to the
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phase analysis, the PXRD method was also chosen to estimate the crystallite size of the lithium-containing
phases in the starting materials, whereby the broadening of the diffraction peaks was investigated by means of
the Scherrer formula (equation 21). In the case of the LAS glass-ceramic, the main diffraction peak at 29.5 °20
corresponds to an estimated crystallite size of about 70 nm, being consistent with literature data where
attempts are generally made to avoid crystallites above 100 nm during manufacturing to exclude scattering
effects and ensure transparency of the glass-ceramic [135]. Estimates on mineral samples, on the other hand,
did not yield any reasonable results, which is attributed to the comparatively large crystallite sizes of up to
500 um, which clearly exceed the upper limitation of the Scherrer equation of around 200 nm.
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Figure 4-1. Diffraction patterns of the investigated source materials revealing the presence of lithium-rich phases besides
minor amounts of cogenetic phases or trace minerals. (a) LAS glass-ceramic (LAS), (b) lepidolite (Lpd), (c) spodumene (Spd)
and (d) petalite (Ptl). Own work, reproduced from [23,24].

43



4.1.3 Microscopic Investigations using OM, SEM and SEM-EDS

Even OM examinations at moderate magnifications (see Figure 4-2) reveal translucent sample particles, which
clearly differ in terms of shape and morphology. Glass-ceramic particles are irregularly shaped without
preferential orientation, while examinations on the mineral samples exhibiting thin platelets of lepidolite,
slightly thicker plates of petalite and rod-shaped particles of spodumene.
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Figure 4-2. Optical microscopy images of source material powders (< 500 um) after pretreatment: (a) LAS glass- ceramic,

(b) lepidolite, (c) spodumene and (d) petalite.

Supplementary to OM, imaging via SEM-SE at slightly higher magnification confirmed the previous findings on
particle morphology, which can be correlated with their specific crystallographic properties. According to Figure
4-3 (a) and (b), irregular particle shapes with conchoidal fractures were observed in the glass-ceramic sample,
which is a characteristic feature occurring in very fine-grained to amorphous materials or minerals without
pronounced cleavage. In contrast, mechanical pretreatment resulted in cleavage along specific crystallographic
planes in all mineral samples, where the weakest bonds occur within their structures, leading to
characteristically shaped cleavage lamellae. Thus, the perfect (001) cleavage resulted in the formation of thin
lamellae in the lepidolite samples (see Figure 4-3 (d) and (e)), and slightly thicker platelets in petalite samples
(see Figure 4-3 (g) and (h)), while cleaving along the same orientation. In contrast, the spodumene powder
exhibited characteristic rod-like particles as can be seen in Figure 4-3 (j) and (k), which are the result of two
cleavage systems along (110) and (1-10), intersecting at an angle of approximately 90 degrees. Aided by the
semi-quantitative EDS measurements (see Figure 4-3 (c); (f); (i) and (l)), the major elements of the source
materials such as Al, Si, and O were detected with the exception of Li, which generally cannot be detected with
standard EDS detectors. Corresponding to its molecular formular, K and F signals are recorded in lepidolite
specimens. Moreover, minor elements such as Ba, Ti, Zr, Na, Ca, Mg were exclusively confined to the LAS sample
(see Figure 4-3 (c)), while the minor Cu and C signals, occurring in all specimens originated, from the sample
coating. Finally, OM, SEM and SEM-EDS indicate homogeneous and pristine samples within the investigated
scale without any altered sample parts, foreign particles or major impurity phases, which is consistent with the
PXRD study, revealing only the expected lithium containing phases.
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Figure 4-3. SEM-SE micrographs at different magnifications with corresponding SEM-EDS measurements of selected areas
of (a) to (c) LAS glass-ceramic (LAS), (d) to (e) lepidolite (Lpd), (g) to (i) spodumene (Spd) and (j) to (I) petalite (Ptl) samples,
highlighting the most prominent cleavage planes and the areas where EDS data were acquired. Notably, small EDS signals
of C and Cu originate from sample coating.
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4.1.4 TEM Investigation on LAS Glass-Ceramic Samples

Analytical investigations of lithium minerals resulted in homogeneous and monomineralic samples, which are
comparatively coarse-grained due to their pegmatitic origin. Therefore, TEM investigations focused only on LAS
glass-ceramic samples in order to resolve their microstructural features. TEM bright-field imaging (TEM-BF)
revealed glassy samples containing two different types of crystallites (see Figure 4-4 (a) and (b)). Smaller nm-
sized crystallites were present in high abundance and characterized by their euhedral, rod-shaped habit with a
rectangular cross-section, while in contrast much larger ones of 50 to 70 nm in size and with a spherical shape
were observed less frequently. With the aid of SAED and/or HRTEM imaging (see Figure 4-4 (c) and (d)) in
conjunction with localized EDS measurements, the spherical crystallites could be identified as the hexagonal
high-quartz phase (P6,22), while the rod-shaped crystallites are assigned to an orthorhombic ZrTiO, phase
(Pbcn).

Intensity [arb. unit]

Zr

Figure 4-4. TEM investigations on glass-ceramic samples. (a) and (b) represent TEM-BF micrographs with corresponding
SAED and EDS measurements, revealing B-SiO2 (P6222) and ZrTiOa (Pbcn) crystallites in a glassy matrix, while HRTEM images
(c) and (d) reveal nanosized ZrTiOs crystallites in [1-10] and [0-10] orientation. Own work, reproduced from [163].
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In particular, the presence of high-quartz is in accordance with PXRD analyses, where it could already be
identified as the predominant LAS phase, with a corresponding crystallite size of about 70 nm, according to
estimates based on the Scherrer equation. In contrast to corresponding PXRD measurements (see inset in Figure
4-1 (a)), where a strongly broadened diffraction peak appeared due to the comparatively small crystallite size,
the ZrTiO4 phase could only be unambiguously identified via TEM in combination with SAED patterns and HR-
TEM imaging. Moreover, the presence of orthorhombic ZrTiO4 correlates well with the work of Kleebusch et al.
[164], who recorded similar nanoscale crystallites and simultaneously provided the first evidence of epitaxial
overgrowth of a LAS phase on ZrTiO4 via TEM; a phenomena which was not observed in the present sample. At
this point, it should be noted that high-quartz crystallites are quite sensitive to amorphization upon electron
irradiation and were consequently difficult to image during TEM examination. ZrTiO4 nanocrystals are much
more robust to radiation damage, thus HR-TEM imaging revealed their actual geometric shape and size. In
general, Ti and Zr oxides are known for their high physical and chemical stability, especially under alkaline
conditions. Therefore, it is expected that they do not change significantly during mechanochemical treatments
and also do not contribute to zeolite formation.
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Short Summary - Characterization of the Feed Materials

e Chemical Characterization

o ICP-OES analysis revealed Li;O contents of 4.52; 5.16; 5.61 and 7.32 wt% for the
glass-ceramic, petalite, lepidolite and spodumene samples, respectively, in addition
to their main elements silicon and aluminum.

o Especially the glass-ceramic sample had a more complex composition, including
significant amounts of BaO, TiO,, ZnO and ZrO,, which are necessary to tailor the
microstructure and characteristic properties of this material during the
manufacturing.

e Structural Investigations

o PXRD measurements indicate a high quartz-phase (LiAlSi;Os) as the main
component in the glass-ceramic sample, while lepidolite, spodumene and petalite
were identified as lithium-bearing phases in the mineral samples.

o Inaddition, minor phases were present such as beta-spodumene (B-LiAlSi,O¢) in the
glass-ceramic specimen, or cogenetic phases including low-quartz or analcime in the
petalite samples.

e Microscopic Examinations

o OM and SEM both show distinct variations in particle morphology, suggesting
irregularly shaped glass-ceramic particles without any preferred orientation, while
investigations on the mineral samples revealed platelets of lepidolite or petalite and
rod-shaped particles of spodumene, which is attributed to their specific
crystallographic properties.

o Inaddition, OM, SEM, and SEM-EDS indicate homogeneous and unaltered samples,
without any interfering particles or major impurity phases, which is consistent with
the earlier PXRD studies, revealing pure feed materials.

o Finally, the microstructure of the LAS sample was examined using TEM, whereby, in
addition to the already known high quartz phase, nano-sized ZrTiO, crystallites
could be detected in a glassy matrix.
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4.2 Mechanochemical Treatments of LAS Glass-Ceramics

The beneficial role of mechanochemical routes in the synthesis of various compounds, the solution of
environmental problems or the recovery of metals from primary and secondary resources has already been
demonstrated by various researchers in the past (see chapter 2.1). Most important for this work is the
application of mechanochemistry in the hydrometallurgical context, where this approach is generally utilized to
improve the reactivity and leaching kinetics of refractory phases, which usually require rather harsh leaching
conditions such as autoclaving at high pressures and temperatures.

In the following chapter, the results of the mechanochemical treatments on LAS glass-ceramic samples at various
parameters are presented, while focusing on the decomposition of the parent high-quartz phase in parallel to
lithium enrichment within the leaching liquor and the formation of zeolite byproducts in the residues. Some of
these results were published in [23]; while the entire achievements including further experimental and analytical
investigations are discussed in the following.

4.2.1 Experimental Results at Various NaOH Concentrations and Reaction Times

In general, the reaction time and the concentration of the leaching agent can be considered as crucial
parameters in hydrometallurgical leaching experiments. Therefore, the NaOH concentration was varied
between 1 and 9 mol/L at reaction times of 30, 60 and 120 min during the mechanochemical treatments, to
evaluate the effects of these fundamental parameters in the context of lithium extraction (see Figure 4-5 (a))
and phase decomposition (see Figure 4-5 (b) to (d)). During these studies, other experimental parameters such
as rotational speed and the ball-to-powder ratio (BPR) were kept constant at 600 rpm and 50 g/g, respectively.
During the first series of experiments, the samples were milled at different concentrations for 30 min each, with
a generally low lithium recovery (< 38 %) and no clear trend that could be observed. In contrast, much higher
yields were determined when the samples were treated for 60 or 120 min in alkaline solutions. Regarding the
data for the 60 min experiments, a clear trend became visible, with an increased lithium extraction with rising
concentration for the range of 1 mol/L (43.0 %) to a maximum reached at 7 mol/I (83.8 %). A further increase in
concentration to 9 mol/L (81.8 %) did not contribute to an increased yield. Considering an extended reaction
time of 120 min, the experiments show the lowest yields at 1 mol/L, while a plateau of promising lithium
extraction values was reached for the concentration range from 3 to 9 mol/L, which reached its maximum at
9 mol/L (93.4 %). In addition to the chemical analysis of the leaching liquid, the temperature of the reactor was
also assessed as an important factor, resulting in relatively uniform values of around 88 + 5 °C, although the 30-
min reaction time tended to give slightly lower temperatures.

Upon mechanochemical treatment, leaching residues were analyzed by PXRD to monitor structural changes such
as the degradation of the lithium-containing high quartz-phase. In this regard, PXRD examinations of the 30-min
samples treated with different NaOH concentrations (see Figure 4-5 (b)) confirmed the presence of the high-
quartz phase as the starting material in all samples, while no evidences of other phases were observed. Similarly,
the diffraction peaks of the high quartz-phase remained unchanged during 60 min (see Figure 4-5 (c)) of ball
milling in combination with NaOH solutions of 1 and 3 mol/L, while the first significant changes in the diffraction
patterns occurred at 5 mol/L, revealing the formation zeolite A (LTA; Nags(H20)3s[SiseAlssO3s4]) with cubic space
group (Pm-3) besides the parent phase. In addition, a further increase in NaOH concentration to 7 or 9 mol/L is
associated with the formation of hydrosodalite (SOD) with cubic space group Im-3m and zeolite N (LTN;
Nasga(H20)394[Al384Siasa01536]) With space group Fd-3m in the residues, while in parallel the peaks of the parent
high-quartz phase became significantly weaker.
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Figure 4-5. (a) Effect of NaOH concentration and reaction time on the lithium extraction. Corresponding PXRD patterns of
the leaching residues obtained after mechanochemical treatments for (b) 30 min; (c) 60 min and (d) 120 min at various

NaOH concentrations in the range of 1 to 9 mol/L. During these investigations, the rotational speed and BPR were kept
constant at 600 rom and 50 g/g. Own work, reproduced from [23].

Finally, diffraction patterns of leaching residues obtained after 120 min of milling were recorded (see Figure 4-5
(d)). Being consistent with the experiments performed for 30 and 60 min, prolonged treatment for 120 min at a
concentration of 1 mol/L did not contribute to a degradation of the parent phase. Unexpectedly, this behavior
changed abruptly when concentrations of 3 mol/L or higher were reached, leading to a complete transformation
of the high-quartz phase into various zeolite frameworks. At a concentration of 3 mol/L, the PXRD reveals the
presence of zeolite P (GIS; Nag(H20)12[Si10Als032]) with tetragonal symmetry (space group /4;/amd) as the main
phase, accompanied by smaller amounts of LTA, while with a further increase to 5 mol/L LTA became dominant
alongside small amounts of GIS and SOD. Upon reaching the highest concentrations of 7 and 9 mol/L, the
diffraction patterns changed once again, with SOD becoming the main phase accompanied by small amounts of
LTN, while the diffraction peaks of GIS and LTA disappeared completely. Repeating the experiments resulted in
identical phase compositions, while only subtle differences in peak intensities were observed in the diffraction
patterns, attributable to slightly different mass fractions of the zeolite phases within the analyzed specimens.

In summary, the zeolite species being present in the leaching residues are strongly dependent on the alkalinity
of the solution, which is in general consistent with the results of hydrothermal zeolite synthesis [165,166]. In
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this context, Subotic et al. [165] demonstrated the conversion of various frameworks such as GIS to LTA and LTA
to SOD with an increase in NaOH concentration. Furthermore, he reported for the transformation from LTA to
SOD a conversion mechanism involving the dissolution of the parent LTA phase in caustic media, and the
formation of primary SOD particles from a supersaturated solution, growing with increased reaction time. A
similar reaction was reported by Peng et al. [166] while studying desilication products of the Bayer process,
revealing the occurrence of LTA at 2 mol/L, a mixture of LTA, SOD and LTN at 4 or 6 mol/L and mainly SOD with
LTN at 8 mol/L NaOH. Moreover, the observed results with GIS-type frameworks being present at 3 mol/L and
the formation of SOD at 5 mol/L could also be confirmed Lee et al. [122], who obtained these zeolites as
byproducts during regular alkaline leaching of glass-ceramic samples (see also chapters 2.3.5).

In addition to the PXRD studies, the different zeolite frameworks obtained in the leaching residues as a function
of NaOH concentration are shown in Figure 4-6, while structural details are summarized in Table 4-2.
Accordingly, GIS and SOD have a comparatively straightforward structure, as they each consist of only one
specific cage type, such as gis and sod, respectively, both of which are named after their parent phase. In
contrast, the LTA and LTN structures are much more complex, consisting of three (d4r, sod and Ita) or even four
(d6r, can, sod and Ita) different cage types. Nevertheless, the structures obtained show important similarities,
such as the presence of sod cages as a structural unit in LTA, SOD and LTN zeolites.

d4r

can

Figure 4-6. Zeolite frameworks being present in leaching-residues such as (a) GIS, (b) LTA, (d) SOD, (e) LTN, while (c) reveals
the building units of these structures. Note that the frameworks and building units are simplified representations of the
structures focusing on the bonding of aluminum and silicon, while oxygen atoms and metal ions (e.g., Na*) are not shown
for better illustration. Therefore, the corners of the polyhedra represent a silicon or aluminum atom, while each polyhedron
edge symbolizes a Si-O-Al bond. Figures reproduced from Baerlocher and McCusker [167].
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Table 4-2. Structural details on relevant zeolite frameworks, obtained during mechanochemical treatments of LAS glass-
ceramic samples. Data derived from [167].

Framework a(A) b (A) c(A) Space Group Building Units
GIS 9.80 9.80 10.15 141/amd gis
LTA 11.91 11.91 1191 Pm-3m dd4r, sod, Ita
SOD 8.95 8.95 8.95 Im-3m sod
LTN 35.62 35.62 35.62 Fd-3m dér, can, sod, Ita

Besides the different types of zeolites occurring in the leaching residues, PXRD investigations also revealed traces
of iron in the ball-milled samples, attributable to slight abrasion of the grinding balls during milling. However,
due its insolubility at alkaline pH, iron remained in the residue and had no significant effect on the downstream
processing of the leaching liquor.

While evaluating the mechanochemical treatments, the 60 min experiments using 7 mol/L NaOH, yielding in a
rather high extraction yield of 83.8 %, can be considered as most effective, since a doubling of time to 120 min
resulted only in a slightly increased yield of 92.4 %. However, when the zeolite formation is taken into account,
the 120-min attempts were more favorable, since the entire feed material was converted into various zeolites,
while the specific species mainly depends on the NaOH concentration.

4.2.2 Influences of Rotational Speed and Ball-to-Powder Ratio

In addition to NaOH concentration and reaction time, the influence of rotational speed and ball-to-powder ratio
(BPR) on both (i) lithium extraction and (ii) zeolite formation were also investigated separately, while the vessel
temperature was monitored accordingly as another important factor for mechanochemical reactions. For these
studies, the most effective experiment from the previous section (chapter 4.2.1) was selected, which was
conducted following a concentration, time, rpm and BPR of 7 mol/L, 60 min, 600 rpm and 50 g/g, respectively,
with either the rotational speed or the BPR being systematically changed in certain ranges.

First, the influence of the rotational speed was investigated and evaluated. As can be clearly seen in Figure
4-7 (a), an increase in speed leads to an increase in vessel temperature, while ICP-OES measurements show a
comparably low extraction yield of approximately 15 to 20 % when milling at 200 to 500 rpm. However, the Li
extraction dramatically increased to 83.8 % at a rotational speed of 600 rpm, where the highest temperature of
89.5 °C was also measured. A similar trend can be observed in the PXRD patterns (Figure 4-7 (b)) of the
corresponding leaching residues, where the diffraction peaks of the high-quartz phase remained unchanged at
200-500 rpm, while at 600 rpm the formation of SOD and LTN was detected, although a small amount of high-
quartz still remained.
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Figure 4-7. (a) Effect of the rotational speed on the lithium extraction and the temperature during mechanochemical
treatment. (b) Corresponding PXRD patterns of the leaching residues. Experiments were conducted for 60 min at different
rotational speeds ranging from 200 to 600 rom, while all other parameters were kept constant at 7 mol/L, 50 g/g, and
60 min. Own work, reproduced from [23].

Secondly, the BPR was varied in a range from 20 to 50 g/g, while the other experimental parameters were

retained. As indicated by Figure 4-8 (a) the yield of lithium extraction was rather low at BPR of 20 g/g with 17 %,

reaching a vessel temperature of 62.8 °C. However, with an increase in BPR, a continuous increase in yield and

temperature was observed, culminating in a significant lithium extraction of 83.8 % at a temperature of 89.5 °C,

when the BPR was set to 50 g/g. In addition, the corresponding leaching residues were analyzed by PXRD (see
(Figure 4-8 (b)), which confirmed the presence of the original high-quartz phase and no phase transformation at
a BPR of 20 g/g. In contrast, at a BPR of 30 g/g, the first signs of zeolites appeared in the PXRD patterns, while
with a further increase to 40 or 50 g/g, the diffraction peaks of SOD and LTN became more intense, which in

turn correlates with the breakdown of the parent phase and the reorganization of the silicate crystal structure.
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Figure 4-8. (a) Effect of the ball-to-powder ratio (BPR) on the extraction rate and the temperature during mechanochemical

treatment. (b) Corresponding PXRD patterns of the leaching residues. During this study the BPR was varied in the range of

20 to 50 g/g, while other parameters were retained at 7 mol/L, 600 rom, and 60 min. Own work, reproduced from [23].
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To supplement the parameter range, more intensified ball milling experiments were carried out at a rotation
speed of 650 rpm and a BPR of 60 g/g, with all other parameters kept constant. In terms of lithium extraction,
slightly higher values of 88.6 % (650 rpm; 50 g/g) and 87.9 % (600 rpm; 60 g/g) were achieved, compared to 83.8
% (600 rpm; 50 g/g), while no significant variations were observed in the corresponding PXRD patterns of the
leaching residues. Although the extraction results appear promising, increased wear of the grinding balls was
observed under these rather harsh conditions, to be considered as a technical and economic disadvantage. For
further discussion of wear during ball milling of lithium silicates, the reader is referred to the following chapter
4.3.6.

As confirmed by ICP-OES and PXRD measurements, increasing the rpom and BPR in conjunction with higher vessel
temperatures are beneficial for both lithium extraction and zeolite formation, with most promising results
obtained at 600 rpm and 50 g/g. At this stage, it was unclear whether temperature and/or intense milling were
the main contributors to the observed effects; therefore, further experimental investigations such as
intermittent milling (chapter 4.2.3), regular leaching (chapter 4.2.4), and reference experiments with ball-milling
in water without NaOH (chapter 4.2.5) were performed to clarify these relationships

4.2.3 Intermittent Milling Experiments and the Role of Temperature

For isolating the effect of temperature on the mechanical treatment, intermittent trials were realized in which
the samples were milled for 10 min followed by 10 min breaks to allow the vessel to cool. This process was
repeated 12 times to achieve a total reaction time of 120 min, while maintaining the other experimental
parameters. In this context, the temperature measurements show significantly lower values of 73 °C for the
intermittent experiments, compared to 92 °C achieved when the samples were milled without any interruption.
Contrary to expectations, the analytical studies show similar extraction rates of 90.2 % for the interrupted
experiments, as compared to 92.4 % at standard conditions, while the parallel PXRD studies resulted in nearly
identical diffraction patterns (see Figure 4-9), both indicating SOD and LTN as the main zeolite phases.
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However, when comparing these diffraction patterns, subtle variations in the peak intensities were observed,

attributable to slightly different mass fractions of the zeolite phases in the samples. Semiquantitative
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calculations via the Reference Intensity Ratio (RIR) method revealed mass fractions of 30 % SOD and 67 % LTN
in samples without breaks as well as 25 % SOD and 72 % LTN in samples with intervals, while a constant a-lron
content of about 3 % was recorded in both samples. In conclusion, the observations made during intermittent
experiments indicate only a minor role of temperature, occurring as an unavoidable side effect of intensive
milling.

4.2.4 Reference Experiments including Regular Leaching

To address the question of whether ball milling, which is typically associated with a pronounced reduction in
particle size and partly amorphization of the crystal lattice, is essential for lithium extraction and/or zeolite
synthesis, regular leaching experiments were performed. Therefore, the glass-ceramic powder was leached
directly as received from the pretreatments (particle size < 500 um), using identical parameters as those used
in the mechanochemical treatments, i.e., the concentration of NaOH, time, temperature and liquid-solid-ratio
were maintained at 7 mol/L, 120 min, 90 °C and 10:1 mL/g, while the suspension was stirred conventionally at
500 rpm without further intensive milling. In addition, identical experiments were carried out, but with a
reaction time three times longer (for 360 min) to investigate the effects of prolonged reaction time during
regular leaching. As expected, a rather low extraction yield of 8.1 % was obtained after 120 min, while
significantly larger amounts of lithium (37.1 %) were extracted when the leaching time was extended to 360 min.
Supporting PXRD measurements (Figure 4-10) of the corresponding leaching residues confirmed these results,
as the high-quartz phase was still stable at 120 min, while after an extended treatment of 360 min the first signs
of zeolites such as SOD and LTN appeared besides the parent phase in the diffraction patterns, which can be
seen as an indication of the beginning degradation of the starting material. It can therefore be concluded that
the leaching of lithium and the conversion of LAS glass-ceramics into zeolites generally takes place even without
ball-milling, although at significantly lower conversion rates.
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Since lithium recovery from LAS glass-ceramics has been sparsely addressed in the scientific literature (see
Chapter 2.3.5), the obtained results can only be compared with the work of Lee et al. [122], who investigated a
similar regular leaching approach at alkaline conditions. Comparing the leaching rates obtained in this work at
360 min (37.1 %) with those of Lee et al. (approx. 42 %), quite similar results were obtained in both approaches,
when samples with similar particle sizes are considered. In addition to experiments at different NaOH
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concentrations, Lee et al. also investigated different particle sizes, resulting in an extraction rate of about 70 %
at optimal conditions, including a comparably long reaction time of 12 h and a fine grinding of the starting
materials to a particle size of 53 um. Unexpectedly, longer leaching up to 48 h did not lead to enhanced
extraction due to the formation of core-shell particles in the leach residues (Figure 4-11), which consist of an
unreacted LAS core and a zeolite P-shell (GIS framework) at 2 mol/L, as indicated by cross-sections of particles
in corresponding SEM micrographs.

In particular, the formation of this type of zeolite shells, which hinder both further lithium extraction and the
complete conversion of the starting material into zeolites, can be seen as a major disadvantage of regular
leaching approaches. In contrast, the mechanochemical route, which combines ball-milling with simultaneous
leaching, prevents the formation of these types of particles by removing reaction products on surfaces, resulting
in complete conversion of the feedstock, according to the pseudo-fluid model, while the majority of the lithium
passes into solution, with leaching rates of up to 93.4 % being achieved in a comparatively short time of 120 min.
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4.2.5 Reference Experiments including Ball Milling in Water

Besides regular leaching, additional reference experiments were performed in which the LAS samples were ball-
milled in water instead of NaOH solution to pursue changes in particle and crystallite size without chemical side
reaction at similar experimental conditions.

For this purpose, the crystallite sizes were estimated via the Scherrer equation in conjunction with PXRD
measurements (see Figure 4-12), while the corresponding aqueous solutions were monitored in parallel by ICP
measurements. Concerning the broadening of the main diffraction peak of the high-quartz phase occurring at
29.5 °26, a trend of slightly decreasing crystallite sizes with an increase in milling time was observed, starting at
70 nm (feed material), followed by 60 nm (30 min), 55 nm (60 min) and 50 nm (120 min). Corresponding ICP
analyses of the aqueous medium revealed lithium contents of up to 90 mg/L after 120 min of treatment, which
corresponds to a negotiable lithium extraction of about 4 %. It is therefore assumed that crystallite size
reduction in the glass-ceramic samples plays only a minor role in the overall mechanochemical route.
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In contrast to the crystallite size estimates, laser diffraction (see Table 4-3) revealed a tremendous reduction in
particle size within the first 30 min of planetary ball milling in water, resulting in a dso value of 4.1 um,
considerably lower than 124.0 um measured in the starting material. A further increase in milling time to 60 or
120 min did not lead to a significant reduction in particle size; in the 60-min sample even slightly larger particles
of of 4.5 um were observed, which are attributed to particle agglomeration during ball milling and/or sample
drying. In conclusion, the highly effective particle size reduction observed in the reference experiments can also
be expected during ball milling in NaOH solution and is therefore considered to be one of the main driving forces
of the mechanochemical process.

Table 4-3. Particle sizes of glass-ceramic samples in reference experiments, based on ball-milling in water instead of NaOH
solution. Values were obtained from laser diffraction measurements.

Time [min] dio [um] dso [um] doo [um]
0 12.4 124.0 413.0
30 0.5 4.1 23.4
60 0.6 4.5 28.0
120 0.6 4.0 25.0

4.2.6 Structural Changes and Physicochemical Properties of Leaching Residues

For better comparison and to illustrate structural changes in the leaching residues as a function of reaction time,
samples were selected that were treated with 7 mol/L NaOH under optimal conditions, including rotational
speed of 600 rpm and BPR of 50 g/g while analyzing the solids via FT-IR and BET in addition to PXRD.

Regarding the PXRD studies, the data have already been presented and discussed in detail in the previous
chapter 4.2.1. The result summarized in Figure 4-13 (a), reveal no significant changes in the diffraction patterns
at 30 min. However, the formation of SOD and LTN zeolites were observed after prolonged ball milling for
60 min, while at 120 min the entire feed had been converted into these phases.
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Figure 4-13. (a) PXRD patterns and (b) FTIR spectra of the starting material compared to byproducts (leaching residues)
obtained after 30; 60 and 120 min of ball-milling in alkaline solution. Experimental parameters such as concentration,
rotational speed and BPR were retained at 7 mol/L, 600 rpm, 50:1 g/g, respectively. Own work, reproduced from [23,163].

In particular, FT-IR spectroscopy was adopted complementary to PXRD measurements to evaluate changes in
molecular bonding of aluminum and silicon during alkaline mechanochemical treatments. As illustrated in Figure
4-13 (b), the prominent peaks of the starting material located at 1077 and 1012 cm™ remained unchanged in
the 30-min sample, while they completely disappeared in the 60- and 120-min samples, which can be generally
attributed to the reorganization of the molecular bonds. When comparing the spectra of the reaction products
with literature data [168-171], the characteristic peaks observed at 993, 732, 709 and 667 cm?, can be
attributed to Si-O-T (T = Al, Si) symmetric and asymmetric stretching vibrations of SOD, while the peaks observed
at 465 and 436 cm™ can be assigned to the bending of O-T-O (T = Al, Si) oxygen bridges of the same phase (see
also Table 4-4). Moreover, FT-IR analysis confirms the overall tendency of the decomposition of the starting
phase and parallel reorganization of the leaching residues into zeolites with increasing reaction time. In contrast
to PXRD, FT-IR spectroscopy is unable to differentiate between SOD and LTN, as both structures are similar and
consist of the identical building units.

Table 4-4. Indexed absorption bands of hydrosodalite (SOD) shown in the FT-IR spectra (see Figure 4-13).

Functional Group Wavenumber [cm™] Attribute Reference
O-T-0 436 bending vibration [170,171]
O-T-0 465 bending vibration [170,171]
Si-O-T 667 symmetric stretching [168,170]
Si-O-T 709 symmetric stretching [168,170]
Si-O-T 732 symmetric stretching [168,170]
Si-O-T 993 asymmetric stretching [168,170]

Besides structural investigations, physicochemical properties of these leaching residues were investigated via
N, adsorption/desorption, while BET analysis were chosen to calculate surface areas of the sample powders. As
expected, the LAS feed material (particle size < 500 um) exhibited a rather low surface area of 1.8 m?/g, while
with increasing duration of the mechanochemical treatment for 30, 60, or 120 min, significantly higher values
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of 20.2, 25.2, or 29.8 m?/g were determined (Table 4-5). The observation of increased N, adsorption capacity is
related to the physical particle-size reduction due to intensive ball-milling (see also chapter 4.2.5), which is
accompanied by an increase in the BET surface area. In addition to smaller particles, also the progressive
chemical transition from a dense LAS glass-ceramic to a much more porous zeolite framework contributes to a
higher adsorption capacity. Therefore, the highest BET value of 29.8 m?/g was achieved with the longest
experimental procedure (120 min), in which the entire feed material was converted into SOD and LTN zeolites.
However, the obtained BET surface areas of the specimens were higher compared to similar studies by Esaifan
et al., where values of 14.5 [105] or 20.5 m?/g [172] were reached, when the SODs were prepared employing
other low-cost starting materials such as low-grade kaolin or basalt powder, respectively. An explanation for this
phenomenon can be seen in the different synthesis routes (mechanochemical vs. hydrothermal synthesis),
which consequently led to a smaller particle size as a result of intensive ball milling during synthesis. In general,
the comparatively large surface areas imply significant adsorption capacities for inorganic and organic
pollutants, which was investigated separately in chapter 4.5 exemplarily for heavy metal ions in aqueous
solution.

Table 4-5. BET surface area of LAS glass-ceramic-based samples in dependency of reaction time and phase composition.

Sample BET Surface [m?/g] Main Phases
0 min 1.8 B-QTZ

30 min 20.2 B-QTZ

60 min 25.2 B-QTZ, SOD, LTN

120 min 29.8 SOD, LTN

4.2.7 SEM and TEM Investigations

Apart from PXRD and FT-IR, selected leaching residues obtained after mechanochemical treatment under
optimal conditions (7 mol/L NaOH, 120 min reaction time) were further investigated by SEM and TEM. SEM-SE
investigations (Figure 4-14 (a)) reveal euhedral crystals with pristine crystal faces, most probably with cubic or
pseudo cubic symmetry. More detailed investigations using TEM (see Figure 4-14 (b)) generally confirmed the
SEM results and, in conjunction with SAED and EDS, allowed to identify the zeolite LTN (Fd-3m), already known
from earlier PXRD investigations as the main constituent of the sample.

Although the euhedral habit and pristine crystal faces of the zeolites were not expected in a ball-milled sample,
the crystallization of LTN during mechanochemistry, which in this case includes ball-milling in NaOH solution,
appears to be possible. Moreover, crystallization and formation of LTN during sample drying has also been
discussed in the past, however a side study (not shown here) revealed identical samples concerning phase
composition (PXRD) and crystal growth (SEM) despite different drying conditions, ranging from freeze-dried at -
60 °C to oven-dried at 105 °C. Therefore, it can be concluded that the pristine crystallites were formed during
the ball milling process at about 90 °C.
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Figure 4-14. (a) SEM and (b) TEM micrographs including localized EDS measurements of leaching residues obtained at
optimum conditions (7 mol/L NaOH, 120 min reaction time), revealing the presence of euhedral crystals of LTN, which was
identified via SAED in conjunction with EDS. Own work, reproduced from [163].
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Short Summary - Mechanochemical Treatments of LAS Glass-Ceramics

When summarizing the experimental results of the previous chapter, the high efficiency of the
chosen mechanochemical route was most remarkable, as a lithium extraction of up 93.4 % and a
complete conversion of the LAS glass-ceramic into zeolite phases were achieved under optimal
parameters in a comparatively short time.

e Mechanochemistry

o These investigations reveal the crucial role of reaction time, rotational speed and
the BPR for lithium extraction and zeolite formation, while the most promising
result were obtained at 120 min, 600 rpm and 50 g/g.

o Important to note is the role of the NaOH, which is less important for the lithium
extraction since promising results were achieved for a broad range of 3 to 9 mol/L.

o Incontrast, the NaOH concentration was determined as a crucial parameter during
zeolite formation, leading to the predominant formation of GIS- and LTA-type
frameworks at 3 and 5 mol/L and SOD and LTN at higher concentrations of 7 and
9 mol/L.

o Intermittent experiments reveal a minor role of the temperature, occurring as an
unavoidable side effect of intensive milling.

o BET data on leaching residues reveal surface areas of up to 29.8 m?/g, which can
be attributed to the physical particle size reduction and to the formation of porous
framework zeolites.

e Reference Experiments

o Regular leaching with 7 mol/L NaOH resulted in a low extraction yield, while
prolonged attempts for 3 hours resulted in a slightly higher rate of 37.1 %, with the
first signs of SOD and LTN.

o It can therefore be concluded that the leaching and zeolite formation generally
takes place even without ball-milling, although at significantly lower rates.

o Ball-milling in water under comparable conditions resulted in a slight decrease in
crystallite sizes from 70 to 50 nm, while particle size analysis indicated a significant
decrease from 413.0 to 23.4 um after 30 min of ball-milling; no further changes
were observed for the 60- and 120-min samples.

In summary, the beneficial role of ball milling must be emphasized when considering all of the
experimental and analytical results. Accordingly, the grinding process during alkaline leaching leads
to a reduction in particle size, the creation of new surfaces and the removal of reaction products
such as zeolites from surfaces, which enables the almost complete extraction of lithium and an
entire conversion of the starting material into framework silicates, according to the pseudo-fluid
model, within a relatively short time.
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4.3 Mechanochemical Treatment of Primary Lithium Minerals

The high efficiency of the chosen mechanochemical route in terms of lithium extraction and zeolite formation
has already been demonstrated in the preceding chapter 4.2, focusing on LAS glass-ceramics as source material.
Moreover, the transferability of this promising approach to naturally occurring lithium minerals such as
lepidolite, spodumene and petalite was investigated. The alkaline decomposition of these minerals has already
been investigated by several authors, typically using highly alkaline conditions in combination with autoclaves
operating at high temperatures and pressures. Furthermore, mechanical activation of lepidolite and spodumene
in air or water has also been investigated as a pre-treatment method prior to regular acidic leaching. Although
some of these approaches have been known for decades, a mechanochemical route combining both ball milling
with alkaline leaching was still lacking, which also triggered the research of this work. Several findings of these
investigations were already published in [24]; however all results are discussed in detail in the following sections.

4.3.1 Lithium Recovery at Favorable Experimental Conditions

Ball milling experiments were carried out to examine whether the favorable experimental parameters of the
glass-ceramic study are also advantageous for the naturally occurring lithium silicate minerals lepidolite,
spodumene and petalite. These investigations involved varying the NaOH concentration between 7 and 9 mol/L
and different reaction times of 30, 60 and 120 min to determine their impact on the lithium extraction rate and
the formation of zeolite phases. For this purpose, other experimental influences such as rotation speed, ball-to-
powder ratio, liquid-to-solid ratio, sample volume and ball size were kept constant at 600 rpm, 50 g/g, 10 ml/g,
10 g and 10 mm, respectively. To validate the leaching experiments, an extraction rate, which represents the
fraction of lithium that has passed into solution, was calculated based on the ICP-OES measurements according
to equation (19). The overall results of these studies are summarized in Figure 4-15, highlighting significant
variations in extracted lithium among the three minerals assessed under the same experimental conditions.
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Generally, the recovery was lowest when lepidolite was employed, although the recovery rate increased slightly
with reaction time, reaching a maximum of 18.2 % at 120 min using 7 mol/L NaOH. A similar trend was observed
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for spodumene, although a slightly higher recovery rate of 28.4 % was attained with the same experimental
settings. The application of petalite surprisingly resulted in significantly higher leaching rates when compared to
the attempts with lepidolite and spodumene. Although only a slightly higher rate was achieved at 30 min, this
changed considerably at reaction times of 60 and 120 min, with recovery rates of 54.1 and 84.9 %. For the
influence of the concentration on the Li-extraction no clear tendency was recognized, as there were only slight
deviations between the tests with 7 and 9 mol/L, regardless the sample material.

4.3.2 Structural Changes and Physicochemical Properties of Leaching Residues

In addition to ICP-OES focusing on liquid samples, the corresponding leaching residues were evaluated by means
of PXRD, FT-IR, SEM and BET to reveal structural, morphological and physicochemical changes due to ball milling
in alkaline media.

To monitor the degradation of the lithium-containing phases as an effect of the mechanochemical treatment,
PXRD was chosen to determine possible changes in the crystal structure. The diffraction patterns obtained are
shown in Figure 4-16 and Figure 4-17 whereby the focus is only on the results at 7 mol/L NaOH, as there were
only subtle variations between the two sodium hydroxide concentrations examined.
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Figure 4-16. PXRD patterns of the leaching residues based on lepidolite (a) and spodumene (b) after mechanochemical
treatment using 7 mol/L NaOH solution at different reaction times. Own work, reproduced from [24].

As can be clearly seen in Figure 4-16 (a), no significant changes such as the formation of new phases can be
observed in the lepidolite samples during the ball milling experiments carried out for up to 120 min, thereby
confirming the stability of this phase under the chosen parameters. Similarly, no notable changes in the
diffraction patterns were observed for spodumene (see Figure 4-16 (b)) milled in alkaline media for 30 or 60
min. However, this changed when the reaction time was extended to 120 min, when the first indications of
hydrosodalite (SOD) appeared as a reaction product, considered to be the first sign of decomposition of the
mother phase.

When the petalite samples were subjected to PXRD shown in Figure 4-17 (a), the formation of hydrosodalite
was evident after only 60 min of treatment, while the corresponding diffraction peaks became considerably
more intense with extending reaction times up to 120 min. Therefore, it can be concluded, that intensive ball
milling in alkaline media led to a progressive decomposition, restructuring and conversion of the petalite phase
into a zeolite framework, whereby a considerable proportion of lithium of up to 84.9 % was concentrated in the
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solution at 120 min. On closer inspection of the diffraction pattern, small remnants of petalite were still present
even after 120 min, indicating an incomplete transformation of the feedstock. In addition, traces of quartz and
analcime were present, attributable to inhomogeneities in the natural starting material, as they were already
recognized prior to the mechanochemical treatments (see Figure 4-1 (d)).
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Figure 4-17. (a) PXRD patterns and (b) FT-IR spectra of petalite based leaching residues after mechanochemical treatment
using 7 mol/L NaOH solution at different reaction times. Own work, reproduced from [24].

Regardless of the source material, a slight decrease in the intensity of the main diffraction peaks was observed
in the lepidolite, spodumene and petalite samples, which can be attributed to a reduction in crystallite size as a
result of the intense ball milling process. In addition to the phases already identified, a diffraction peak around
52.3 °208 was observed in petalite and spodumene samples, indicating the presence of minor amount of alpha
iron, attributable to a certain wear of the grinding balls caused by the comparable abrasive silicates. As a result
of distinct variations in Mohs hardness (see Table 2-2), the alpha-iron peak was missing in the lepidolite samples
with the lowest hardness and most pronounced in the spodumene specimens with the highest hardness of 6.5-
7.5, leading to a comparably severe wear of the grinding equipment during the milling experiments. However,
the iron content in the leaching residues had no effect on the downstream processing of the leaching liquor,
since iron is insoluble at high pH values.

Structural changes, as revealed by PXRD measurements, require changes in the molecular bonding of aluminum
and silicon. Therefore, FT-IR spectroscopy was chosen as a complementary method to monitor the treatment of
petalite samples with 7 mol/L NaOH solution at constant milling parameters for different times. The results are
illustrated in Figure 4-17 (b), where no relevant variations in the FT-IR spectra were recorded in the 30-min
sample compared to the starting material before grinding. With an increase in the reaction time to 60 min, the
first changes occur in the 1000 cm™ range, while the characteristic stretching vibrations of petalite at 1223, 1084
and 1022 cm disappeared after 120 min, indicating a structural reorganization of the molecular bonds.
Additionally, the newly formed peaks could be assigned to a sodalite phase, which is characterized by its distinct
Si-O-T (T = Al, Si) stretching and bending vibrations at 993, 734, 706 and 663 cm™ besides the bending of the
oxygen bridges at 465 and 436 cm™. Overall, the FTIR spectra acquired for petalite- and hydrosodalite-rich
samples are in good agreement with literature data (see Table 4-4) and further support the PXRD results, both
of which indicate a decomposition of the petalite structure and a conversion to a sodalite framework with
progressive ball milling in alkaline solution.
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The microstructural investigations by SEM including EDS measurements focused on the petalite-based leaching
residue after 120 min to determine the size, morphology, distribution and local chemistry of the crystallites. The
SEM-SE images in Figure 4-18 (a) and (b) reveal the presence of intergrown isometric crystals with a size of about
200 to 800 nm, characterized by a pronounced dodecahedral habit and chemically composed mainly of Na, Al,
Si and O according to semi-quantitative SEM-EDS analysis.
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Figure 4-18. SEM-SE micrographs of petalite based leaching residues obtained under optimal conditions (7 mol/L NaOH, 120
min ball milling). In (a) a remnant of an unreacted petalite cleavage lamella surrounded by hydrosodalite crystals is revealed,
while (b) exhibits intergrown isometric hydrosodalite (SOD) crystals with a distinct dodecahedral habit. Corresponding SEM-
EDS measurements (b) confirmed Na, Al, Si, and O as the main components of sodalite, while small signals of Fe and Cu
originate from iron-rich fragments or sample coating. Own work, reproduced from [24].

Being consistent with the PXRD measurements, SEM-SE imaging in association with SEM-EDS identified platelet-
shaped iron-rich fragments and remnants of unreacted petalite in tiny cleavage lamellae (see Figure 4-18 (a)),
however rarely observed. In particular, the morphological and chemical characteristics of these crystallites
correspond well with hydrosodalite, which has already been determined as the dominant phase via PXRD and
FT-IR measurements. Although the occurrence of pristine hydrosodalite crystals with euhedral habit and sharp
edges was unexpected for a ball-milled sample, similar results were obtained for LTN based zeolites in chapter
4.2.7. Therefore, both cases suggest a comparatively undisturbed crystal growth during the ball milling process
in alkaline media at elevated temperatures.

Changes in specific surface area caused by mechanochemical treatments on petalite samples were monitored
by BET measurements (see Table 4-6) using the same samples characterized above by PXRD and FT-IR (Figure
4-17 (a) and (b)). Starting from a comparatively low BET surface area of 1.3 m?/gin the feed material, significantly
higher values of 10.3, 11.9 and 18.5 m?/g were obtained with increasing reaction times of 30, 60 or 120 min.
One explanation for the observed trend of increasing N> adsorption capacity with time is the reduction in particle
size associated with an increase in surface area, which is particularly valid for the 30- and 60-min samples, where
only minor variations were observed in PXRD and FT-IR studies. Another reason, particularly evident for the 120-
min sample, is the transformation into a more porous zeolite framework, which additionally contributes to a
larger surface area.
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Table 4-6. BET surface area of petalite-based samples depending on reaction time and phase composition.

Sample BET Surface [m?/g] Main Phases
0 min 1.3 PTL

30 min 10.3 PTL

60 min 119 PTL, SOD

120 min 18.5 SOD, PTL

When comparing the BET results obtained here with those of the glass-ceramic study, slightly different specific
surface areas were observed, such as 18.5 m?/g for petalite-based zeolites compared to 29.8 m?/g for the glass-
ceramic-based ones. The most probable explanation for the lower BET surface area of the mineral sample is
attributable to the incomplete conversion of the starting material into framework silicates, as complementary
methods such as PXRD (see Figure 4-17 (a)) or SEM (see Figure 4-18 (a)) revealed remnants of petalite, having a
significantly lower specific surface. In addition, deviations in particle size also affect the N
adsorption/desorption capacity, as finer particles generally have a higher specific surface area. Specifically, this
tendency was observed in reference tests with dso particle sizes of 4.1 um (glass-ceramic) vs. 10.8 um (petalite)
after 30 min of ball milling, which explains these deviations without the formation of zeolites.

4.3.3 Reference Experiments

In consistency with the study on LAS glass-ceramics, samples of lithium minerals were also involved into
reference experiments based on regular leaching and ball milling in water. During regular leaching, the
suspension was stirred at 500 rpm instead of being intensively ball milled, while other parameters such as NaOH
concentration, time, temperature and LSR were kept constant at 7 mol/L, 120 min, 90 °C and 10:1 mL/g
respectively. As expected, the proportions of lithium passing into solution were significantly lower compared to
the mechanochemical tests, resulting in a limited extraction yield of 1.4 % (lepidolite), 4.0 % (spodumene) and
3.4 % (petalite). The trend of low lithium extraction was additionally confirmed by PXRD measurements on the
corresponding leaching residues (data not shown), which indicated no significant changes, such as the
decomposition of the parent phases.

Ball milling in water was adopted to obtain data on crystallite and particle sizes. Therefore, identical
experimental parameters as in mechanochemical trials were applied, utilizing water instead of NaOH solution
to avoid chemical side reactions during ball milling.

The corresponding PXRD patterns are shown in Figure 4-19, where the main diffraction peaks of lepidolite
(31.361 °268), spodumene (37.352 °28) and petalite (28.237 °20) reveal a significant broadening, generally
attributable to a decrease in crystallite size with an increase in milling time. To estimate the crystallite size, the
Scherrer equation was employed, which indicated comparatively large crystallites in the starting materials and
in the lepidolite sample, which clearly exceed the upper limit of the equation of around 200 nm. This observation
is generally consistent with supplementary SEM investigations (see Figure 4-3), which showed large um-sized
crystals in the starting materials. Aiding the Scherrer equation resulted in a trend of decreasing crystallite sizes
with time for spodumene and petalite samples. Both starting from um-sized crystals in the feed, ball milling
resulted in significant smaller crystallites of 190 nm (30 min), 140 nm (60 min) and 110 nm (120 min) in
spodumene samples, while petalite specimens tended to slightly larger crystallites of 160 hm (60 min) or 150 nm
(120 min). This trend towards decreasing crystallite sizes is particularly pronounced in the mineral samples, as
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the initial crystallites in the um range are comparatively large relative to those of the glass-ceramic feed material

with a crystallite size as small as 70 nm in the beginning.
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Figure 4-19. Diffraction patterns (PXRD) of reference samples, obtained by ball milling of (a) lepidolite, (b) spodumene and
(c) petalite specimens in water for different times. All samples revealed a broadening of main diffraction peaks, which was
further applied for crystallite size estimation via the Scherer equation.

In parallel, laser diffraction measurements (see Figure 4-20) show a significant reduction in dso particle size for
all samples within the first 30 min of ball milling, while further increasing the time to 60 or 120 min did not
significantly contribute to smaller particles; a trend already observed during the LAS reference study (see
chapter 4.2.5). Focusing on petalite, the initial dso value of 153 pm decreased substantially to 10.8 um after
30 min, while prolonged treatment for 60 min (9.3 um) or 120 min (6.4 um) resulted in only very minor changes.
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In addition to analyzing the crystallite and particle sizes, the corresponding water samples were monitored using
ICP-OES measurements, which indicated a negligible loss of lithium in all samples. The highest value was
achieved for petalite, with up to 143 mg/L Li released into the water, representing an extraction yield of
approximately 5.9 %. Although the reference data based on regular leaching and ball milling in water indicated
uniform trends for lepidolite, spodumene and petalite, substantial discrepancies in lithium extraction and zeolite

formation were identified during mechanochemical leaching (see chapter 4.3.1). Therefore, other
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considerations need to be addressed to provide an explanation for the increased reactivity of petalite, as for
example the specific crystal structures.

4.3.4 Influence of Different Crystal Structures on the Leachability of Lithium

The evaluation of the experimental results using ICP-OES, PXRD and FT-IR measurements demonstrated an
effective lithium extraction is only achievable if the parent phase is successfully decomposed by intensive
mechanical and/or chemical forces. Within the selected parameter range, however, this was only achieved for
petalite samples, while the experiments with lepidolite and spodumene generally turned out less promising.
Therefore, the crystallographic properties of lepidolite, spodumene and petalite were further analyzed in detail
in order to find a conclusive explanation for the differences in leachability and reactivity. A closer look at the
crystal structure at the unit cell level (see Figure 4-21) shows that lepidolite and spodumene have densely packed
structures. In comparison, petalite reveal a more open three-dimensional framework structure, which is
generally favorable for achieving high rates in leaching processes.

a4

Figure 4-21. Idealized crystal structures on the unite cell level of the investigated minerals (a) lepidolite; (b) spodumene and
(c) petalite. The grayish colored areas indicate the most important cleavage planes within the structures, while the
orientation of the unit cell is given next to each structure. Note that the figures were created using VESTA 3 [134] employing
atomic radii.

In addition to a lower packing density within the unit cell, the coordination of Li* and AI** ions in petalite are
tetrahedral rather than octahedral as in lepidolite or spodumene [92,93]. Owing to the structural properties,
differences in physical and optical properties have been observed, such as a lower refractive index and a lower
birefringence, when petalite is compared to lepidolite or spodumene (see Table 2-2) [88-90]. These
observations were further supported by atomic packing calculations by Welsch et al. [173], who calculated ionic
porosities for a-spodumene and petalite according to equation (26), where V; correlates to the total volume of
all cations and anions per formula unit and V. represents the total volume of the unit cell.

7= ( - 9) 100 (26)

c

Accordingly, an ionic porosity of Z = 43.5 was recorded for densely packed a-spodumene, while petalite samples
showed a much higher value of Z = 57.8, indicating a more open crystal structure, generally favorable for the
movement of ions, such as Li* during leaching experiments. In addition, the value determined for petalite
resembles the ionic porosity of a-quartz (Z=59.9) [174], which is known to be one of the most open silicate
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structures. In addition to ionic porosity, Effenberger et al. [175] successfully substituted lithium with hydrogen
by a rather harsh treatment involving concentrated H,SO, at 300 °C for 90 h to prepare Li/H-exchanged petalite
(HAISi4010) for structural examinations. These findings reveal a cation exchange capacity within the petalite
crystal structure, which also contributes to the increased leachability of this mineral compared to lepidolite or
spodumene.

In addition to packing and bonding within the elementary cell, which have already been identified as critical
parameters for the release of lithium, a further contribution can be seen in the activation of cleavage planes
within the mineral samples through intensive ball milling during the mechanochemical treatment. Within the
layered silicate structure of lepidolite (see Figure 4-21 (a)), comparably strong bonds of Si-O and Al-O appear
within the tetrahedral layer, which is in addition strongly bound to the octahedral layer. Therefore, perfect
cleavage in lepidolite is restricted to the zone between the layer stacks perpendicular to (001), where the
relatively large K* cations are located for charge balance, while the comparatively small Li* cations are bound to
the octahedral layer, where it replaces part of the AI** [73]. Therefore, when lepidolite samples are ball-milled,
delamination along the 001-cleavage plane is expected where the K sites are located. Consequently, leading to
the predominantly K* leaching, while Li* cations stay captured in the octahedral layer. A trend, which was
confirmed by experimental data, revealing a comparatively high leaching rate for K of 32.0 %, while at the same
time only 18.2 % of Li passed into solution.

In contrast, spodumene (see Figure 4-21 (b)) exhibits an inosilicate structure consisting of parallel chains of
[SiO4)-tetrahedra and [AlOg]-octahedra, both connected by corners and running in c-direction, while the gaps in
the structure are filled with Li* cations [73]. Moreover, spodumene exhibits two perfect cleavages along the
(110) and (1-10) directions, which intersect at an angle of 87 ° [73]. During the mechanochemical treatment, the
activation of both cleavage systems is expected, leading to the disruption of several bonds. However, this effect
has only a minor impact on the release of lithium, which is comparably challenging to leach as it is 6-fold
coordinated in the spodumene structure. Furthermore, this assumption was confirmed by analytical data, which
led to a maximum extraction rate of 28.4 % even under the most intensive operating conditions.

Petalite's crystal structure (see Figure 4-21 (c)) is discussed controversial, as on the one hand it is a three-
dimensional framework of TOs-tetrahedra (with T = Li; Al or Si), which are connected to each other via corners
by sharing an oxygen atom [91,176]. On the other hand, due to the perfect arrangement of cations at certain
crystallographic positions, petalite can also be classified as a layered silicate consisting of folded [SisO10]-layers
perpendicular to (001) connected by LiOs- and AlOs-tetrahedra [91,176]. Of particular importance is the
tetrahedral coordination of Al** and Li* in the petalite structure [92], which distinguishes it from lepidolite and
spodumene. In addition, the weakest bonds in the structure are expected to be exactly parallel to these layers
and perpendicular to (001), resulting in perfect cleavage along this orientation. Similarly, to the other lithium
minerals, it can also be assumed that petalite undergoes preferential cleavage along the weakest points during
ball milling, which leads to the continuous formation of new sample surfaces with Li sites. Therefore, it can be
summarized that the lower lithium coordination, which leads to a more open framework, in combination with
the cleavage along the lithium sites during ball milling explains the higher reactivity of petalite, which leads to a
high extraction yield of 84.9 % in addition to the formation of zeolites under optimal conditions.
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4.3.5 Discussion of the Results in the Context of the Literature

In summary, the results obtained in this chapter demonstrate the applicability of the alkaline mechanochemical
route for petalite samples, with reasonable results being attained at comparably mild NaOH concentrations of
7 mol/L. In general, these results are in agreement with the investigations on the glass-ceramic samples in
chapter 4.2, although a complete conversion of the starting material into framework silicates and a slightly
higher leaching rate (93.4 vs. 84.9 %) was achieved there at 120 min.

Furthermore, the extraction yield obtained for petalite can compete with autoclaving approaches using
significantly higher concentrated caustic solutions of 14 to 16 mol/L NaOH in combination with CaO at an
elevated temperature of 240 to 280 °C, where leaching rates of 89-94 % for lithium were achieved [104].
Furthermore, as a result of the decomposition of the mother phase, a sodium-calcium hydro silicate (Na,O-
2Ca0-2Si0,-2H,0) was found to be formed as a byproduct in the sediments. In particular, the high caustic
consumption must be assessed critically for economic and technical reasons, as up to 560 to 640 g/L NaOH was
required here [104], which is at least twice as high as in the mechanochemical process, where 280 g/L NaOH
was employed. Besides lithium, the compared processes also differ in their byproducts, being present in the
leaching residues. For instance, lvanenko and Pavlenko [104] obtained a sodium-calcium hydro-silicate,
presumably having applications in the cement industry, while the mechanochemical residues consist of Na-rich
zeolites, having a variety of applications due to their special properties in molecular sieving or selective
adsorption.

In contrast to petalite, considerably less promising results were obtained for lepidolite and spodumene in the
selected parameter range at comparably moderate NaOH concentrations of 7 to 9 mol/L. An explanation for this
behavior was given in chapter 4.3.4, highlighting significant structural differences within the investigated
minerals, such as the coordination of lithium or the activation of cleavage planes with lithium sites during ball
milling. Particularly for lepidolite or a-spodumene, alkaline decomposition by high-pressure hydrothermal
autoclaving is considered more promising, as it achieves higher leaching rates of more than 90 %, but requires
higher temperatures of about 250 °C and strongly alkaline conditions with 400 to 760 g/L NaOH, sometimes with
the addition of CaO to further improve leachability [21,22,103]. An outlook for further mechanochemical
investigations on lepidolite or spodumene could therefore focus on significantly higher NaOH concentrations or
thermally pretreated samples, as both are expected to improve the reactivity of these silicates.

4.3.6 Wear of the Milling Balls during Mechanochemical Experiments

Since analytical investigations via ICP-OES, PXRD and SEM measurements revealed traces or minor amounts of
iron in most of the leaching residues as an unavoidable side effect of milling, the wear of the grinding balls was
monitored experimentally by means of weighting before and after the trials.

Therefore, the LAS glass-ceramic powder (investigated in chapter 4.2) as well as the lithium minerals lepidolite,
spodumene and petalite were evaluated, using identical experimental parameters such as 7 mol/l NaOH, a
rotation speed of 600 rpm, grinding balls of 10 mm and a BPR of 50 g/g, corresponding to 500 g balls per 10 g
powder. The corresponding results, calculated as wear per hour [g/h], are summarized in Table 4-7, revealing
clear differences in the wear of the stainless-steel grinding balls. Generally, it is expected, that the wear during
planetary ball milling rises with increasing operating time, rotational speed and ball filling level [177,178]. As
these parameters were kept constant during this investigation, their contribution can be considered negligible,
while the wear can be directly attributed to the abrasiveness of the sample material.
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Table 4-7. Wear of the stainless-steel grinding balls [g/h] determined during the mechanochemical treatment of various
samples in comparison to their Mohs hardness. These values were experimentally acquired at identical milling parameters
involving the use of 7 mol/l NaOH, rotational speed of 600 rpm, milling balls of 10 mm and a BPR of 50 g/g, corresponding
to the use of 500 g balls per 10 g sample. Highlighted in red is the spodumene sample, which caused severe wear during the
ball milling experiments.

Sample Wear of the milling Mohs hardness
balls [g/h]
LAS glass-ceramic 0.3 =6
Lepidolite 0.2 2.5-35
Spodumene 1.2 6.5-7.5
Petalite 0.4 6.0-6.5

Compared to the total amount of grinding balls of 500 g, the wear of lepidolite (0.2 g/h), LAS glass-ceramic
(0.3 g/h) and petalite (0.4 g/h) were moderate, while a significantly higher value of 1.2 g/h was determined for
spodumene. As an explanation, the variations in wear using natural mineral powders derived from coarse-
grained pegmatite ores can be correlated to their Mohs hardness (see Table 4-7) ranging from 2.5-3.5 (lepidolite)
to 6.0-6.5 (petalite) and 6.5-7.5 (spodumene). Although the differences in hardness between petalite and
spodumene appear to be small, it is important to note that the Mohs hardness scale is logarithmic and therefore
implies distinct differences in hardness between these two minerals. In contrast, the low wear of the LAS glass-
ceramic with a Mohs hardness of 6 is the result of the partially amorphous fabric with nanoscale crystallites of
high quartz and ZrTiOa.

A closer look at the literature revealed that wear is only sparsely addressed by authors investigating ball milling
of lithium minerals. The only exception was found by Vieceli et al. [14], who observed a color change from purple
to gray in disk-milled lepidolite samples at prolonged time, attributable to a certain degree of wear, as traces of
Fe, Ni and Cr were detected during subsequent SEM-EDS analysis. In addition, studies by the same author [96]
on mechanical activation by disk milling on various lithium minerals resulted in several diffraction patterns, in
all of which an unspecified peak occurred, which is clearly correlated to iron as a consequence of wear.

In general, the wear and abrasion of the milling equipment have to be considered critically for economic and
technical reasons. Especially since the wear can contaminate the zeolite byproduct obtained by alkaline
mechanochemistry, as in this study. When ball milling is employed as a pretreatment of lithium ores prior to
acid leaching, the wear affects the downstream steps immensely, as iron preferentially dissolves at low pH values
and therefore additional purification steps become necessary. Although it was not examined in this study, milling
balls made of ceramics such as Al,0s; or ZrO, could be considered as an alternative to stainless-steel, as both
materials have excellent mechanical properties and are known to be chemically resistant.
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Short Summary - Mechanochemical Treatment of Primary Lithium Minerals

In this chapter, the transferability of the mechanochemical route developed in chapter 4.2 for the
treatment of LAS glass-ceramics to the three most common lithium silicate minerals lepidolite,
spodumene and petalite was investigated. The findings from these experimental investigations
were as follows:

e Mechanochemistry

o During these investigations, significant variations in extraction were revealed for
lepidolite (18.2 %), spodumene (28.4 %) and petalite (84.9 %) at the most
promising experimental parameters.

o Complementary investigations involving PXRD and FT-IR measurements showed
the decomposition of petalite and its transformation into sodalite with prolonged
milling in alkaline solutions, while no significant changes were observed in
lepidolite and spodumene samples within the chosen range of parameters.

o Attributable to the particle size reduction and the formation of porous framework
silicates, an increased BET surface of up to 18.5 m?/g were measured in petalite-
based samples.

e Reference Experiments

o Regular leaching with 7 mol/L NaOH indicated generally low leaching rates (< 5 %)
for all samples, while the initial phases remained unchanged.

o Ball milling in water revealed similar trends in crystallite and particle sizes, in
particular for spodumene and petalite samples, while lepidolite tended to slightly
larger particles.

e Discussions on Crystal Structures

o A closer look at the crystal structures resulted in densely-packed structures for
lepidolite and spodumene, while petalite consists of a more open framework, due
to a tetrahedral instead of octahedral coordination of lithium and aluminum.

o Moreover, the activation of cleavage planes along the lithium site during ball
milling is also being discussed for petalite samples, strongly promoting the lithium
leaching at moderate NaOH concentrations.
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4.4 Hydrometallurgical Procedures on Enriched Solutions

The mechanochemical treatment of primary and secondary lithium sources, e.g., LAS glass-ceramics and petalite
mineral samples, resulted in enriched solutions, as considerable amounts of lithium were extracted. For better
illustration of the extraction process, the reaction proceeding during the mechanochemical treatment of the
glass-ceramic sample is summarized exemplarily in equation (27), which indicates the transformation of the LAS
phase (denoted by LiAl[Si»0¢]) into hydrosodalite (Nag[AleSic024](OH),:2H,0), while in parallel lithium and parts
of the silicon ions pass into solution. Similarly, the petalite-based leaching process can be formulated according
to equation (28), leading to the identical products.

6 LiAl[Siy06](s) + 8 NaOH (4q) + 14 H, 0y

— Nag[AlgSigO044] (OH)3 * 2 Hy0(s) + 6 LiOHqq) + 6 Si(OH) 4 (aq) (27)

6 LiAl[Si4010](S) +8 NaOH(aq) + 38 H,0(y

~ Nag[AlsSig0,4] (OH), * 2 Hy0(5) + 6 LiOH qq) + 18 Si(OH) 4 (aq) (28)

During this procedure the leaching of silicon (represented by Si(OH)4in equation (27) and (28)) can be considered
as an unavoidable side effect of using NaOH as a leaching agent. As high silicon contents in solutions pose
challenges, hydrometallurgical procedures involve the desilication of the solution, being essential for the
subsequent precipitation of a pure lithium compound. The alkaline solutions obtained during lithium extraction
from glass-ceramic and petalite samples are comparable regarding their main components and present the same
challenges, e.g., the high silicon content and the low Li-Na ratio. In the following sections, only the treatment of
petalite-based samples is discussed in more detail, as the conversion of LisPO, into LIOH-H,O was also
investigated there, besides desilication and precipitation. In addition, the overall results for both LAS- and
petalite-based solutions are briefly discussed in section 4.4.4.

4.4.1 Desilication Experiments of NaOH Solutions

Desilication became mandatory as an intermediate step, since the rather high silicon contents in leachates,
generally facilitates the formation of byproducts during downstream processing. Therefore, CaO was considered
a cost-effective and efficient reagent for the removal of silica from alkaline solutions. Particularly, as an earlier
study by Wolf 2022 [140] highlighted several advantages of using CaO, such as a shorter reaction time, a higher
desilication rate and the formation of calcium silicate byproducts, which further contribute to a holistic
approach. In accordance to Xing et al. [138], who investigated desilication of similar caustic solutions, a constant
temperature of 95 °C was applied, while the reaction time and the Ca0:SiO; ratio were varied to investigate
their influence on the desilication of the solution. Despite varying Ca0:SiO, ratios from 0.6 to 1.4, the
experimental results, illustrated in Figure 4-22, showed a uniform trend of significant silica removal within the
first 30 min, while a prolonged time leads only to a slightly increased desilication rate, reaching a plateau at
about 60 min. With respect to the CaO consumption and removal efficiency, the Ca0:SiO; ratio of 0.8 is clearly
favorable, as 94.6 % of the Si was already being removed after 60 min, while a slightly higher value of 95.1 %
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was attained after 90 min. In addition to the high desilication rate, the selectivity of the purification approach
with CaO should also be highlighted, as mainly silicon (37.8 g/L before vs. 1.9 g/L after desilication) and
aluminum (0.8 vs. 0.1g/L) were being removed, while the lithium content of the solution remained
approximately constant at 2.5 g/L.
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Corresponding PXRD measurements on the desilication products (see Figure 4-23 (a)) reveal the predominant
formation of torbermorite (CasSi¢O16(OH),-4H,0; PDF#98-008-7690) according to equation (29). Supplementary,
calcite (CaCOs, PDF#98-015-8248) is being present, which may have formed during sample drying (85 °C for 48 h)
by the reaction of residual Ca(OH), with atmospheric CO,. When torbermorite samples are calcined additionally
at significantly higher temperature of 900 °C for 30 min, its conversion into wollastonite (Ca[SiOs]; PDF#98-020-
1537) was observed in see Figure 4-23 (b) according to equation (30). In particular, wollastonite is characterized
by a high melting point and a fibrous to acicular structure, which leads to numerous technical applications [179].
Therefore, this Ca-silicate byproduct is highly advantageous as it valorizes the entire route and also contributes
to the holistic approach.
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6 Sl(OH)4 (aq) + 5 CaO(S) g Ca55i6016(0H)2 - 4‘ HzO ~L +7 Hzo(aq) (29)

Ca55i6016(0H)2 - 4 Hzo(s) il 5 Ca[5l03](s) + 5 H20 T +SI'02(S) (30)

4.4.2 Precipitation of Lithium as Li3PO4

The amount of lithium in the leaching liquor after leaching and desilication procedure (approx. 2.4 g/L) was still
below the lower limitation for precipitation as Li,COs, which requires a content of 10 g/L or more. Therefore,
the precipitation of lithium as phosphate was favored, in particular since the remarkably low solubility of LisPO4
(0.3 g/L) and the comparatively high solubility of NasPO, (108 g/L) allows the separation of Li* cations in the
presence of excess Na* cations, as found in the NaOH solutions. In order to precipitate lithium as phosphate
according to equation (17), small amounts of H;PO, were added to the leachate, while the influence of different
P:Li ratios ranging between 1.0:3.0 and 1.8:3.0 on the lithium recovery and phase composition were examined
via ICP-OES and PXRD measurements. The analytical results, shown in Table 4-8, reveal a clear trend of increased
recovery with higher amounts of H3PO,4, with a maximum is being reached at 1.8:3.0 with 91.1 %.

Table 4-8. Lithium recovery and obtained products using different P:Li ratios. Notably, the recoveries were calculated based
ICP-OES investigations on liquid samples, while the phases present in the solids were determined via PXRD. In addition, the
optimum ratio which enabled the precipitation of a LisPOs single phase is highlighted in blue.

P:Li ratio Li recovery [%] Product
1.8:3.0 91.1 LisPOs; LizNaPO,
1.6:3.0 86.9 LizPOa; LizNaPO4
1.4:3.0 81.2 LisPOgs; Liz2NaPO4
1.2:3.0 72.9 LisPO4
1.0:3.0 76.7 LisPOgs; Liz2NaPO4

However, complementary PXRD patterns (see Figure 4-24) reveal the presence of a mixed Li-Na phosphate with
orthorhombic nalipoite structure (Li2NaPOs, space group Pnma) besides LisPO, at P:Li ratios of 1.4:3.0 to 1.8:3.0,
indicating partial precipitation of Na in the form of a mixed phosphate. In contrast, a selective precipitation of a
single phase (LisPO.) was exclusively achieved at a ratio of 1.2:3.0; however, with the lowest Li-recovery
percentage of 72.9 %, as shown in Table 4-8. Further investigations involved ICP-OES measurements on the
single-phase sample, revealing its high purity of 98 %, while only minor contaminants such as Na and Si were
present.

In general, the formation of mixed Na-Li phosphates is clearly attributable to the unfavorable low lithium-sodium
ratio in the leach liquor, which has already been discussed as a challenge by various authors [23,140]. Although
nalipoite-type phosphates (Li,NaPQ.) are being considered as potential solid electrolytes in advanced lithium
batteries [180], LisPQO, is the preferred phase during precipitation, as it can be utilized in various ways; e.g. as a
precursor for the synthesis of Li-Fe phosphate cathode materials or lithium-based compounds such as
carbonates or hydroxides [142,181,182]. Therefore, the P:Li ratio of 1.2:3.0 is preferable, even if the
precipitation yield of 72.9 % is comparatively low. In general, the yield is considered less critical here, as the
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solution still has a high pH value, enabling its reuse for further leaching operations after adjustment with fresh
NaOH, providing the great advantage of keeping unprecipitated lithium in a closed loop.

0 +Li,PO, 0 NaLi,PO,

P:Li ratio 1.8:3.0

Intensity [a.u.]

Figure 4-24. PXRD patterns of lithium phosphates

obtained after precipitation with H3POs using
various P:Li ratios ranging from 1.0:3.0 to 1.8:3.0.
Own work, reproduced from [24].
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Since the reuse of the alkaline solutions after phosphate precipitation was not considered in this study, reference
is made to Song et al. [103], who successfully investigated the circulation of similar NaOH solutions during
autoclave leaching of a-spodumene. This circulation involved the adjustment of the concentration by the
addition of small amounts of fresh NaOH prior to the reuse of the solution in a secondary leaching step, resulting
in stable digestion and precipitation efficiencies of 90 and 66 %, respectively, within ten consecutive cycles.
Several similarities regarding the starting material and the leaching agents suggest that the promising approach
of Song et al. is transferable to the solutions obtained in this work by the mechanochemical treatment of the

glass-ceramic or petalite samples.

4.4.3 Transformation of LisPOs into LiOH-H.0

Subsequent to precipitation, the conversion of LisPO, into LIOH-H,O was investigated as this compound is
currently in high demand for LIB applications. Therefore, Ca(OH), was applied due to its ability to act as a
phosphate collector according to equation (18). Utilizing PXRD measurements (see Figure 4-25 (a)), this reaction
was confirmed by detecting hydroxyapatite (Cas(PO4);sOH; PDF#98-008-1442) as the predominant phase in the
precipitates next to smaller amounts of unconverted Ca(OH), (PDF#98-007-3467). During this procedure, the
lithium hydroxide initially remained in solution, while the consecutive crystallization led to the formation of
LiOH-H,0 (PDF#98-003-5155), as evidenced by the corresponding PXRD pattern (see Figure 4-25 (b)).

In addition to the intended product (LiOH-H,0), small diffraction peaks of Na,COs-H,O (PDF#98-000-6293) were
present, attributable to remnants of NaOH converting into Na,CO3-H,O during drying. Further examination of
the purity of the product by ICP-OES revealed minor impurities of Na and Ca, resulting in an overall high purity
of 99 %. However, this value should be viewed with a certain degree of caution, as a carbonate species was
detected in the PXRD analysis, but carbon cannot be determined with ICP-OES, so the actual purity is probably
slightly lower than calculated.
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Especially due to the high affinity of alkali metals for CO,, an inert atmosphere is required during the
crystallization process as well as during the analytical studies to avoid the formation of Li,CO; during this final
step. Besides the intend lithium hydroxide, apatite is considered a value-added byproduct in this route as it is
one of the most frequently utilized sources for fertilizers [183].
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4.4.4 Discussion of the Overall Results

In general, the alkaline solutions obtained during the leaching experiments based on the glass-ceramic or
petalite samples are comparable in terms of their main constituents, as evidenced by similar lithium
concentrations of 2.6 g/L (LAS) and 2.5 g/L (petalite), respectively. Significant differences are limited to the
silicon content, as 14.8 and 37.8 g/L were present in the LAS- and petalite-based solutions, respectively, which
requires different quantities of CaO during the downstream desilication process. Despite these differences, the
desilication of the solutions gave uniform results, as in both cases a silicon removal of about 95 % was achieved
at an optimum Ca0:SiO; ratio of 0.8, while torbermorite was present as the main phase in the precipitates. In
addition, precipitation with H3PO, also provided comparable results, as a LisPO, single phase was obtained at an
optimal P:Li ratio of 1.2:3.0 (petalite) or 1.4:3.0 (LAS). In terms of quality, the precipitated LisPO,4 reached a purity
of > 98 % in both approaches, based on ICP-OES measurements. It is important to note that traces of carbon,
which would be attributable to the formation of carbonates, are not taken into account in this type of analysis.
As expected, the sample based on the glass-ceramic showed a wider range of impurities due to a more complex
composition of the starting material, where Zn (0.6 wt%) is the main impurity apart from lower amounts of Na
and Si, which are also present in the petalite-based phosphate. Although the comparatively low levels of
impurities found in the precipitates are promising, further improvements are required to obtain battery-grade
compounds, which would typically require a purity of 99.9 % or higher. As the final step, the conversion of LisPO,4
into LiIOH-H,O was exclusively studied for petalite-based samples, but it is assumed that this step is also
achievable with the LAS-based sample.
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Short Summary - Hydrometallurgical Procedures on Enriched Solutions

This chapter addressed the hydrometallurgical treatment of the enriched solutions, which became
necessary to transfer the extracted lithium from the liquid stage into a solid compound. Since the
alkaline solutions obtained from the glass-ceramic and petalite samples are comparable in terms
of their main constituents and have the same challenges to overcome, the downstream processing
was similar and involved desilication prior to the precipitation of LisPOs, which was further
converted to LiOH-H,0. The findings from these procedures were as follows:

e Desilication of the NaOH solution
o Caused by the treatment with CaO, about 95 % of the silica was removed from the
solution, resulting in the formation of torbermorite (CasSisO16(OH)2:4H,0) in the
precipitates.
o Further valorization of this byproduct involved calcination, leading to wollastonite
(Ca[Si0s]), which has numerous applications due to its unique properties.
o Desilication using CaO resulted in a high selectivity, as mainly silicon was
removed, while the lithium content of the solution remained unchanged.
e Precipitation of LisPO,
o Selective precipitation of LisPO4 was exclusively achieved at a P:Li ratio of 1.2:3.0,
while at higher rations Li;NaPO, was additionally present.
o Transformation of LisPO, into LiOH-H,O
o Conversion of LizPO4 into LiOH-H,O was achieved via a treatment with Ca(OH).
resulting in the formation of hydroxyapatite (Cas(PO4)3sOH) as a value-added
byproduct.
o Precipitated lithium salts achieved promising purities, but further improvements
are required to obtain battery-grade products.
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4.5 Adsorption Studies on Zeolite Byproducts

Taking into account the special properties in molecular sieving and selective adsorption, one of the classical
applications of zeolites in the environmental sector is the removal of pollutants from aqueous solutions.
Therefore, the adsorption behavior of the synthesized zeolite byproducts was evaluated using synthetic
wastewater samples containing the divalent heavy metal ions Pb?*, Cu?*, Zn?* and Ni%, calculating a removal
efficiency for each experiment based on ICP-OES measurements as a function of zeolite dosage. On the one hand
a SOD/LTN mixture, originating from mechanochemical treatment of LAS glass-ceramics, was investigated as
potential adsorbent (see Figure 4-26 (a)), while on the other hand a pure SOD sample was chosen (see Figure
4-26 (b)), based on petalite as a zeolite precursor.
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Figure 4-26. Removal efficiency as a function of zeolite dosage (g/L) in synthetic wastewater solutions containing the heavy
metal ions Pb?*, Cu?*, Zn** and Ni?*. Here, (a) concerns the application of a SOD/LTN mixture derived from LAS glass-ceramics,
while (b) shows the result obtained when SOD based on petalite was investigated.

When the two differently composed zeolite samples were applied to the wastewater contaminated with heavy
metals (100 mg/l each), a significant increase in removal efficiency was observed with rising dosage in general,
as predicted. By comparing the experimental results for both series small difference became obvious, which can
be attributable to the different mineral compositions of the samples (SOD/LTN mixture vs. pure SOD), since the
experimental setup for adsorption studies were completely identical. Regarding the adsorption of the
synthesized SOD/LTN mixture, excellent performance is shown for copper and nickel, achieving complete
adsorption with only a minor amount of sorbent of 2 or 3 g/L, respectively. In contrast, to accomplish complete
adsorption of lead and zinc, substantially higher dosages of 5 g/L or 12 g/L were required, although 85.3 % of
the lead and 83.7 % of the zinc were adsorbed at 3 g/L. However, the pure SOD sample obtained from petalite
after mechanochemical treatment, reveal an excellent sorption of Pb?* with 99.7 % at 2 g/L, while much higher
dosages of at least 6 or 8 g/L were required to reach almost complete adsorption of Cu®, Zn%, or Ni%,
respectively.

When the results of Necke et al. 2022 [23] and 2023 [24] were compared with similar studies conducted by
Esaifan et al. [105] or He et al. [143] (see Table 4-9) all of which used SOD or related zeolites at the identical
dosage of 6 g/L, it became obvious that the sorption of Cu?* and Pb?* was generally favored compared to other
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heavy metal ions, resulting in high removal efficiencies between 90 and 100 %. In particular, this phenomenon
can be attributed to different ionic radii regulating the movement of the ions in the pores and channels of the
zeolites. Consequently, a sorption in the order Pb?* (4.01 A) > Ni** (4.04 A) > Cu®* (4.19 A) > Zn** (4.3 A) would be
expected based on hydrated ionic radii of the metal ions [105,143,144]. Since Ni?* ions did not follow this trend,
an explanation for the rather high adsorption has been found in the initial pH of the wastewater, which was
considered by He et al. [143] as an essential parameter. He et al. investigated in a side study the sorption
behavior of heavy metal ions as a function of pH, indicating the full adsorption potential of nickel at pH 6,
although the majority of the experiments were performed at pH 5.0, where 65 % adsorption was reached at a
dosage of 6 g/L. In conclusion, the initial pH value of the solutions of 5.8, which is slightly higher than 5.0 [143]
or 5.5 [105], became an important factor in achieving the excellent sorption of nickel of 92 % for the petalite
derived SOD sample or 100 % for the LAS based SOD/LTN mixture.

Table 4-9. Summary of relevant adsorptions studies, including zeolite precursors, zeolite phases and a comparison of
removal efficiencies [%] for divalent heavy metal ions in wastewater solutions at a zeolite dosage of 6 g/L. The own results

are highlighted in blue.
Zeolite Zeolite Initial Pb? Cu? NiZ* Zn*
Reference
Precusors Phases pH [%] [%] [%] [%]
He et al. 2016
fly ash unspecified 5.0 100 95 65 -
[143]
Esaifan et al. 2019 ) SOD/
kaolin . 5.5 99 90 54 62
[105] cancrinite
Necke et al. 2022 LAS
. SOD/LTN 5.8 99 100 100 86
[23] glass-ceramic
Necke et al. 2023 .
24] petalite SOD 5.8 99 100 92 100

When discussing the adsorption results, the different synthesis routes of the zeolites also require consideration.
In contrast to the hydrothermal synthesis of He et al. [143] and Esaifan et al. [105], the mechanochemical
approach in this work generally led to a lower particle size associated with a higher specific surface area, which
is generally advantageous for achieving a high sorption performance. Further comparison of the different
approaches reveals significant differences in the starting material used, for example fly ash [143], low-grade
kaolin [105], LAS glass-ceramics [23] or petalite [24], leading to the formation of different zeolite phases during
synthesis, such as an unspecified zeolite [143], SOD/cancrinite [105], SOD/LTN [23] or pure SOD [24]. Due to the
chemical and structural variations, it can be assumed that each of these zeolite phases has slightly different sized
pores and channels within their structure, which provides an additional explanation for the different sorption
rates during the heavy metal uptake. In this context, it should be mentioned that this type of adsorption mode
does not occur at the particle surface, contrary it is the result of a cation exchange (e.g., Pb% for 2 Na*) within
the zeolite structure.

Although promising removal effects were attained during the sorption experiments, it should be noted that
these experiments were performed under idealized bench-scale conditions, including comparable small-scale
experiments and single metal solutions as a synthetic wastewater equivalent at defined pH value. Therefore,
the absolute removal efficiencies should be considered with a certain degree of caution, as real wastewater
samples are usually chemically more complex by containing a number of heavy metal cations in addition to
common elements such as Ca or Mg. Since all of these cations interact and compete with each other during
sorption experiments, further experiments are required to evaluate the sorption behavior of zeolite samples,
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which accrue as a by-product during mechanochemical lithium extraction. It is also to be expected that typical
wastewaters such as acid mine drainage have a lower pH value than the aqueous solution investigated, which
impedes the transferability of the results, particularly in the case of nickel.
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5 Conclusions and Outlook

For this study, end-of-life LAS glass-ceramics and naturally occurring lithium silicate minerals such as lepidolite,
spodumene and petalite were selected as source materials for alkaline mechanochemical studies, focusing on
lithium extraction without thermal pretreatments. This approach is part of a holistic concept (exemplarily shown
for LAS glass-ceramics in Figure 5-1), trying to utilize the whole chemical inventory of the source materials
leading to value-added byproducts such as Na-sodium zeolites, Ca-silicates or Ca-phosphates on the pathway to
a pure lithium compound like LizsPO4 or LiOH-H,0 for re-use in LIB or other industrial applications.

Li-rich Lithium Phosphate
Solution Li.PO
End-of-life PP PXRD
Product Mechanochemistry e Desilication .

-b..-’ = Precipitation \Jb
NaOH \ Hydrosodalite 2 :

Glass-Ceramic
Powder

Nag.,(AlsSig044)(OH), - n H,0

Figure 5-1. Graphical summary of the holistic approach adopted to LAS glass-ceramics, which involved a mechanochemical
treatment as a key component, converting the feed material into a hydrosodalite zeolite, while lithium was significantly
leached into the solutions. In addition, downstream processing of the NaOH solution included desilication prior to
precipitation of LisPOs, while the zeolite by-product was potentially considered as an adsorbent for heavy metal ions from
aqueous solutions.

During the mechanochemical investigations, various experimental parameters namely NaOH concentration,
rotational speed, milling time, and ball-to-powder ratio were varied, to examine their influence on lithium
extraction and zeolite formation. The mechanochemical treatment of LAS samples revealed a decomposition of
the lithium-containing B-quartz phase under alkaline conditions, while lithium significantly accumulates in the
leaching liquor at optimal experimental parameters, such as the rotational speed and the ball-to-powder ratio
of 600 rpm and 50:1 g/g. In particular, considering the high extraction yield (83.8 %) and a relatively short
reaction time (60 min), the corresponding experiment at 7 mol/L NaOH proved to be most effective, as extended
processing at a total time of 120 min resulted only in a slightly higher yield of 92.4 %. From the perspective of
zeolite formation, however, a reaction time of 120 min is more favorable, since here the entire feed was
converted into different zeolite frameworks depending on the NaOH concentration, resulting in the formation
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of GIS- and LTA-type species at 3 to 5 mol/L or SOD- and LTN-type species at 7 or 9 mol/L. In summary, LAS glass-
ceramics can be considered a promising starting material for lithium recovery and zeolite synthesis in
combination with alkaline mechanochemical treatments, which enables the successful conversion of the
reactants using comparable moderate NaOH concentrations at reasonable reaction times. In addition to the
innovative experimental approach, it was shown in this work, that LAS glass-ceramic are characterized by several
advantageous properties, including low lithium coordination, a relatively open framework structure and small
crystallite sizes of < 100 nm in the starting material, which ensure increased reactivity.

In the second part of the work the insights gained from the investigations on LAS glass-ceramics were transferred
to the three most common lithium silicate minerals lepidolite, spodumene and petalite, as shown in Figure 5-2.
As indicated by the experimental results, petalite is much more compatible to the alkaline mechanochemical
route compared to spodumene or lepidolite, leading to a considerable lithium extraction of 84.9 % alongside an
almost complete conversion to sodalite after 120 min of ball milling in 7 mol/L NaOH solution.

Leachate | | Residue
Hydrosodalite l

¥
Besl"t:allon S !reclp!a!lon Iranslorma!!on »
4 . $ : 4
CLzuad

Figure 5-2. Graphical summary of the mechanochemical treatments of the lithium silicate minerals lepidolite, spodumene

and petalite. These investigations revealed petalite to be much more suitable for this approach, as the lower coordination
of lithium and the activation of cleavage planes along specific crystallographic lithium sites during ball milling significantly
enhance the leaching. The downstream processing of the enriched solution involved several operations to obtain LiOH-H20
as a final product. During these intermediate steps, particular attention was paid to obtain value-added byproducts such as
wollastonite or apatite, contributing to the holistic approach.

Moreover, an explanation for the higher reactivity under mechanochemical conditions could be related to
specific features of the crystal structure of petalite. In particular, the less dense atomic packing, which leads to
a tetrahedral instead of octahedral coordination of lithium, and the pronounced activation of the 001 cleavage
planes along the lithium sites during ball milling are particularly relevant for the enhanced leaching.

During the mechanochemical experiments, some of the silicon passed into solution as an unavoidable side effect
of alkaline leaching, requiring desilication as an intermediate step prior to lithium precipitation. CaO proved to
be an effective agent, resulting in 96.3 % silica removal in LAS samples at a Ca0:SiO; ratio of 1.4, whereas in the
petalite based liquors a lower Ca0:SiO; ratio of 0.8 already resulted in 94.6 % silica removal, while the lithium
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content of the solution was not significantly affected in either case. Additional, PXRD measurements of the
responding precipitates revealed Ca-silicate phases such as torbermorite after drying or wollastonite after
calcination, which can be classified both as value-added byproducts. After purification of the solution by
desilication, lithium was precipitated by adding H3PO4 to the solution, which permitted the formation of LisPO4
with a high purity of > 98 % at a P:Li ratio of 1.4:3.0 (LAS) or 1.2:3.0 (Ptl) with a precipitation yield of about 73 %.
As a final step, LisPO4 was further treated with Ca(OH),, resulting in the precipitation of Ca-phosphate and
LiOH-H,0, which can be crystallized to a pure phase.

Byproducts, obtained as leaching residues during mechanochemical experiments of LAS or petalite samples
consist mainly of sodalite and/or LTN zeolites, which in addition exhibit relatively high specific surface areas up
to 29.8 m?/g, determined via BET measurements. Therefore, these zeolites were investigated in a side study as
potential adsorbents for heavy metal ions in wastewater samples, revealing excellent sorption efficiencies for
the heavy metal ions Cu?* (100 %), Pb?* (> 99 %), Ni%* (> 92 %) and Zn?* (> 86%) at a zeolite dosage of 6 g/L at
pH 6. Although the applicability of zeolite byproducts in adsorption experiments has already been successfully
demonstrated in this study, further investigations are required to evaluate the entire potential of these
materials. In particular, since the present studies were conducted at idealized bench-scale conditions with single
element solutions containing Pb?*, Cu?*, Ni?*, Zn?* cations, further experiments should include more realistic
wastewater samples including more complex chemical composition. In addition to heavy metals in aqueous
solution, further adsorption studies may also involve organic pollutants, as the synthesized zeolite species are
generally able to absorb these as well.

In the present work, the general applicability of the mechanochemical route for the production of lithium salts
on the basis of LAS glass-ceramics or petalite was demonstrated on a laboratory scale. Further steps should
therefore include the optimization of the experimental parameters via Design of Experiment (DoE) and the
upscaling of the extraction step, requiring the use of an attritor mill instead of a planetary mill in order to process
sample quantities in the kg range. Besides processing larger quantities, an upscaling process would enable
economic and ecological considerations and a validation of the route in comparison to established processes.
Challenging aspects of the current route are the comparatively low extraction yields for lepidolite (18.2 %) and
spodumene (28.4 %), caused by their comparable dense crystal structures including 6-fold coordination of
lithium. To overcome this drawback, more intensive treatments are required, which potentially involves thermal
pretreatments, higher NaOH concentrations, a longer reaction time or a higher ball-to-powder ratio. Moreover,
the high abrasivity of spodumene during ball milling has to be considered critically, leading to severe wear of
the grinding equipment. In addition, the reuse of the alkaline liquid after precipitation for further extraction
experiments must be further investigated and optimized, since the current yield during precipitation of about
73 % implies a loss of 27 % of the lithium, since the precipitation out of NaOH solutions are known to be
challenging. Alternatively, multiple use of the leach needs to be explored to enrich the lithium to around 10 g/L,
which would allow the direct precipitation of Li,COs; instead of LisPO4, which can generally be precipitated more
effectively and gives a more versatile compound for further applications.
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