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Abstract

Metal oxides are the form from which most metals are extracted. They are found in natural
ores and many industrial residues and end-of-life products, which makes their efficient
processing an important topic. The state-of-the art processes for the extraction of metal
oxides include either the pyrometallurgy or hydrometallurgy, which both have a
significant environmental footprint. The investigation of more efficient alternatives for
their extraction is crucial, in order to develop sustainable flowsheets for recycling

materials like cathodes from lithium ion batteries.

The understanding of the dissolution mechanism of selected metal oxides was attempted
using deep eutectic solvents. In general, Pourbaix diagrams have shown that metal oxides
can be digested either through protonation, complexation or by redox processes. The two
former methods were investigated to determine their effect on solubility, and it was shown
that the surface complexation had a greater impact on their solubility compared to the

proton activity of the solvent.

Speciation is known to be the key to designing selective processes, so the ability to tune
the deep eutectic solvents to selectively dissolve some metals over others is a great asset.
The selective extraction of Co and Mn over Ni from cathode materials of lithium ion

batteries and Y and Eu from spent fluorescent lamp phosphors was demonstrated.

Apart from the chemical dissolution, the electrochemical oxidation of metal oxides was
also investigated as this was previously shown to be efficient for the dissolution of metal
sulfides, tellurides and selenides. It was found that a significant enhancement of the metal
oxide dissolution rate could be obtained in solvents that are neither acidic nor consist of
complexing agents. Indeed, the rate of dissolution, which was dependent upon the band

gap of the metal oxides, was strongly enhanced, sometimes even more than 10000 times.
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1 Chapter

1.1 Overview

Metals play a vital role in everyday life. A modern lifestyle depends on a variety of
metals, predominantly iron and base metals (Al, Pb, Cu, Co, Ni, Zn, Sn) which are used
in construction and manufacturing.! However, other less common metals also play an
increasingly important role. For example, rare earth elements (REEs - Y, Eu, Ce, La, Nd,
Dy, Tb, Sm, Sc) increasingly contribute to green and low carbon technologies (NiIMH
batteries, fuel cells, plasma screens, medical imaging)? and platinum group metals
(PGMs - Au, Ag, Pt, Rh, Ru, Pd) have applications in autocatalysis, electronics, fuel cells,
medicines and jewellery.® In general, metals comprise 25% of the Earth’s crust and appear
in different forms with the main forms being oxides, chlorides, sulfides, sulfates, silicates
and carbonates. Some of these elements are rather abundant in the Earth’s crust such as
Al - 8.0% and Fe - 5%*, whereas other elements are scarce such as Pt- 0.0030 ppm, Au-
0.0011 ppm and Rh- 0.0002 ppm.> The abundancy of metals in the Earth’s upper crust is
given in Figure 1.1, where it is apparent that metals with higher atomic number tend to

be scarcer.®
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Figure 1.1: Abundance of chemical elements in Earth’s upper crust as function of
atomic number®

The continental crust is mainly covered with andesite, a group of minerals consisting of

Si0,, which also contains the mineral phases of plagioclase feldspar with the formula
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NaAlSi30g — CaAl>Si20sg, which explains the reason for Al high abundance in the Earth’s

crust.’

Most metals found on Earth are in the form of oxides making metal oxides (MOs) a very
important group of chemical compounds. In most cases, the bond between the metal and
the oxygen is very stable and strong and in order to break it and extract the metals,
conditions of extremely high temperatures or very acidic / basic solvents are required.
Both pyrometallurgy and hydrometallurgy have been employed for the processing of
MOs, but due to their high environmental footprint and energy consumption the need for

novel approaches is more relevant than ever.

In addition, the current situation in Europe with an increased need of technological metals,
alternative sources of metals like end-of-life (EoL) products (batteries, magnets,
fluorescent lamps etc.) are needed. The processing of these materials needs to be designed

in an economically feasible way while also being environmentally friendly.

In this thesis, extraction of metals from MOs is investigated employing deep eutectic
solvents (DESs) both with chemical and electrochemical processes. The choice of these
MOs is taken due to their existence in industrial wastes and in spent EoL products.
Furthermore, the recycling of Co, Ni and Mn from the cathodes of spent lithium ion

batteries (LIBs) and Y and Eu from spent fluorescent lamps is examined.
1.1.1 Transition metal oxides

MOs are chemical compounds consisting of an oxygen anion in the form of oxide (O%)
and a metal cation. Oxygen is the third most abundant element in the universe following
H> and He, it is the most abundant element in the Earth’s crust and is the second most
abundant species in the Earth’s atmosphere (21%). This explains the reason that most
metals are found in the form of oxides. Most metals, except from the noble ones (Au, Pt
etc.) when left in open air or in water, react with oxygen to form MOs or with water to
form metal hydroxides. This natural reaction is called corrosion and can be defined as the
process when metals are oxidised to more stable forms e.g. oxides, sulfides, sulfates etc.®
via the influence of their surroundings. Due to the high electronegativity of oxygen

(Pauling electronegativity: 3.44), MOs tend to be very chemically stable compounds.

Transition metals are defined as metals that possess partially filled d or f'subshells in their

elemental state. Another definition may be the metals that possess partly filled d or f
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subshells in their most common compounds including their ions. The latter definition is
more appropriate, because it includes Cu, Ag and Au. Even though these elements possess
a d'’filled electron configuration, their ions form partly filled d or f subshells.” ' There
are 40 d-block elements and 28 f-block elements. In terms of their occurrence, Fe is the

most abundant of all the transition metals.

The f~block elements comprise of the lanthanides and the actinides and include the rarest
transition elements, which is why together with Sc and Y they are called rare earth

elements.

This thesis examines the processing of metals from the first row of d-block elements along
with Pb. These metals, all show very good potential as engineering and technological
materials and they show very high melting and boiling points. They have the 3d electron
shell partially filled and their configurations are presented in Table 1.1.

Oxygen, due to its high electronegativity, can bring out the highest oxidation states of
these elements. For instance, Mn has its highest oxidation state in the ion of permanganate
(MnOy’). Compounds of MOs, in which the metal exists in its lowest oxidation state, form
ionic bonds with the oxygen such as NiO and CoO, whereas when the metal exists in its
higher oxidation states then covalency and polarisation of the compound increase. In
addition, the acidity of the oxide grows when the oxidation state of the metal and the
charge increases, while basicity increases in the opposite way. For instance, CrO is a basic
oxide, Cr203 is amphoteric (can behave both as an acid or base) and CrOs3 is an acidic
oxide. Depending on the acidity of the oxide, there are different approaches for its

dissolution, which will be analysed in later chapters.

MOs show a wide range of electric conductivities, which are also highly affected by other
metal contaminants in their structure and by deviations from stoichiometry.!! As for their
magnetic properties, there are oxides that are diamagnetic (TiO), antiferromagnetic
(MnO, CoO, NiO and Cr;03), ferrimagnetic (Fe3Os4 and Mn30O4) and ferromagnetic
(CrOy).

MOs take on a variety of crystal structures. Some adopt a simple rock salt type of NaCl
(MnO, CoO, and NiO), while others have the corundum structure (Ti2O3, Cr203, and
Fe>03), the spinel form (Mn304, Fe304) and the wurtzite structure (ZnO).'? Some of these

structures are shown in Figure 1.2. Depending on the crystal structure of each oxide,
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different amount of energy for dissolution is required, because there are differences in the

lattice energy.

Table 1.1: Abundance in Earth’s crust, electronic configuration and known oxidation
states of elements of the first row of d-block and Pb

Metal Abundancy (ppm) Configuration Oxidation states
Sc 16 3d! 4s? 3
Ti 5600 3d24s? 2,3,4
Vv 160 30%4s? 2,3,4,5
Cr 100 3d°4s? 2,3,4,5,6
Mn 950 3d°4s? 2,3,4,5,6,7
Fe 41000 3d°%4s? 2,3,4,5,6
Co 20 3d74s? 2,3,4,5
Ni 80 3084s? 2,3,4
Cu 50 301%s? 1,2,3
Zn 75 301952 2
Pb 14 414501065262 -4,2,4

It is not easy to generalise data for crystal structure of oxides even in the same row of the
periodic table and it is common for some oxides to have more than one crystal structures

under the same conditions.'?

Rock salt Corundum Wurtzite

oy

Figure 1.2: Common crystal structures of transition metal oxides!*

One widespread fact for d-block metals is that their ionic radii is smaller than that of O%,
thus the oxygen anions are usually closed packed with the metal smaller cations situated

in octahedral and tetrahedral holes.

Transition MOs have a variety of properties, which are useful for advanced materials, like

their piezoelectric, electronic, photonic, magnetic properties and superconductivity,
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16 One of their most widely

ferromagnetism, ferroelectricity, half-metallicity etc.
developed applications is in the field of catalysis. They have also been employed in
energy storage materials as LIBs, in hydrogen fuel cells, in electronics industry, in gas
sensors, in green technological materials such as fluorescent lamps and solar panels and
they are widely used in paints.!” More information about the importance of them in

industry will be given in Chapter 3.

The wide scale abundance and use of MOs makes facile processing of these compounds
important so that closed loop cycling of material from different sources can be carried
out. Recycling of EoL products has a continuously developing need for two reasons; a)
the environmental and social consequences the wastes bring, and b) for the recycling and
recovery of metals. In Figure 1.3, an example of a closed loop flowsheet for the recycling
of spent lithium ion batteries (LIBs) is given. In order to produce a LIB, first the raw
materials need to be mined, the metals to be extracted and recovered from their minerals
and then all the materials together need to be processed in such a way that the batteries

are working efficiently and in a safe way.

Mining

Refining

Battery
Use

Battery
Manufacturing

Landfill

Cathode
Production

Figure 1.3: Schematic presentation of the paths for closed-loop recycling of lithium
ion batteries!®

When their functioning life ends, these materials are either discarded or recycled. The
disposal becomes a problem due to the toxicity and high flammability of the components,
which raises the manufacturing cost of batteries industry even more. Therefore, the
recycling is the most profitable path, since it reduces the production cost by 10 — 30%, it

eliminates the cost of disposal and it brings metals back in to the metal loop.'® As seen in
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Figure 1.3, currently there are three approaches for the recycling of LIBs, the recycling
of the separated components of LIBs in new batteries and the extraction and recovery of
metals with the employment of pyrometallurgical and hydrometallurgical methods. These
two methods are going to be described in the next sections, as they are the state-of-the art
approaches for the extraction of metals from MOs and for the recycling of EoL products

that contain MOs.

1.2 Minerals processing

An economic extraction of metals from natural resources requires the existence of
sufficiently rich minerals or metal ores. Due to thousands of years of metal processing,
many metals and especially the rarest ones cannot be found in rich ores any more
increasing the cost of the resource. For this reason, metallurgy is constantly under
development, in order to access poorer resources including previously discarded tailings
in an economically way. There is a plethora of metal extraction techniques and the choice
of the most economically feasible taken is mainly dependent on the matrix, the

composition of the deposit, the value of the metals and their current need.

The flowsheet of a metal extraction process consists of multiple steps, starting from the
discovery of the ore, and its mining and transportation to the metallurgical plant. The
metallurgical part of the processes starts with the size reduction of the deposit followed
by the separation of individual minerals or elements using a variety of physicochemical
methods, finishing with the extraction and recovery of the targeted metals, for which
different methods of low or high temperature conditions are employed, as seen in Figure
1.4.2° The overall goal of such a flowsheet is the production of highly pure metal or metal
alloys in a profitable process complying with the environmental regulations of the

respective countries.

Figure 1.4 presents the base of metallurgical flowsheets, whose steps may be different
depending on the starting material, the desired product, the cost of each process etc. For
example, the extraction of gold (Au) from low - grade ores is accomplished by the method
of heap leaching because the cost of grinding, crushing and transportation of the ore is

restrictedly significant.?
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Metal deposit
(ore / mineral / industrial residue)

l

Size reduction and exposure of metals
(crushing, milling and sizing)

l

Physicochemical separation of different
minerals / metals

\ Extraction of \

metals
Processes of high Processes of low
temperature temperature
(Pyrometallurgy) (Hydrometallurgy)

| |
l

Recovery of metals

Figure 1.4: General flowsheet of minerals processing

Pyrometallurgy and hydrometallurgy are the most common and well-studied extractive
techniques and their distinguishing differences are the presence or absence of water in the
process and the temperature conditions under which the extraction of metals takes place.

The two processes are described and compared below.

1.2.1 Pyrometallurgy

Pyrometallurgy encloses two Greek words, “mupé’ and “petariovpyie’” meaning fire and
metallurgy. It is the oldest group of metal extraction techniques and includes the thermal
treatment of high-grade ores, minerals, concentrates and scraps to enable the extraction
of the targeted metals.?! The elevated temperature contributes to the easier extraction of
metals from very stable compounds like MOs using reducing agents such as CO or
electricity (Fe2O3 — melting point 1565 °C, Al,Os; — melting point 2072 °C). In addition,
high temperature conditions increase the mass transport and the chemical reactivity of the
different compounds taking place in the process. Pyrometallurgy occurs under controlled
levels of oxygen, so that the efficiency and the desired purity of the product can be
achieved. At the end of the process, the product and the impurities are in a molten state

and they can be easily separated due to their different densities.

Depending on the composition of the ore, there are different sub methods of
pyrometallurgy, more specifically calcination, roasting and smelting. Prior to the main
pyrometallurgical steps, the drying of the materials to be processed is essential, because

the presence of moisture could cause accidents especially in electric arc furnaces.??
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Drying of water happens under controlled thermal conditions and most of the times the
thermal energy is derived from heat generated from other parts of the plant. Water can be
found in two different forms, the crystallized water and the bulk one that is chemically
attached to the different compounds in form of hydroxyl groups. Thus, the two different
chemical processes of water removal are expressed by the general reactions (Equation

1.1 and Equation 1.2) below.
MX, -mH,0 - m(H,0) + MX,, (Dehydration) Equation 1.1
M(OH),, sy & MOgs5y (5) + 0.5nH,0 4 (Dihydroxylation) Equation 1.2

Calcination is the stage where volatile species and impurities are removed by thermal
decomposition under limited oxygen conditions. Its name derives from the Latin word
calcinare, which means burning of lime, due to its most common application in the
heating of limestone above 900 °C for the production of lime and the generation of CO»,

by the general Equation 1.3 below.
CaC03 5 — CaO(, + €O, (4 Equation 1.3

In particular, calcination may refer to any operation during which the volatile organics,
chemically bound water and similar compounds are removed from the material.?* Usually
it takes place in shaft furnaces, rotary kilns and fluidized bed reactors. The general

expression describing this stage for carbonate compounds is the Equation 1.4.
MCO3 ) » MO + CO; (g Equation 1.4

Roasting is one of the most essential steps in pyrometallurgy and is a thermal process that
contributes to the transformation of sulfides to more amenable compounds, oxides, for
the upcoming treatments. It occurs under controlled thermal and air conditions, during
which hot and highly pressurized oxygen acts as an oxidising agent, as shown in

Equation 1.5.
2MS5) + 303 () = 2ZMO(5) + 250, () Equation 1.5

During roasting, solid-gas reactions take place and since the ore particles are not in the
liquid state, the oxygen gas is in contact with the solid surface of the particle. According
to the core-shrinking model, the oxidising gas is reacting with the outer shell of the
particle, as presented in Figure 1.5, and depending on the thickness of the particles, it is

either easier or more difficult to reach the core and to fully convert the sulfide into an
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oxide.?* Therefore, grinding of the particles before this stage is essential as it enhances

the reactivity and exposes more surface to the gas.

Keaction
boundary

Product
laycr

Bulk
* solution

-

Flad fim ™= """

Figure 1.5: Schematic presentation of core-shrinking model

Usually, roasting zinc and lead sulfides leads to their complete transformation into MOs
according to the Equation 1.6 and Equation 1.7, whereas roasting of copper sulfides
results in partial conversion to MOs. The SO; that is a by-product of these reactions can

contribute to acid rain, so it needs to be extracted most usually to form sulfuric acid.
InS + 035y =2 Zn0( + S0, () Equation 1.6
PbS(S) + 02 (9) il PbO(S) + 502 ) Equation 1.7

There are also other types of roasting such as the magnetic one, where a compound is
transformed to a magnetic oxide that can be easily separated by magnetic methods (for
example Fe>O3 converts to magnetic Fe3;O4). Roasting takes place at temperatures below
the melting point of the sulfides and their respective oxides (900 — 1000 °C) so every
compound is in a solid form. There are different types of roasters such as the hearth

roaster, the flash roaster and the fluidized bed roaster.

After all these pre-treatment steps, the most important step of pyrometallurgy where the
smelting occurs. Smelting includes the process of carbothermic reduction of MOs into
metallic species or metal rich products called matte, with the use of reducing agents such
as carbon and carbon monoxide. During smelting, the temperature increases to a level

where all materials melt, and the final products form two immiscible phases, the liquid
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matte and the liquid slag. All the impurities gather in the slag phase with the use of
additives, which can be separated easily due to the difference in densities with the molten

metal phase.

Smelting relies on the Boudouard reaction, which is described by the Equation 1.8. This
reaction is reversible and endothermic (171 kJ mol! at 25 °C) and so the production of
CO» prevails at temperatures below 700 °C.26 After this temperature, the reversible
reaction for the production of gaseous CO is favourable, due to the positive entropic term
(TxAS), which leads to a negative Gibbs energy and so to a spontaneous production of
CO. % This fact contributes to the profitable function of the smelting process, which
requires the production of CO that acts as a reducing agent for MOs according to
Equation 1.9. In principle, CO acts as a good reducing agent due to its high affinity for

oxygen, as presented in the Ellingham diagram of oxides, Figure 1.6.
€Oz g + C5) = 2C0y, Equation 1.8
MOy +CO - Mgy + CO(y) () Equation 1.9

Ellingham diagrams firstly developed by Harold Ellingham in 1944,%” demonstrate the
Gibbs energy of formation of MOs or other metal compounds at a given temperature,
providing information about their stability. The most important knowledge that can be
drawn from Ellingham diagrams of MOs is the ease of their reduction to a metallic state.
Reactive metals are presented at the bottom of the diagram whose oxides are very stable
and difficult to be reduced, such as CaO, MgO and LiO». At the top of the diagram, nobler
metals are shown, whose oxides are rather unstable and a lot easier to be reduced. Carbon
is a good reducing agent because its line, described by Equation 1.10, is downward and
cuts across the lines of many metals. Carbon can reduce MOs at temperatures where the
line of metals are above its line, for example, CO can only reduce MnO when the

temperature is higher than 1400 °C.

ZC(S) + 02 () - ZCO(g) Equation 1.10
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Figure 1.6: Ellingham diagram of metal oxides?®

During smelting, additives called fluxes or slag formers enable easier melting of the
impurities, in order to make a proper slag that stays on top of the molten metal. Most
common fluxes are limestone (CaCO3) and dolomite (Ca, MgCO3), with dolomite is often

favoured as it is less expensive and more readily available.?

The most common type of smelter is the blast furnace that can accommodate both the
stages of roasting and smelting. It is employed mainly in the production of pig Fe, Cu and
Pb and a schematic of the process is shown in Figure 1.7. It consists of different thermal
zones where in each one a different chemical reaction occurs. For instance, for the
reduction of hematite (Fe2Os) the furnace is fed with a mixture of roasted Fe>O3, in which
Fe exists in its highest oxidation state, along with C and CaCOs. Elemental Fe is produced

by the reduction of Fe2O3 with the aid of CO in three stages depending on the temperature
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of the different parts of the furnace. The reduction of Fe;Os3 to magnetite (Fe3O4) occurs
at a range of temperatures between 200 — 700 °C (Equation 1.11), the reduction of Fe3O4
to FeO takes place at temperatures above 850 °C (Equation 1.12) and the final reduction
of FeO to Fe occurs approximately at 1200 °C (Equation 1.13). Finally, Fe melts at the
temperature of 2000 °C. The constant production of CO from the reaction of C and CO>
(Equation 1.10) facilitates the reduction. The product of liquid matte gathers at the

bottom of the furnace below the molten slag and then both are tapped out from different

holes.
Fe,03 (5 + €O, — Fez04 + CO, () Equation 1.11
Fe304+ CO4) — FeO + €O, () Equation 1.12
FeO + CO ) — Fe) + €Oy Equation 1.13

Pyrometallurgy is the main method of Fe production because its main ores are MOs
namely Fe;O3, Fe;O4 and goethite - FeO (OH). In addition, the ores of most base metals
such as Zn, Co, Sn and Pb as well as the majority of Cu and Ni ores are treated thermally.
Thus, it is apparent that pyrometallurgy is a well-established science of metal extraction

and is widely used in MOs processing.

pre-heating zone

indirect reduction zone

direct reduction zone

carburisation zone

melting zone

tapping zone

A

Figure 1.7: Schematic diagram of different zones in a blast furnace *
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1.3 Hydrometallurgy

Hydrometallurgy derives from two Greek words “00wp” and “petariovpyia”, which
mean water and metallurgy respectively. This group of techniques include methods of
mainly low and rarely high temperatures conditions that employ aqueous solvents for the
dissolution and recovery of metals.?! It is well established since the 19th century and one
of the most remarkable examples is the extraction of Au and Ag by cyanidation.?
Cyanidation is one of the oldest industrially implemented hydrometallurgical processes
and dates back to 1887, when a chemical metallurgist named John Stewart MacArthur
was granted a patent related to the “Process of obtaining Gold and Silver from Ores”.*?
In this process, sodium cyanide (NaCN) was employed to dissolve Au and Ag by
complexing with the targeted metals to form soluble [Au(CN)2]" and [Ag(CN):] species,

as described in Equation 1.14.
4Au +8CN™ + 0, + 2H,0 - 4Au(CN); + 40H™ Equation 1.14

As previously discussed, most of the base metals are extracted via thermal routes but even
so hydrometallurgy is an essential approach for the processing of rare earth elements
(REEs), and Al, Zn, Ni, and Mo.? It is very important for the processing of low-grade
ores and for recycling of low metal containing residues, as it does not require extreme
energy consumption like pyrometallurgical approaches. Sometimes, both pyrometallurgy
and hydrometallurgy are employed, as in the case of the processing of sphalerite (ZnS),
where the mineral first is calcined and roasted to its respective oxide (ZnO), then is

leached in sulfuric acid (H2SO4) and finally Zn is recovered by electrowinning.**

In hydrometallurgy, aqueous solutions act as the solvents and/or electrolytes. Before the
development of any industrial flowsheet, sufficient water supply near the unit operations
needs to be confirmed. Contingent upon the starting material, its composition, its value
and the desired product there are physical and chemical methods that may aid the
extraction of metals. Physical separation methods include processes such as flotation,
distillation and filtration, whereas chemical methods consist of the processes of leaching,
solvent extraction, ion exchange, cementation and precipitation, as seen schematically in
Figure 1.8. There is also the category of electrochemical methods that incorporates the
processes of electro-dissolution and electro-winning both constituting the general science
of electrometallurgy, which most of the times considered as a subcategory of

hydrometallurgy.'®
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Figure 1.8: Schematic representation of the different stages and processes of metal
extraction and recovery (adapted from®®)

The first step of any hydrometallurgical approach is the beneficiation of the mineral,
during which the mineral is ground to fine particles or roasted, as in case of metal sulfides.
Next, leaching occurs where high- or low- grade ores or minerals, industrial residues and
in general any metal containing material is dissolved in an aqueous or non-aqueous
solvent, until the selective extraction of targeted metals is accomplished.’® For a
successful extraction, the liberation of metals from their compounds and their
transformation in metal ions, by breakage of the bonds from their ligands are required.
Compounds like metal chlorides and nitrates are more soluble in water than their

corresponding oxides or sulfates.

For metal compounds that are covalent and thus insoluble in water as MOs, sulfides,
silicates and phosphates the extraction requires the presence of another ion that facilitates
the dissolution. For that reason, since most of metals are found in the compounds of
oxides and sulfides, most of the hydrometallurgical routes include the employment of
acidic or basic solutions.’” For example, the dissolution of aluminium hydroxide, which
is insoluble in water, requires the presence of protons that will form water molecules with
the hydroxide group (Equation 1.15). These protons are coming from the dissociation of
an acid in water and apparently the stronger the acid (lower pKa.) the stronger the proton

activity in the solution.
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AL(OH)3 (5) + 3H' ) & AU}, + 3H,0 Equation 1.15

The Equation 1.15 does not include any complexation reaction, which in some cases is
required for metal extraction from insoluble compounds. For example, the dissolution of
Fe>Os in water may occur via protonation, complexation and reduction.*® An example of
a complexation reaction for Fe;Os is given with Equation 1.16, where chloride acts as

ligand and complexes Fe, resulting in the formation of soluble [FeCls] species.*’

F3203 (s) + 6H-I(-aq) + 6Cl_(aq) « ZFeClg(aq) + 3H20 Equation 1.16

Another example of a successful leaching agent for the dissolution of iron oxides in water
is oxalic acid. This agent is appropriate, since it is one of the best reducing organic acids
and it has good complexation properties, rendering the easy recovery of iron by its
precipitation in the form of iron oxalates. These oxalates then may be transformed to pure
iron oxides by calcination.*’ The dissolution of iron is happening through a complex
photo-electrochemical reduction process that encloses the mechanism of charge transfer
between the oxalate ligand and the iron on the iron surface and between the oxalate

species [Fe(C204)3]* and [Fe(C204)2]>. 4

In general, the choice of the leaching agent is made depending on its physicochemical
properties, cost, selectivity and possibility to regenerate. It is essential that the selected
leaching agent has relatively low cost, selectivity towards the metal and its surrounding
gangue material, low toxicity, can be easily produced in large amounts and can bring
about rapid extraction.?” In most hydrometallurgical flowsheets, aqueous solvents of acids
or bases are employed due to their ability for efficient extraction of metals. Acidic
solutions of sulphuric acid (H2SOs), nitric acid (HNO3), hydrochloric acid (HCI) or aqua
regia (3:1HCI/HNOs3) are some of the most common leaching agents because they are
cheap and show excellent solvation properties. An example of acidic leaching is the
extraction of Zn from ZnO existing in electric arc furnace dust using sulphuric acid.*?
Basic solvents are also used for metal extraction with one of the most established and
industrially implemented examples to be the alumina (Al20s3) dissolution in sodium
hydroxide (NaOH).** In most industrial processes, the solvents are recirculated in the

process for both economic and environmental reasons.
To sum up, the generic mechanisms for metal solubilisation of a metal are:

e Protonation using acidic or basic media

e Formation of soluble complexes using strong ligands
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e Electron transfer by using oxidising / reducing agents

e Electron transfer by electrochemical approaches
The first two mechanisms have been discussed before with examples. The electron
transfer (ET) occurs when an oxidising or educing agent is added to the solution, often in

the form of an oxidising acid.**

As for the fourth method, a reactive substance contributed to the breakage of the metal
and non-metal bond. This reactive substance either forms a soluble complex with the
metal or makes a bond with the non-metal part so the metal is free in the solvent as an

ion.

After the successful and selective leaching of the targeted metals, impurities, suspended
particles and solid undissolved material are removed, so that the concentration of the
desired metal to be increased, aiding the operation requirements of the next stage, the
recovery. Different techniques developed for the recovery of metals such as cementation,
electrowinning, solvent extraction, ion exchange, precipitation and liquid-liquid

extraction, which are schematically shown in Figure 1.8.

Cementation is an electrochemical process during which the desired metal is reduced to
the metallic state at a solid sacrificial metallic interface and these two metals need to have
different electrode potentials. In Table 1.2 the electrode potentials of some metals are
presented.* The sacrificial metal, usually in the form of a powder or sheet is introduced
to the solution containing the leached metal ions and these exchange with the sacrificial
metal. Cementation shows a similar redox process as electrowinning, with the
distinguishing feature to be the absence of external voltage. The force that drives the
targeted metal to be precipitated and the cementing metal to dissolve, is the difference in
electrode potentials. The process of cementation is thermodynamically possible when the
sacrificial metal has a more negative potential. For example, the cementation of metallic
Cu with the use of metallic Fe is common practice for more than 600 years now and
recovery of Cu is successful due to the different standard reduction potentials of Cu and
Fe,* 47 shown in Table 1.2. The process is accomplished by the spontaneous
simultaneous reduction of Cu on the Fe surface and the oxidation of Fe into the solution.
The electrode potentials of Cu and Fe are given by the Nernst equation that describes the

whole cell of the reaction (Equation 1.17).
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RT a. 2+
Cu Fe 2F  ag2+ Equation 1.17

It is apparent that the overall potential of the Equation 1.17 is positive thus the enthalpy
is negative, and the reaction is spontaneous without the need of an applied voltage.
Cementation is relatively simple and cheap process, so it can be used for the recovery of
metals that have low value. Sometimes, it is used prior to the metal recovery to remove

hazardous metals from the solutions, like Pb or Cd.

Table 1.2: Standard reduction potentials for selected metals and reactions*®

Metal Half-cell reduction reaction E° (V)
Mg Mgt +2e” - Mg -2.37
Al Al*3 +3e” - Al -1.66
Mn Mn*? 4+ 2e” = Mn -1.63
Zn n*? 4+ 2e” = In -0.76
Fe Fet™ +2e~ > Fe -0.44
Ni Nit?2 4+ 2e” - Ni -0.25
H, 2H" +2e” > H, 0.00
Cu Cut?+2e™ = Cu +0.34
Ag AgT+e = Ag +0.80
Au Autd +3e” = Au +1.50

Precipitation is a method of metal separation from its leachates and occurs mainly with
the manipulation of temperature and pH, which highly affect the solubility of metals, or
with the addition of a chemical substance functioning as a precipitant. In addition, it may
take place by evaporating the solvent or with a process of reduction / oxidation. It is a
very common industrial approach for the removal of heavy metals from waste waters, the
precipitates of which can then be filtered and the water can be reused or discarded.*’ The
introduction of chemical substances like antisolvents, precipitants, coagulants and
flocculants contribute to precipitation of metals by reducing the solubility of metals with
the formation of insoluble complexes. An example of a common precipitant is oxalic acid
that has been used in many applications for the recovery of metals from their leachates,
especially for processes of rare earth elements (REEs).>%*? The distinctive difference
between precipitation and crystallization is that the former is faster.’® Metal precipitation
takes place when the concentration of the metal in a solvent exceeds its solubility, forcing

the system towards the formation of solid metal particles, so that equilibrium is achieved
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between the metal ions in the solution and the metal salts precipitated.’* The difference
between the solubility product (Ksp) and the ionic product (Kss) is the driving force of the
precipitation. Supersaturated solutions show a very fast precipitation because the
equilibrium is already shifted and a very small increase in the concentration of the metal
leads to the formation of a precipitate. To sum up, during precipitation three different

steps take place, the super saturation, nucleation and crystal growth.

Electrowinning uses electrodeposition to reduce the leached metal onto another metallic
surface by passing current through the system.’> The most commonly and industrially
electrowon metals are Al, Cu, Au, Ag, Zn, Co and Ni. A significant issue of aqueous
solutions is that electrowinning is hindered by hydrogen evolution on the cathode for
metals that are more negative than hydrogen, like Ni, Mn, Fe, Zn, Al etc., as shown in
Table 1.2. For these metals different electrolytes are required, like molten salts or ionic
liquids®¢, otherwise the hydrogen evolution will sharply decrease the efficiency of the
process and will bring on the embrittlement of the deposit. Prior to electrowinning, the
removal of any impurities in the leachate is crucial, due to the possible contamination of
the deposited metal from other metals that have less negative or positive electrode

potentials.

Another method of recovery is the solvent extraction (also called liquid-liquid extraction),
which is a technique taking advantage of the different solubilities of metals in different
solvents. It is widely used in hydrometallurgy for the recovery of a broad range of metals
like Co, Ni, Zn, U, Mo, W, V, Zr, Nb, Ta, Ga, Ge, PGMs and REEs. It is advantageous
because it can support selective processes under mild conditions, in a rapid and non-
complicated way and requires simple equipment. Usually a polar aqueous and a non-polar
organic solvent are employed, which are immiscible. The organic phase consists of an
extractant dissolved in a diluent and in some cases, a modifier and a synergistic agent are
also present. The modifier enhances the properties of the solvent, by increasing the
solubility of the employed extractant, reducing adsorption losses etc. and the synergistic

agent increases the activity of the extractant.”’

During the extraction process, the desired
metal undergoes a change in ligation to make it more soluble in the organic phase.
Currently, there are approximately 40 extractants that are used for separation of metals

with the most common to be presented in Table 1.3.
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Table 1.3: Common extractants employed for separation of metals®®

Extractant Application

b

di-(2-ethylhexyl)phosphoric acid (DE2HPA)

Separation of Co / Ni and REEs
o
\’\D/O
A

ethyl hexyl hydrogen 2-ethyl hexyl phosphonate (PC-88A)

|°
MTQ@\ Separation of Co/ Ni, Zn/Fe

OH and REEs

bis(2,2,4 trim ethyl pentyl)phosphinic acid (Cyanex 272)

H H
\/\j\/NTN\/E/\/ Au recovery from cyanide
NH

solutions

1,3-Bis(2-ethylhexyl)guanidine (LIX-79)

The driving force of the distribution of the desired metal between the two solvents is the
chemical potential, since when the process of solvent extraction is finished the overall
system reaches the lower free energy of the stable configuration. The distribution
coefficient Ky of the metal is affected by its solubility in each one of them and is equal to
the ratio of the solubilities of the metal in the aqueous and in the organic phase, as seen

in Equation 1.18.%°

Concentration of metal in organic phase

4™ Concentration o f metal in aqueous phase Equation 1.18

A final method for metal recovery is ion exchange, a reversible process where ions are
exchanged between the leachate and a solid phase and is widely used for the recovery of

Au, U, Mo, Ni, Cu and other metals. The ion-exchange resin has a styrene or acrylic
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backbone with an ionic functionality and is insoluble in the leach liquor media.®® There
are two typical categories of resin, the functionalized macroporous and the gel polymer.
It 1s possible to tailor the properties of the resin and the selectivity of the process by
introducing different functional groups during its synthesis.® Other type of ion-
exchangers are the zeolites, montmorillonite and clays. In general, the ion-exchangers are
subdivided into two: cation and anion ones, which exchange positive charged ions or
negative ones, respectively. During the process of ion exchange, electroneutrality is

always preserved by the exchange of same amounts of counter ions.®?

1.3.1 Brief comparison of pyrometallurgical and hydrometallurgical method

The advantages and disadvantages, of pyrometallurgy and hydrometallurgy are
summarized in Table 1.4. Often the factors which decide the type of processing of an ore
are the logistics of transportation e.g. if coke is not locally available the hydrometallurgy

may be more suitable.
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Table 1.4: Advantages and disadvantages of the two main metallurgical methods;
pyrometallurgy and hydrometallurgy

Pyrometallurgy

Hydrometallurgy

Rapid reaction rates

High temperature conditions

allow not thermodynamically

possible reactions to occur
Limited chemical consumption

Easy separation of melted metal
and gangue material due to

difference in densities

Stable solid residues

Possibility in employment in

processing of low  metal

containing deposits
Flexibility in operation

Simple equipment and possibility

of continuous and automated

process
Low capital investment
Processes under mild conditions

Tailored to be selective towards

different metals

Ability in separation of similar

metals (Co/Ni, PGMS and REEs)

Clean operating environment

Economically viable only for high-

grade ores

Not selective and appropriate only for

simple ores or minerals

High capital investment and inability
of testing the process in small pilot

scale

Extreme temperature conditions and

significant energy consumption
Emission of greenhouse gases and dust
Slower reaction rates

Large chemical consumption

Toxic reagents (e.g. CN")

Strong acidic / basic solutions required

for the processing of stable compounds
Less stable solid residues

Vast amounts of aqueous wastes either
corrosive, poisonous or rich in heavy
metals that need purification before

disposal
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Pyrometallurgical and hydrometallurgical processes are extremes of the temperature and
ligand scale and the current study is to investigate whether low temperature molten salts

(ionic liquids) can offer a hybrid of the two approaches.

1.4 lonometallurgy

Ionometallurgy is a sub category of solvometallurgy, which uses ionic rather than
molecular non-aqueous solvents.®® ITonometallurgy, in principal, involves the processing
of metals using ionic liquids and deep eutectic solvents.®* These solvents have proven to
be good candidates for substituting aqueous solutions making use of properties such as
wide potential windows. It gives flexibility, in the sense that both ionic liquids and deep
eutectic solvents can be tailor made for specific processes and therefore, the selectivity
of the extraction process can be improved by the appropriate choice of anion species,

preventing also the use of hazardous additives common in hydrometallurgy.

The first ionic solvents applied and still employed in metallurgical processes are the
molten salts (also known as fused salts). Molten salts are solvents that are composed
solely from ions, they are solid at ambient temperatures, while liquefying at higher ones.®®
They have been known for a very long time, with the first experiments in the field of
electrolysis held by Davy in 1807.%° They have found applications in the field of
metallurgy, electrochemistry, nuclear chemistry and energy storage devices due to their
favourable properties of chemical, electrochemical and thermal stability that enables them
to be employed at very high temperatures. These properties include non-volatility, low
viscosity, wide potential window and high conductivity.®” ¢ The large concentration of
ions in the solutions also enhances their properties as electrolytes and due to high
temperatures used it increases the reaction rates. Inorganic molten salts may also be
produced in bulk quantities in an economic process since the components are derived
from naturally occurring minerals. In addition, they are very useful in applications where
aqueous solutions are hindered. The electrowinning of Al that is more negative than
hydrogen is not possible in molecular aqueous solvents, but it is can be successful in high

temperature molten salts (cryolite - NaAlFg). ¢

In this work, emphasis will be given only in ionic solvents that are liquid at ambient
temperatures, as room temperature ionic liquids (RTILs) and deep eutectic solvents

(DES:s).
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1.4.1 lonic Liquids

Nowadays, the term ionic liquids (ILs) is used to define solvents composed solely from
ions, which are liquid at temperatures below 100 °C.>® This definition is very important
for drawing a line between them and molten salts, since both consist of oppositely charged
ions but have very different melting points. IL research started with eutectic mixtures of
AICl; with NaCl and KCI etc.” The melting point of AICIs is 192 °C and the melting
points of NaCl and KCI are 803 and 772°C respectively. The melting point of the binary
mixtures AlCIs:NaCl and AICI5:KCI are much lower, 151 °C and 256 °C respectively.’™
So, by mixing these components, ionic solvents with lower melting point than the ones

of molten salts were achieved.

Figure 1.9, shows some of the main developments in ILs but more comprehensive
reviews of ILs together with their, applications, properties and limitations are given in the

literature.”t-"3

In 1888 Gabriel found the IL ethanolammonium nitrate, with a melting point of 52-55 °C
but his contribution never received much attention.”® In most reviews ethylammonium
nitrate [EtNH3] [NOs], synthesized by Paul Walden in 1914 by neutralising ethylamine
(CH3CH2NH>) with concentrated nitric acid (HNO3), is reported to be the first room
temperature ionic liquid (RTIL) with a melting point of 13-14 °C.”®> After Walden’s
invention, 40 years passed until ILs come to the spotlight again with the synthesis of 1-
ethylpyridinium bromide - aluminium chloride [Czpy]Br AICl3z in 1951 by Hurley and
Weir. This type of IL took the name chloroaluminate liquids / eutectics and was tested
first for the electroplating of Al and then of other metals.”® Chloroaluminate liquids are
mixture of alkyl halides with AICIz with very low melting points compared to other
inorganic eutectic salts. The mole fraction of AICIs (x4c;,) affects the speciation of the
metal halide and thus the Lewis acidity. For example, the IL [Comim]CI-AICls is affected

by the x ¢, in the following way:”’

®  Xaci, > 0.5, acidic IL [AlCl7] is in equilibrium with [AICI4]
®  Xaici;< 0.5, basic IL, free CI"is in equilibrium with [AICI4]
®  Xaci, = 0.5, neutral IL - [AICI4] species
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Figure 1.9: Selected moments of the history of ILs by chronological order "

In 1979 Osteryoung and Robinson introduced the 1-butylpyridinium chloride —
aluminium chloride [C4py]Cl AICl; which was liquid at room temperature for wider range
of compositions.” In 1982, Wilkes synthesized, 1-alkyl-3-methylimidazolium chloride —
aluminium chloride [C2Ciim]CI — AICI3. Although this IL showed high potential for
different applications, it was very sensitive to moisture.”® 3 These solvents have been
called “first generation” ILs.

In 1992 Wilkes and Zaworotko synthesized air and water stable ILs based on 1-ethyl-

3methylimidazolium cations.®!

The researchers produced mixtures of 1-ethyl-
3methylimidazolium with simple anions as tetrafluoborate [BF4] and acetate [OAc] and
reported their air and water stability. More recently, anions such as
trifluoromethanesulfonate [CF3S037] and bis-trifluoromethanesulfonylimide
[(CF3S02)2N7] / [Tf2N7] have become more popular because of their higher stability
compared with [BF4]” and [PFe] that hydrolyse producing HF.%* Subsequently many
research groups have looked at related anions and cations and their applications, mainly

in a variety of fields such as electrochemistry and transition metal catalysis.

Davis in 2000 developed the so called “task specific ionic liquids” (TSILs), which
contained a covalently bonded functional group in one of the ions, rendering them
selective in different applications.®® In 2003 BASF developed the first industrial
application in the Biphasic Acid Scavenging process (BASIL), where 1-methylimidazole
substituted triethylamine as a scavenger of HCI in the production of

diethoxyphenylphosphine prepared by the reaction of dichlorophenylphosphine with
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ethanol.®* In the same year, Abbott introduced Deep Eutectic Solvents (DESs) by mixing

choline chloride and urea, opening the path to potentially less toxic and cheaper ILs.*°

One common classification of ILs is into protic and aprotic. Protic ILs (PILs), are
synthesized by the mixture of a Brensted acid and a Brensted base, as seen in Equation

1.19.%
HA+B - A~ + HB* Equation 1.19

This proton transfer gives unique characteristics to these solvents, resulting in proton-
donor and acceptor sites, which can be the base for the development of a network of
hydrogen bonds. By employing stronger acids or bases, the driving force of the proton
transfer changes and so does their ionicity.®” But this also means that in the case of not
sufficient proton transfer, the agglomeration of neutral base and acid species is possible.*
It has been suggested, that even though in these liquids, neutral molecules can exist they
can still be called ionic but only if the amount of the neutral molecules is below 1%.%
PILs have shown good characteristics in electrochemical and synthetic applications with
a very promising result to be the elimination of the polarization of the oxygen electrode
in fuel cells in these media.®® Another important application is in CO2 capture, which has

higher solubility due to the hydrogen bonding provided by these media.”

Aprotic ILs (AILs) have been investigated more than PILs due to their low volatility. The
major difference between these two classes of ILs is that PILs are volatile since the acidic
proton can be abstracted by the anion at room temperatures.”! They are mixtures of bulky
non-symmetrical organic cations with smaller inorganic anions. They are formed via the
Menshutkin type reaction, example of which is given in Figure 1.10.°> One significant

property of AlLs is their “ionicity” which is the reason for their low volatility.”?

YV N \N/\N R \N%D\N/\/\/\
\/ ) e

1-bromohexane 1-methylimidazole I-methyl-3-hexylimidazolium Bromide [HMim][Br]

Figure 1.10: Example of aprotic ionic liquid synthesis from the mixture of 1-
bromohexane with 1-methylimidazole %
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Synthesis and properties of ionic liquids

Currently, there is a wide range of anions and cations that are employed in the synthesis

of ILs, as seen in Figure 1.11.

Cations

X R,

— |
4 =
—N N N*
\/N\/ |
1-alkyl-3-methyl-imidazolium R

. Tetraalkyl-ammonium
N-alkyl-pyridinium

Anions
F F Q H 0
N O
| T AY e
F F F F

Tetrafluoborate [BF4]

Hexafluorophosphate

Bis(trifluoromethylsulfonyl)imide

[PFe] [NTFJ
F\ ﬁ

F / ﬁ © = s Br, CI, NOs
F o Thiocyanate [SCN]

Trifluoromethanesulfonate [OTF]
Figure 1.11: Structures of common cations and anions for the synthesis of ILs®

The cation in most cases is an organic compound, as imidazolium, pyridinium,
pyrrolidinium, phosphonium, ammonium etc. and the anion can be either inorganic like
Cl, PFs, BFs or organic as trifluoromethyl sulfonate [CF3;SO3],
bis[(trifluoromethyl)sulfonyl]imide [(CF3SO2)2NT, trifluoro ethanoate [CF3CO-]".

It is estimated that up to 10'® ILs can be produced by mixing different anions and cations.
In general, between the ions consisting the IL, coulombic interactions predominate,
resulting in high cohesive energy, which accords with their low vapour pressure. Usually

the ions form clusters and aggregates, although an ideal IL has non-associated ions.”
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The properties of ILs have been characterised extensively. Due to the nature of their
structure, they show very different physical properties compared with aqueous molecular

solvents. The main physical properties of ILs are briefly discussed.

» Melting point

The melting point of ILs is important because it sets the range of temperature in which
these solvents can function. It defines the lower temperature of the liquid-phase diagram
in which they can be utilised as solvents and the thermal decomposition marks the upper
limit. It is highly affected by the size and symmetry of the ions, the charge distribution,
the hydrogen bonding ability and the type of interactions between the ions.”! The
difference in the melting point of ILs compared to the ones of inorganic molten salts
comes from the substitution of small symmetrical inorganic cations with bulky and
asymmetrical ones that shift the charge distribution, causing reduction of the lattice
energy and thus of the melting point. This can be explained with the fact that ions with
high symmetry result in more efficient ion-ion packing in the crystal cell and so higher
melting point. The ions size can also be explained by the fact that ions with increased
size, leading to decrease in the Coulombic attraction forces and to increase in covalency

of them leading to reduced melting point.

» Density

The density of ILs is an important property, not only for their industrial implementation,
but also for the investigation of other properties as the heat capacity and viscosity and it
has been studied more than the other physical properties. Along with the viscosity, density
plays a significant role in the dispersity of the media and the contact with other reagents,
which is crucial especially in catalysis.”® Most of the times, the density of ILs is higher
than the densities of the majority of molecular solvents and ranges between 1.05-1.35 g
cm™ at ambient conditions.®” The density decreases with the increase of the alkyl chain’s
length for all types of cations and with the increase in temperature.”®°® The type of anion
has a great effect on the density and the general trend shows that by increasing the
molecular weight of the anion, the density increases. The type of cation also affects the

density but to a lower extent compared to the anion type.
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» Viscosity

The viscosity (1) is a very crucial physical property that affects the efficiency of a solvent
in metallurgical and electrochemical applications and it affects the transport properties of
the systems. ILs usually exhibit high values of viscosity. However, there are ILs that
exhibit relatively low viscosities almost comparable with aqueous solvents and others that
are extremely viscous. The high viscosity is a disadvantage in metallurgical processes
especially for the stages of stirring, mixing, mass and heat transfer and pumping as it
hinders the diffusion of ions as given by the Stokes — Einstein expression (Equation 1.20)

D kT
~6mnr Equation 1.20

where D is the diffusion coefficient of the substance, & is the Boltzmann constant, 7 is

temperature, 7 is the viscosity and 7 is the ionic radius.

The type of interaction between the different ions; Van der Waals, hydrogen bonds or
electrostatic affects and the molecular structure of the liquid all have a great effect on the
viscosity.”” By increasing the temperature and the water content the viscosity
decreases, while other contaminants such as chloride increase it. For some ILs even a
small concentration of impurities may have very high impact on it.!?’ In terms of alkyl
chain, the longer the chain the more viscous the IL due to the increase in van der Waals
interactions for all imidazolium, pyridinium, alkylammonium and pyrrolidinium based
ILs.””- % Likewise for the density, the viscosity is more affected by the anion than the

cation of the IL.

» Conductivity

Conductivity (o) is very important property and considering the first applications of ILs
in electrochemistry, it is understandable that it has been studied extensively. Although
ILs are entirely composed of ions and it would have been apparent that the conductivity
i1s very high, this is not true and usually aqueous solutions show higher values of
conductivity. In most cases the conductivity ranges between 107 to 102 S cm™.!%! The
large size of cations leading to the inhibition of the fast mobility of the ions, along with
the lack of free charge carriers due to ion pairing all explain this phenomenon.!% There
was an attempt to model the viscosity and conductivity of ILs by using the hole theory by
Abbott et al.!® It was suggested that ILs enclose holes that contribute to the movement

of ions. Their size is affected by the surface tension of the liquid and by decreasing it, the
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viscosity also decreases, and the conductivity rises. At ambient conditions, ILs have low
conductivities, but this can be solved by increasing the temperature. Conductivity, also,
depends highly on the ion size, the ion association and the viscosity of the liquid, with
which it has an inversely proportional. The two properties are related with the Walden

law shown in Equation 1.21.
A*=C Equation 1.21

Where A is the molar conductivity, C is a constant, a is an adjustable parameter and # is
the viscosity. As for the impurities, the water and chloride content in larger mole fractions
can increase the conductivity.!® The alkyl chain of the cation has an effect on the
conductivity, since as discussed before it increases the viscosity of the liquid due to
stronger van der Waals forces, and so the conductivity decreases. Furthermore, it has been
reported that when the molecular mass, the size of the cation and the symmetry decrease,

then there is a rise in the conductivity.

In general, the anion of the IL controls the chemistry of the solvent as it interacts with the
metal solute and complexes with it. This means it affects the speciation and thus the

reactivity and the solubility of the metal solutes.

HSO; ==\
Ho\/\N*‘“ \/N\/ o
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Figure 1.12: Colored solutions of CuCl2-2H-0 dissolved in different ILs and deep
eutectic solvents.%

This is illustrated in the Figure 1.12, where the colours of the solutions of CuCl>:2H>0O
dissolved in different ILs and deep eutectic solvents with different anions are presented.
The solutions have different colours due to the different species formed between the metal
and the anion of the IL. Knowledge of metal speciation in general is very important
because it gives information about reactivity and solubility of metal ions and this

information is of most significance for metallurgical applications such as metal extraction
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and deposition. Speciation in ILs started to be examined only in recent years, due to the
difficulty of studying it, arising from the complexity of these media. In aqueous solutions
the speciation is governed by the H" and OH" that also dominate metal solubility and their
redox properties. All of these data can be correlated and illustrated in Pourbaix diagrams
that have been developed for aqueous solutions and for which more information will be
given in the Chapter 3. Metal ions are mainly Lewis acids and form complexes with Lewis
or Bronsted bases and ILs show complexity due to the different Lewis basicity of every
anion. Another reason for the poor data on speciation is the difficulty to find an
appropriate technique to analyse the formed species.' In aqueous solutions, usually, the
formed species are determined with the use of X-rays, by crystallising the metal complex
and determining the crystal structure. In addition, other techniques such as UV-Vis,
Raman and IR spectroscopy are useful in determining speciation in aqueous systems. In
ILs, the crystallization of the formed species is very difficult to initiate, and the
evaporation of the solvent is not possible in most cases, so different techniques are

employed such as UV — Vis, NMR, EPR and EXAFS to determine the structure.

ILs show very high potential in metal processing due to their favourable properties of
non-flammability, low vapour pressure, wide electrochemical potential (> 4 V)!% and
liquidus range, thermal and chemical stability and they can be an alternative to current
metallurgical approaches.® Although, they exhibit some non-advantageous properties as
low conductivity and high viscosity, by selecting the appropriate cation and anion these
properties can be tuned for better results and they are very good electrolytes without the

requirement of addition of other solvents.

Apart from all these favourable properties, there are some constraints in their employment
industrially, with the main being their high cost and complex production process. The
expensive components and process of production with the need of many purification
steps, lead to the requirements of 1) reducing the cost of production 2) minimum usage ,
3) high recyclability of the IL. The price of ILs has been reported to be in the range

between 5-20 times more expensive than molecular solvents. '/

The second constraint is their toxicity. Although, ILs have very low vapour pressure
especially at ambient conditions and so the air pollution is prevented, they have
significant solubility in water, which leads to the danger of contamination of
environmental recipients like groundwater and then soils and sediments.!® In addition,

their high chemical and thermal stability might prove a potential issue due to their
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persistence in the environment. ILs usually are related with green chemistry due to all the
favourable properties mentioned before, but even so their toxicity is at the same level as
many molecular solvents and sometimes even higher. There are many reviews on this
topic, and all have concluded that the most common ILs show toxicity that varies across

organisms and depends on the test conditions and the type of the liquid.'%!1°

1.4.2 Deep eutectic solvents

Deep eutectic solvents (DESs) are defined as eutectic mixtures of quaternary ammonium
salts (or in some cases quaternary phosphonium salts) with hydrogen bond donors
(HBDs) and their name comes from the Greek word “gvtnkrog” that defines a substance
melting easily. Coutinho et al, in a recent review on DESs, suggested that a stricter
definition of a DES should be “a mixture of pure compounds whose eutectic point
temperature is below that of an ideal liquid mixture” since, as he pointed out, all mixtures
of compounds that are immiscible in the solid state present a eutectic point and this
difference from ideality is what define a DES."!! This is illustrated in Figure 1.13 with a
phase diagram of a binary mixture. For an ideal solution, at a specific ratio of two
components A and B, the melting point of the mixture drops significantly and results in a
eutectic point (T, ideal). In order to characterise a liquid mixture as a DES, the eutectic
point of the mixture (Tg) should be lower than the (TE, igea). Therefore, for a DES the
difference (AT>) between the ideal and real eutectic point should define the deep eutectic
point and not the difference (AT;) between the real eutectic point and the linear

combination of the melting points of the components A and B.

The existence of a “deeper” eutectic point is the result of hydrogen bond interactions that
reduce the lattice energy of the components and lead to delocalisation of the charge and
the formation of non-ideal mixtures.!!! The depth of the depression between the (TE, ideal)
to the (Tk) depends highly on the strength of the interactions between the hydrogen bond
acceptor and donor. In addition, the symmetry of the cation is another factor that affects
the melting point of the system, in the same way that was mentioned before for the ILs

and thus the higher the asymmetry of the cation the lower the melting point.
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Figure 1.13: Schematic representation of the eutectic point of a binary mixture of
components A and B, depending on the mole fraction of B. (adapted from ref 1)

Synthesis and properties of deep eutectic solvents

Depending on the starting materials, there are four general types of DESs, which are
shown in Table 1.5. The first DESs to be reported by Abbott et al., was prepared by the
mixture of choline chloride with ZnCl, in different ratios.!'? Example of Type I DESs can
be the common chloroaluminates imidazolium ILs, but apart from AICI3 more metal
halides like AgCl, FeCl,, CuCl; etc. have been examined. Since the number of metal
halides that can form DESs is limited, the Type II DESs increases the possibilities with
the bigger variety of hydrated metal halides that also have lower cost. The Type III DESs
are composed of a quaternary ammonium salt with the addition of a HBD, which can be
selected from a variety of chemical substances, namely alcohols, amines, carboxylic acids
etc. This wide range of HBDs contributes to the tunability of the DES for each specific
application. The Type IV DESs is the result of the mixture of a metal halide with a HBD

and an early example of this type is the mixture of ZnCl, with urea.''?

DESs unlike ILs are mixtures of ionic and molecular species but the high ionic strength
(c.a. 3-5 M) and the ability to tailor the ligand properties of the HBD enable tunability for
metal reactivity in solution.''! DESs have low vapour pressure, are generally non-
flammable, have moderate conductivity, thermal and chemical stability. Their ease of
preparation by mixing the readily available components with moderate heating enables

their large-scale application. In addition, some DESs can be environmentally friendly and
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non-toxic. Apparently, none of these desirable properties of DESs should be generalised
for all solvents since physical properties, toxicity, price etc. depend a lot on the starting
materials. DESs as ILs have gained the interest of the scientific world for many

applications from analytical chemistry to metallurgy and electrochemistry and due to their

versatile character. These are summarised in more detailed reviews.''#!1¢
Table 1.5: Description of DESs types
Type Composition
Type l Quaternary ammonium salt Metal halide
Type Il Quaternary ammonium salt Hydrated metal halide
Type 111 Quaternary ammonium salt Hydrogen bond donor
Type IV Metal halide (hydrate) Hydrogen bond donor

Figure 1.14 shows some of the components that can be used in Type III DES. The choice
of the HBD affects the activity of protons in the DES, since the pH of the resulted DES
follows the acidity of the HBD.!'” For example, the pKa. of the first H' to dissociate for
oxalic acid and malonic acid are 1.2 and 2.8, respectively. The pH of the resulted DESs
of the mixtures of choline chloride with oxalic acid and malonic acid have been measured
to be 1.32 and 2.39, respectively. On the other hand, more basic HBDs as urea lead to a
DES with a pH at 8.91, so again the tunability of these solvents for specific applications
1s highlighted.

As discussed previously, DESs share a lot of physical properties with ILs. For example,
the viscosity of DESs is higher compared to aqueous solutions, in the same way as ILs
and this is a result of the strong hydrogen bond network in this media. Temperature, water
content and the chemical nature of the constituents all are significant for the viscosity of
the mixture. As an example, the viscosity of the mixture of choline chloride with glycerol
1s much lower than that of glycerol and it is suggested that the salt is breaking the
hydrogen bond interactions in the structure of glycerol resulting in a less ordered

media.''®

During this thesis, only the Type III DESs are examined and discussed with the
employment of choline chloride (ChCl) as the quaternary ammonium salt, due to its lower
price, availability in bulk amounts, biodegrability and non-toxicity. ChCl is a supplement
of vitamin B4 in chicken feed. More information about properties of DESs and

applications will be provided throughout the chapters of this thesis.
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Metal processing in deep eutectic solvents

Binnemans in his recent review stated 10 reasons that solvometallurgy and by extension
ionometallurgy should be preferred instead of the current employed processes and these

are %3

e Limited water consumption

e Reduced energy consumption

e Lower consumption of acids

e Higher selectivity for leaching

e Process intensification

e Fewer problems with silica gel formation

e Compatibility with bioleaching

e Suitable for low metal containing materials
e Useful for treatment of urban waste

e New separation processes

Their emerging use in metallurgy resulted in a number of published reviews on this
topic.!'” DESs have been investigated in both metal extraction and metal recovery. MOs
processing is a big chapter of DESs, as well as the topic of this thesis. Abbott et al reported
the solubility of 17 MOs in three DESs based on ChCl and compared them with the
solubilities in aqueous solutions of HCl and NaCl and it was concluded that the
solubilities are higher in HCI, but the DES composed of ChCl and malonic acid showed

good potential and high levels of leaching affinity.!?°

The employment of iodine as an oxidising agent and redox catalyst in DESs, proved to
be a very promising system due to its lower toxicity compared with CN", its fast electron
transfer and high solubility (> 200 g kg™') compared to in water (0.29 g kg'!)."?! In the
DES ChCl with ethylene glycol, the redox potential of iodine was calculated and exists
between 0.4 — 0.6 V, which is more positive than the redox potential of a variety of other
metals such as Zn and Cu, thus making the oxidatively leaching of these metals possible.*
This system of iodine in DESs has been employed in different processes as the extraction

of Au and Ag from ores'??, the selectively dissolution of Cu/Zn® and Ga/As'?*. Another
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project highlighting the contribution of the tunability of DESs in metallurgy is the
selective dissolution of Pb and Zn with the use of a hybrid DES consisting of ChCl with

ethylene glycol and urea, resulting in high selectivity over Fe which is a contaminant.

DESs also have been employed in the extraction of rare earth elements (REEs) from
NdFeB magnets and specifically the DES consisted of ChCl and lactic acid showed high
leaching affinity over the REEs. Solvent extraction followed for the separation of the Fe,

B, Co contaminants and subsequent solvent extraction for the separation of Nd-Dy.!?*

1.5 Thesis aims

In this study, Type III DESs are investigated for the dissolution of MOs. The main aim
of this thesis is to study the dissolution mechanism of a variety of MOs (MnO2, MnO,
Fe;03, Fe304, Co304, CoO, NiO, CuO, Cuz0, ZnO, PbO), which are found in the majority
of industrial residues like LIBs, in DESs consisted of different HBDs (alcohol, amine,
carboxylic acids). The acidity of the solution is investigated on the solubility of the MOs
and compared with the effect of the ligand abilities of the HBD. In aqueous solutions, it
is known that proton exchange and surface complexation are two of the most important
ways of solubilising MOs, so these methods are explored in DESs. In addition, it is
expected that the use of different HBDs will provide selectivity, due to the specific
interactions of metals with different HBDs. This fact is aimed to be illustrated with the
extraction of metals from two EoL materials, cathode materials of a LIB and spent

fluorescent lamp phosphor.

For DESs that lack of proton activity and consist of HBDs that are poor ligands and thus
resulting in poor solubilities for most MOs, the electrochemical oxidation is also
investigated as an alternative and novel method to solubilise MOs. The speciation after
electrochemical dissolution is also investigated and the kinetics are compared with
straight chemical dissolution. Electrochemical techniques such as cyclic voltammetry,
chronopotentiometry and chronocoulometry are conducted using the solid state technique
paint casting and are aimed to provide information about the reactivity of MOs, their
stability and the rate of their electrochemical dissolution. The rate of electrochemical

dissolution is also correlated with their band gap and hence conductivity.
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2 Experimental Procedures

2.1 Materials
2.1.1 Chemicals

The materials used in this thesis, along with their purity and source are listed in Table 2.1

and Table 2.2.

Table 2.1: List of chemicals used, their formula, purity and source.

Chemical
Acetic acid

Betaine hydrochloride

bis(2-ethylhexyl) phosphoric acid

Choline Chloride

Chromium oxide

Cobalt (I1) chloride hexahydrate

Cobalt (11, 111) oxide
Cobalt (1) oxide
Copper (I1) chloride dihydrate
Copper (1) chloride
Copper (I1) oxide
Copper (1) oxide
1-Decanol
Ethylene Glycol
Glycerol
Glycolic acid
Hydrochloric acid
Iron (111) chloride
Iron (11) chloride
Iron (111) oxide
Iron (11, 111) oxide
Lactic acid
Lead (I1) chloride

Formula
C2H402
HbetCl

Ci6H3504P
CsH14CINO
Cr203
CoClz-6H20
C0304
CoO
CuCl2-2H.0
CuCl
CuO
Cu20

Ci0H220
C2HsO2
CsHgOs
C2H403

HCI
FeCls
FeCl,
Fe203
FesOq

CsHsO3
PbCl;

Purity
99%
99%
95 %
99%
99 %
98%
99%
95%
97%
97%
99%
99%
98 %
98%

>98%
99%
37%
98%
97%

>96%
97%
88%
99%

Source
Fisher
Acros Organics
Acros Organics
Acros Organics
Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar
Aldrich
Sigma-Aldrich
Chem Cruz
Alfa Aesar
Acros Organics
Fisher
Fisher

Janssen Chimica

Acros Organics
Acros Organics
Alfa Aesar
Aldrich
Fisher

BDH Chemicals



Table 2.2: List of chemicals used, their formula, purity and source (continued).

Chemical Formula
Lead (1) oxide PbO
Levulinic acid CsHsO3
Lithium LiTf2N
bis(trifluoromethylsulfonyl)imide
Lithium chloride LiCl

Lithium Nickel Manganese LiNio.33Mno.33C00.3302

Cobalt oxide
Manganese (11) chloride MnClz-4H,0
tetrahydrate
Manganese (1V) oxide MnO:
Manganese (I1) oxide MnO
Nickel (I1) chloride NiCl2
Nickel (I1) oxide NiO
Nitric acid, trace metals HNOs3
Oxalic acid dihydrate C2H20-2H20
Potassium hexacyanoferrate (I1) K4Fe(CN)e-3H20
trihydrate
Triflic acid CF3SOsH
Urea NH2CONH:
Zinc (11) chloride ZnCl;
Zinc (1) oxide ZnO
YOX Y,03:Eudt
LAP LaPO4:Ce® Th"
BAM BaMg2Al16027:Eu?*
HALO (Sr, Ca)10(POa4)s(Cl,

F)2:Sb% Mn?*

Purity
99.9%
98%
99%

99%
98%

99%

99 %

76.0-
78.0%
98%
99%

99%
98.5%

99%
98%

97%
99.5%
99%
99%
99%
99%

Source
Alfa Aesar
Alfa Aesar

IOLITEC

Alfa Aesar
Aldrich

Sigma
Aldrich
Acros
Organics
Alfa Aesar

Aldrich
Alfa Aesar
Fisher
Emplura
Acros
Organics
Aldrich
Sigma
Aldrich
Sigma
AnalaR
Nichia
Nichia
Nichia
Nichia



The experimental work for Chapter 5 was conducted at the Chemical Engineering
department of KU Leuven, so the materials used were provided by the SOLVOMET
group’s lab. The aliphatic diluent GTL Solvent GS190 was obtained from Shell Global
Solutions (Amsterdam, The Netherlands). The real lamp phosphor waste was provided
by Relight Srl (Rho, Italy), whose composition is given in Chapter 5. All the components

above were used as received, without any purification steps.

The LIB cathode sheets used at the end of Chapter 3 were taken from unassembled quality
control EV pouch cells manufactured by Envision/AESC in July 2018 and provided by
the ReL.iB project. They had previously been removed from their pouches and rinsed with
dimethyl carbonate (DMC) to remove any residual electrolyte and then dried in the air.

The cathode sheets were kept in a sealed container in between experiments.

2.1.2 Preparation of deep eutectic solvents

The deep eutectic solvents (DESSs) used in this study are listed in the Table 2.3.

Table 2.3: List of deep eutectic solvents, their components and molar ratio

Deep eutectic  Hydrogen Bond  Hydrogen Bond Donor Molar ratio

solvent (DES)  Acceptor (HBA) (HBD) (HBA:HBD)

EG:ChCI ChCl Ethylene glycol 1:2
Urea:ChCl ChCl Urea 1:2

Gly:ChCl ChCl Glycerol 1:2
OxA:ChCl ChCl Oxalic acid dihydrate 1:1
LacA:ChCl ChCl Lactic acid 1:2
AceA:ChCl ChCl Acetic acid 1:2
LevA:ChCl ChCl Levulinic acid 1:2
GlyA:ChCl ChCl Glycolic acid 1:2

The components were mixed in a sealed container, under continuous stirring conditions
and at 50 °C, until a transparent homogeneous liquid was formed.* 2 The solvents were
then stored at room temperature, in order to slow down any degradation or esterification
reaction between the components, since temperature has a great effect on the degradation
kinetics of DESs.? In addition, the DESs were used within 3 weeks from their preparation
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date. For the DES composed of oxalic acid dihydrate, which includes two carboxylic
groups in its structure, the molar ratio was 1:1, as suggested by Abbott et al,? whereas for
the rest of the DESs the molar ratio was 1:2 (ChCl: HBD).

For the preparation of the mixtures EG:ChCI with triflic acid, the method used was the

same as that by Alabdullah.*

2.2 Leaching experiments

Part of this thesis investigates the chemical dissolution of MOs. In Chapter 3 fundamental
studies are conducted on the dissolution mechanism of MOs from synthetic MO powders.
In the end of Chapter 3, some of the fundamental results are validated on cathode material
of spent LIB, while on Chapter 5 the extraction of REEs from EoL fluorescent lamp

phosphor is investigated.

For Chapter 3, in order to investigate the solubility of MOs, a weighed mass of powder
was dissolved in 5 mL of solvent in a sealed glass vial, at 50 °C with continuous stirring
for 48 hours. In cases where all of the powder was dissolved in the DES, an additional
amount of MO was weighted and fed into the vial. Upon the completion of the dissolution,
the solutions were centrifuged at 4000 rpm, using the centrifuge Centurion Scientific PrO-
Research K241 and filtered with PET syringe filters (pore size 0.22 um). In the case that
precipitation of material was observed, the precipitates were rinsed with hot deionized
water and dried overnight at 50 °C in an oven. Then weighed amount of them was digested
in dilute HCI and the PLS was analysed with ICP-MS.

For Chapter 3, the dissolution of the synthetic LiNio.33Mno.33C00.3302 (NMC) powder and
the spent cathode of a LIB conducted in sealed glass vials, at various temperatures ranging
between 25 °C — 80 °C, under stirring conditions unless otherwise stated, and with a
liquid: solid ratio (L:S) of 25 mL g™. For the dissolution of the cathode sheet 4 x 2 cm?
were cut, weighed and placed in the vial. The pregnant leach solutions (PLSs) were then
treated as mentioned before. For the initial characterisation of the metal content of the
industrial cathode and the synthetic LINMC powder, 0.04 g and 0.015 g of materials,
respectively, were dissolved in 10 mL and 6 mL of aqua regia at 25 °C under stirring
conditions for 30 minutes and the resulting solution was analysed with ICP-MS. The

digestions were performed in triplicates.

62



For Chapter 5, the chemical characterization of the phosphors YOX and HALO was
accomplished with the dissolution of 0.1 g of solid in 4 mL of 6 mol L™ HCI, under
stirring conditions for 24 h at 80 °C. The characterization of the real lamp phosphor waste
included its sieving using a vibratory sieve shaker Analysette 3 from Fritsch with a 125
um sieve. Then, approximately 50 mg of solid material was placed in the microwave
(MW) (Berghof Speedwave Xpert) digestion vessels (DAK-100), and 10 mL of HCI was
added. Each digestion was performed in quadruplicate. The digestion method was: (1)
ramping from room temperature to 145 °C in 10 min and holding for 10 min, (2) ramping
to 170 °C in 5 min and holding for 10 min, (3) ramping to 200 °C in 5 min and holding
for 10 min, (4) cooling down to 50 °C and hold for 20 min. The digested sample was
diluted with MilliQ water to a final volume of 50 mL, and it was analysed for its metal
content via ICP-OES. This method is not suitable for the characterization of the silicate

fraction.

For the leaching experiments of either individual synthetic phosphors or the real waste,
0.1 - 0.3 g of material was placed in a glass vial, the lixiviant was added, and the sealed
vial was placed in a sand bath at constant temperature and stirring conditions. A heated
magnetic stirrer plate with a temperature controller inserted in a reference vial containing
the lixiviant and was used for heating and stirring the samples. After the leaching, the
samples were centrifuged at 3600 rpm and filtered using PET syringe filters (pore size

0.45 um) to remove any remaining particulate matter.

2.2.1 Ultrasound assisted chemical dissolution

Sonochemistry was first published in 1927 by Richards and Loomis®, where they proved
that chemical reactions can be accelerated by sound waves. Ultrasound has found
applications in diverse fields such as surface cleaning, dissolution of soils and ores,
separation, welding, soldering, emulsification and atomisation of liquids, removal of

chemical and biological contaminants from water, amongst others.®

Ultrasound assisted processes rely on the vibrational motion that sound induces in the
medium in which is travelling through. The ultrasound waves, which usually reach
frequencies of 20-100 kHz, contribute to the acoustic cavitation that is a process in which
the forces binding two molecules together in a liquid state are decreased and eventually
diminished. For example, if ultrasound power is applied to water, then the drops of water

undergo instant compression followed by expansion, resulting in the production of
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cavitation gas bubbles, due to the increase of the distance between its molecules. The
bubbles then, expand until the limit of pressure is reached, ending up in their collision or
collapse. During the implosion of the bubbles, high temperatures (up to 5000 K) and
pressures (1500 atm) can be reached that last for less than 0.1 us and these extreme
conditions are responsible for the positive effect of ultrasound in chemical reactions. The
extreme temperature and pressure contribute to the significant increase of the activity of
these bubbles, which then act as micro-reactors and generate activated molecules and free

radicals that under normal conditions would not exist in the solution.5 ’

In this investigation, ultrasound assisted leaching was tested on the cathodes of spent L1Bs
of Chapter 3. The initial hypothesis was that ultrasound would contribute to the faster
dissolution of the MOs from the electrode surface. Cathode electrode sheets of 4 x 2 cm?
were cut, weighed and placed in a beaker along with 20 mL of OxA:ChCI. A sonic horn
(20 kHz, 1250 W), made from titanium alloy from the Branson Ultrasonics company, was
inserted in the beaker, which was placed in a water bath, to prevent the overheating of the
solution and the beaker. The level of power (translated in power %) used was 70 % of the
maximum power the sonic horn could provide. The experiments were carried out for
different times scales, ranging between 1-15 minutes. After the completion of the
experiments, the remaining solid electrode materials were washed with hot de-ionized
water and dried in an oven at 45 °C. The pregnant leach solution was then filtered, in

order to avoid the existence of dispersed fine particles and then analysed with ICP-MS.

2.3 Analytical techniques for the characterisation of metal content

2.3.1 Inductively Coupled Plasma Mass Spectrometry ICP-MS

ICP-MS is a common and powerful analytical technique for the characterisation of the
metal content of either solids or solutions, whose first instrument was launched in 1983,
after the extensive work of different scientists such as Houk® Douglas® and Gray°
amongst others. The advantage of this method is that is highly sensitive, so it is very
useful for trace metals analysis as it can detect elements existing in part per billion (ppb)
— part per trillion (ppt) concentrations in solution or solids. Due to its high sensitivity, it
finds applications in the quality control of highly pure materials, in the detection of heavy
and toxic metals and also in geology, geochemistry, semi-conductors industry, food
industry and forensic science.!! ICP-MS provides the advantage of analysing multi-
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element solutions with high accuracy and analysing individual isotopes of elements and

compare them.

The principle of ICP-MS is the combination of two processes a) the atomization and then
ionization of the elements and b) their identification using a mass spectrometer. As seen
in the Figure 2.1 samples are inserted in the sample carrier as aerosol droplets. In this
stage, argon plasma of temperature around 5500-5800 °C contributes to the dissociation
of molecules and their atomization. For that reason, ICP-MS is a technique, which is not
dependent on the metal speciation in solution, and the results taken refer to the total mass
of an element in the solution. After the atomization and ionization of the elements, they

are inserted in a mass spectrometer that serves as a filter.
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Figure 2.1: Graphical presentation of ICP-MS instrumentation.!

Most ICP-MS instruments employ a quadrupole mass spectrometer, which can filter the
different elements existing in the argon plasma by allowing only one mass-to-charge (m/z)
ratio to flow through the spectrometer.? The ions then exit the mass spectrometer and
strike the dynode of an electron multiplier, which actually acts as the detector of each
element. By striking on the dynode, each ion produces an impact in the form of electrons
that are amplified so that the pulse is measurable. Then, the software correlates the
intensity of the pulses produced by each sample to those of solutions of standard
concentrations. The calibration solutions are prepared for every metal and the
concentrations are selected to be within the range of expected concentrations of metals in
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the samples. In Figure 2.2, calibration plots prepared for all the metals under

investigation are shown.
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Figure 2.2: Calibration plots for different metals in 2% HNO3 using ICP-MS

The calibration lines were produced, by dilution of a stock synthetic multi-element
solution (Standard solution 2A purchased from SPEX CertiPrep, with initial
concentration 10 ppm), which included all the metals under investigation in 2% HNOs3,
resulting in different concentration between 10 ppb to 1000 ppb. The R? of the calibration
lines is 0.999 for most of them, indicating the accuracy of the instrument. In addition, it
was also very essential to determine if the instrument accurately measures concentrations
of metals from samples prepared in DESs. For that reason, the metals investigated were
dissolved in different concentrations in EG:ChCI and then diluted in 2% HNO3 in order
to be analysed by ICP-MS. In Figure 2.3, the correlation between the theoretically
expected ppm of metals in the different solutions in EG:ChCI with the actual measured

ppm by the instrument is shown.

It is apparent that for most metals the instrument can accurately measure concentrations
from samples initially dissolved in DESs, with small exceptions for Zn that showed
slightly lower accuracy. The instrument can therefore be employed for the chemical
analysis of the samples produced in the following chapters. For this investigation, before
the analysis of the samples calibration lines of each element were constructed in 2%
HNO3 for concentrations between 10 — 1000 ppb. The internal standards (spikes) used in
each sample were always Rh and La (0.1 ppm). The use of internal standards is not
compulsory in ICP-MS, but it can improve the accuracy of the results by setting a
reference that can be used to correct variabilities between the calibration solutions and
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the unknown samples. Also, each sample was diluted 1000 times in 2% HNO3, and if

needed an extra 100 times dilution followed.
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Figure 2.3: Correlation of measured concentrations of different metals, dissolved
in EG:ChCl, by ICP-MS with the theoretical expected concentrations.
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2.3.2 Inductively Coupled Plasma Optical Emission Spectroscopy ICP-OES

ICP-OES is another common analytical technique for measuring concentration of metals
in solutions. As a first step, in the same manner as during an ICP-MS analysis that
mentioned before, the heat provided by the plasma torch contributes to the atomization
and ionization of the elements. The distinguishing difference between the two methods
of ICP-OES and ICP-MS are the ways to identify the elements present in the sample. ICP-
OES detects the light emitted by the elements, which are in their excited state after the
heating step associated with the plasma torch. Each element emits light at different
wavelength and that means that the emitted light from the plasma zone is polychromatic.
This polychromatic emission, then needs to be separated so that different elements and
their intensity can be identified, and this is accomplished by either a monochromator,
which can detect the light emitted at a specific wavelength or a polychromator that can
detect light at different wavelengths at the same time. Actually, ICP-OES provides the
flexibility to measure the concentration of all the elements in the solution at a specific
wavelength, but this may also result in interferences of different elements that show

emission of light at very close wavelengths.®

ICP-OES was only used for the experimental work conducted at KU Leuven (Chapter 6),
as mentioned before. The sample preparation for the ICP-OES analysis was as follows:
the samples were diluted with 2 vol% HNO3 to have a final metal concentration lower
than 50 ppm, and indium (5 ppm) was used as the internal standard. The spectral lines
(wavelengths in nm) selected for quantification were: yttrium 324.227; calcium 315.887;
europium 381.967; iron 238.204; lanthanum 408.672; cerium 413.764; and barium
233.527.

2.3.3 X-ray Fluorescence

X-ray fluorescence provides with both qualitative and quantitative information about a
solid or liquid sample. First, the sample is irradiated by high energy X-rays, which
contributes to the release of one core shell electron, leaving a hole. The atom then regains
stability by an outer orbital electron relaxing into the vacant position shell hole. This
movement of the electron from the higher energy state to the lower one of the inner shells
releases energy in the form of photons, which is actually the difference in energy between
the two quantum states of this electron and is specific for each element.!* This energy is
then measured by the detector and the identification of the element and its concentration

follows, since each element has electronic transitions that have specific energy.

68



XRF was used only for Chapter 5, to analyse the metal content of the organic phases after
the solvent extraction of rare earth elements. The organic samples were diluted 10 times
in ethanol, and indium was used as an internal standard using a concentration similar to
that of the analyte. The measurements were performed following an optimised
methodology. The samples were measured on polished quartz glass disks. To prevent the
pipetted sample droplet from moving and spreading on the carrier, 30 pL of a silicon
solution in isopropanol (SERVA Electrophoresis GmbH, Heidelberg, Germany) was
added on the carrier surface and dried for 5 min at 80 °C in a hot air oven. A small droplet
(2.5 pL) of the prepared solution was added onto the hydrophobised carrier. Then, the
carrier was dried in a hot air oven for 30 min at 80 °C.%°

2.4 UV-Vis Spectroscopy

One of the most widely employed techniques for the identification of soluble species is
the UV- Visible spectroscopy. The principle of this method relies on the absorbance of
energy, in the form of light (200 — 800 nm) from the sample. During the analysis, light

with initial intensity lo is passing through a sample and light with final intensity | is

leaving the sample, since some of the energy is absorbed by the sample. The ratio ofIi is

o

called the transmittance (T) of light and it is actually the first value that is collected by
the instrument. Then, the transmittance is translated into absorbance (A) with the

Equation 2.1.

A= —log (T) Equation 2.1

The absorbance is more important, since it is directly proportional to the concentration of
the species by the Beer-Lambert law, which is shown in Equation 2.2.

A=egxCxl Equation 2.2

Where ¢ is the extinction coefficient (mol* dm® cm™) , C is the concentration of the solute
(mol dm3) and | is the path length of the sample holder (cm).

UV-Vis spectroscopy is employed in analytical chemistry mainly in order to give
information about the concentration of molecules in the sample. In this thesis, however,
it was used to provide information about the species of metals ions formed in the different
solutions of DESs, by comparing their spectra with other spectra of solutions of known
speciation. For that purpose, a Mettler Toledo UV5 Bio spectrometer and quartz cell with
a path length of 10 mm were used for all the samples. In cases where the sample was very
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concentrated, and where dilution of the sample resulted in a change of colour and hence
of metal species, quartz slides with a path length of 1 mm were used.

2.5 Nuclear Magnetic Resonance spectroscopy (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is the study of molecules, upon their
placement in a strong magnetic field, by measuring the interaction of the nuclei of the
sample molecules after excitation with radiofrequency (Rf > 10° to 108 Hz)
electromagnetic radiation.’®* NMR signal can be observed only by atoms whose nuclei
possess the property of spin. This happens when a nucleus can have more than one energy
states under a magnetic field and thus the quantum spin number (1) is not zero. This
number is influenced by the number of protons and neutrons in the nucleus. This
technique lies on the Zeeman effect under which, when a nucleus that possess a spin, it
then align itself according of its energy states under a magnetic field. The charged nuclei
generates a magnetic field and possess a magnetic moment. When the spin returns to its
original energy level, energy is emitted at the same frequency. The resonant frequency is
dependent upon the magnetic field at the nucleus, which in turn is affected by electron
shielding and thus chemical environment and so information about the chemical

environment can be derived by the resonant frequency.’

NMR was discovered by Isidor Isaac Rabi at the Columbia University during 1930s.'®
His work was further developed by Felix Bloch and Edward Purcell that simultaneously
demonstrated NMR in condensed matter, during 1940s.° The first NMR spectrometers

became commercial by the end of 1950s.

It can give qualitative information about the molecule, even if it is unknown by compare
the spectra with ones reported in open spectral libraries, since each spectrum is unique
for a molecule. It can also give information about the purity of a sample. In addition, it
provides further information for the properties of the organic molecule such as diffusion,
solubility, phase change etc.

For this investigation, a nuclear magnetic resonance (NMR) spectrometer (Bruker Ascend
300) operating at 300 MHz was used to record NMR spectra in the Chemical engineering
department of KU Leuven. All NMR measurements were executed in deuterated

methanol as the solvent.
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2.6 Electrochemical processes

2.6.1 Cyclic Voltammetry

Cyclic voltammetry is one of the most common and basic techniques used in
electroanalytical chemistry and it is useful for the quantitative and qualitative
characterisation of redox species in an electrolyte. It is a potensiostatic technique,

meaning that the potential is an externally controlled parameter, which is linearly scanned
between two fixed values E; to E» and backwards, at a constant rate: v = Z—f called scan

rate.?’ The current resulting from the change in potential is recorded and reported in plots

called cyclic voltammograms (CVs), an example of which is given in Figure 2.4.
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Figure 2.4: Cyclic voltammogram of 10mM Ka[Fe(CN)e]-3H20 dissolved in EG:ChCl at
different scan rates from 10 to 100 mV/s.

[Fe(CN)g]*™ S [Fe(CN)g]®~ + e~ Equation 2.3

The setup of any voltammetry technique (e.g. cyclic, linear) requires a three-electrode
system including the working (WE), counter (CE) and reference (RE) electrode. The
redox reactions are occurring at the surface of the WE. The RE allows the control of the
potential applied at the WE and it must consist of an electrochemically reversible couple
with Nernstian behaviour and be chemically stable over time. The CE closes the current
circuit and usually is an inert electrode like platinum or graphite and because the current
flows between the WE and CE, its surface needs to be bigger than the one of WE so that
is not opposing any limitations to the kinetics.
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During the cyclic voltammetry experiment, peaks are forming at the CV whenever an
oxidation or a reduction of species occurs, rendering cyclic voltammetry a very important
technique for the determination of the standard potential of half-cell reactions.?! For
example, in Figure 2.4 the CV of K4[Fe(CN)s]-3H20 dissolved in EG:ChCI is shown.
Two peaks are apparent, the oxidation peak (Eox) at 0.12 V, where ferrocyanide
[Fe(CN)s]* is oxidised to ferricyanide [Fe(CN)s]> by the following Equation 2.3, and

the reduction peak (Ereq) at 0.05 V, where the opposite reaction occurs.

Glass electrode

Ag wire — “ body

Saturated (>0.1 M)
AgClin DESs/ DES

Nt

Vycor glass frit

Figure 2.5: Schematic presentation of reference electrode used in all electrochemical
experiments

All of the CV experiments carried out using an IVIUMNSTAT multichannel
potensiostat/galvanostat together with the corresponding Ivium software. The CVs were

performed at room temperature (otherwise stated) with the below setup of electrodes:

e Working electrode - Pt flag 0.32 cm?

e Counter electrode - Pt flag ca 1 cm?

e Reference electrode — Ag wire (1 mm) immersed in a saturated solution of AgCl
in EG:ChCI. Figure 2.5 shows a schematic representation of the reference
electrode used, which has been developed and investigated by Hartley.??

The WE and CE were rinsed with deionized H,O and dried with acetone prior to use.
Also, before each CV, linear sweep voltammogram was performed in order to remove

any possible contaminants on the surface of the WE.
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2.6.2 Paint Casting

The electrochemical study of the metal oxides in powder form was accomplished by using
a novel technique developed by Abbott et al,?® called paint casting. During this method,
the synthetic powders of MOs were ground with pestle and mortar, until very fine
particles were produced and were then mixed with a small amount of DES. The paste was
“painted” on the Pt WE that was bent at 90°. One limitation was the quantity of the paste
painted on the WE; it had to be ensured that the amount was the smallest possible to
obtain a clear redox couple, otherwise a high resistivity current was produced. The setup
used for this analysis is shown in Figure 2.6. By employing the paint casting method,
both soluble and non-soluble or conductive and non-conductive materials can be

electrochemically studied.

Figure 2.6: Paint casting method paste obtained from the mixing of powder of
mineral or metal compound with a DES (left) and WE bended at 90 °C holding the
paste (right).?3

More information about this method and its possibilities are given in Chapter 4.

2.6.3 Chronopotentiometry

Chronopotentiometry was conducted using the paint casting method, in order to measure
the open circuit potential (OCP) of MOs and gain information about their stability and
affinity to dissolve chemically in EG:ChCI. This method can give information about the
oxidation or reduction reactions when no current is flowing in the system and is widely

employed in the corrosion science.?*
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The OCP is the potential of the WE in respect to the reference electrode, where no external
electric potential is applied. Hence, the plots of chronopotentiometry illustrate the change
in galvanic potential over time and gives information about the potential of the
electroactive materials at equilibrium. In order to investigate the OCP, the same three
electrode system as during the CV was employed. Same weighed amount of MO powder

slurry was painted on the WE and the results were recorder for over an hour and a half.

2.6.4 Chronocoulometry

Chronocoulometry was also conducted using the paint casting method. The weighed MOs
slurries were painted on the WE. A constant voltage applied to the WE and the charge
passed was measured as a function of time.

The charge can be obtained using the integrated Cottrell equation, given in Equation 2.4

1
2nFAD2[M] 1
= ftZ

2
Where Q is the total charge consumed in C, n is the number of electrons transferred, F is

Equation 2.4

the Faraday constant (96485 C mol™?), A is the area of the electrode surface in cm?, D is
the diffusion coefficient of the species in cm? s?, t is the time in s and [M] is the
concentration of the metal ions in mol cm3.%

The chronocoulometry can provide with information about diffusion coefficients of the
species involved in the electrochemical process and also can give information about the

rate of these reactions.

2.7 Bulk electrochemical dissolution

The electrochemical dissolution of MOs was conducted in a cell presented in Figure 2.7.
The idea behind this experiment is similar to that of paint casting, since the powder of
MO was placed on the surface of the anode, which was immersed in the DES. The cell of
bulk anodic dissolution consisted of a two-electrode system, with both anode and cathode
being an iridium oxide coated titanium mesh electrode. The leaching experiments were
carried out at 50 °C for 48 hours, using 15 mL of solvent and a constant voltage of 2.7 V
was provided by a bench power supply. Afterwards the PLSs were treated as in the case

of the chemical dissolution.
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Anode (+)

Figure 2.7: Schematic presentation of the bulk dissolution experiment

The bulk electrochemical dissolution and deposition were investigated in the cell of the

Figure 2.8.

Anode (+) Cathode (-)
X o

Electrolyte

Oxide powder
slurry

Filter paper

Figure 2.8: Cell of bulk electrochemical dissolution and deposition

The same electrodes are used as in the previous cell of bulk dissolution and constant
voltage of 2.5 V was applied again by a bench power supply. Prior to the experiment the
Ni plates were rinsed with hot deionized water, followed by rinsing with acetone and
roughening of the surface with 100 grit sandpaper. The Ni plates before the experiment
were kept in a seal vial filled with acetone, in order to eliminate the possibility of oxide

formation on the surface. By the end of the experiment, the PLSs were also treated as
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after the chemical dissolution and the Ni plates were placed in a vial with hot deionized
water to dissolve the remaining DES from the surface.

2.8 Scanning Electron Microscopy — Energy Dispersive X-rays

spectroscopy

Scanning Electron Microscopy (SEM) is a versatile tool for the investigation of the
morphology and microstructure of materials and when coupled with the Energy
Dispersive X-ray analysis it can also provide information about chemical composition.?
During the analysis, a high-energy (2-40 keV) electron beam strikes the specimen’s
surface. When the electrons encounter the atoms of the specimen, then secondary,
backscattered, Auger electrons and X-rays are produced from different depths of the
specimen, which various detectors are then collecting.

12
Beam

Backscatterred electrons Secondary electrons
Auger electrons

Characteristic x-rays X-ray continuum

Figure 2.9: Schematic representation of the various signals produced from different
regions of the specimen, after the interaction of the incident electron beam with the
surface of the specimen during SEM analysis.®

The secondary electrons emission (SE) is the most widely used; these electrons possess
low energy (3-5 eV), and they are escaping from a region of only few nanometres (~ 10
nm) from the surface, presented also in Figure 2.9.2% SE analysis is useful for obtaining
information about surface roughness and texture and gives the highest spatial resolution
images, because the probe beam has the same size as the area under investigation.
Backscattered electrons are the electrons that have undergone scattering events before
escaping the surface of the specimen with energy levels larger than 50 eV and from a

deeper area of the specimen, as seen in Figure 2.9. The images obtained from BSE
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analysis are not as of high resolution as from SE, because the area of analysis is larger
than the probe size. With BSE analysis, information about composition can be

accomplished, since elements of higher atomic mass give a brighter contrast.?’

Energy dispersive X-ray (EDX) analysis is usually functioning in conjunction with SEM
and provides information about the chemical composition of specific areas selected on
the surface of the specimen. During the analysis, X-rays are emitted from the sample after
an electron beam of high energy has stroked the surface of the specimen. When the
electron beam hits the surface, then core shell electrons escape their orbitals, resulting in
vacancies in the electronic structure that are filled by electrons of higher energy. This

movement of the electrons produces X-rays.

In this investigation, SEM was used in order to obtain images of the surface morphology
of the cathodes of lithium ion batteries of Chapter 5 and NMC powder before and after
leaching. The microscope employed was a FEI Quanta 650 FEG in secondary electron
(SE) mode, with an Everhart Thornley detector coupled with an EDX software (Aztec).

The EDX results obtained at 20 keV and are presented in weight and atomic percentages.
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3 Chapter

3.1 Introduction

Metal oxides (MOs) represent a very large group of compounds, which exist in nature as
primary ores of metals as for example hematite-Fe,O3 and magnetite-FezO4. In addition,
MOs are important technological materials that are found in EoL products e.g. LIBs,
catalysts and fluorescent lamps. They also exist in low metal containing industrial
residues, as for example in the fayalitic slag and red mud, from where they either need to
be recycled or will behave as contaminants and their extraction needs to be prevented.
Their abundancy naturally led to extensive studies of their dissolution and extraction by
pyrometallurgical or hydrometallurgical methods. Both these methods show high
environmental footprints that needs to be limited, as described in Chapter 1. Another
issue that the state-of-the art extraction methods need to face is the increasing complexity
of the metal deposits and the EoL materials that need to be processed and recycled.
Samples with lower concentrations and lower value make pyrometallurgy unsuitable,
while the flowsheets of hydrometallurgical methods consist of many subsequent steps
that require use of large amounts of chemicals. While mineral acids such as H.SO4 will
always be the cornerstone of metal processing due to their low cost (much is produced
from the scrubbing of flue gas) there is a need to characterise alternative media which
may be more selective. Thus, in this Chapter, DESs are investigated as lixiviants for the

extraction of metals from MOs, due to their tuneable character.

3.1.1 Metallurgical processing of metal oxides

The MOs under investigation are MnO2, MnO, Fe203, Fe30s, Co304, CoO, NiO, CuO,
Cu20, ZnO and PbO. The reason behind the choice of these MOs is that some of them
exist in low metal containing residues, with Fe, Cu, Zn and Pb oxides to be found together
in waste streams such as the fayalitic slag or the electric arc furnace dust. Other MOs such
as Mn, Co and Ni coexist either in ores in sea nodules? or in finished materials like cathode
materials in secondary batteries.> * The MOs under investigation are not only abundant
minerals of their respective oxides, but they also take part in many high end technological
applications, such as batteries, fuel cells, catalysts, cathode ray tubes, etc. Table 3.1

presents the main applications and countries of primary production.
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Table 3.1: Main applications and countries-producers of metal oxides under

Metal

investigation

Oxide Main applications Producers
MnO» main mineral of Mn (pyrolusite)* South Africa, Russia
2 primary batteries (Zn/MnQz, Mg/MnO2) 2
. secondgry batteries (LIBs) *

catalysis®

main minerals of Fe (hematite, magnetite)  China, Brazil, India,
pigment industry Australia and Russia
purification of water

Fe203 ferrites production
& production of Portland cement
FesOas cathode ray tubes

magnetic inks, ferrofluids, contrast agents
in sensitive magnetic resonance imaging
and in magnetic recording media.®
Co0304 secondary batteries (LIBs) 3 Democratic Republic
& fuel cells and electrochemical capacitors’  of Congo®
CoO ceramics industry
secondary batteries (LIBs) 3 Indonesia,
NiO supercapacitors® Philippines, Canada,
electrochromic devices, gas sensors and Russia, New
solar cellst? Caledonia

Cuo mineral of Cu (cuprite) Chile, China and Peru

catalysis, photocatalysis, gas sensors, solar

Cu20 T

cells and cathode ray tubes.

mineral of Zn (zincite) China, Australia, Peru,

optoelectronics'?, photocatalysis®® India and USA
ZnO . .

textile and rubber industry®®

pharmaceutical and cosmetic industry®®

lead acid batteries* China, Australia and
PbO glass industry USA

cathode ray tubes

One route for the extraction of metals from their MOs is pyrometallurgy which was
described in Chapter 1. Due to the great stability and the high lattice energy of MOs,
their melting point is also large, rendering the pyrometallurgical processes energy
intensive, with smelting temperatures usually > 1200 °C. The second group of methods

employed is hydrometallurgy, which is actually widely used when the concentration of

82



metals in the mineral or the EoL material is low and the matrix of the material is rather
complex. For most MOs, when they are found in nature in deposits like for the case of
Fe>Os and FesOs4, the obvious route of processing is pyrometallurgy. However,
hydrometallurgy is used when metals need to be recycled from complex EoL materials
like LIBs or other electronics, because it can be designed to be selective. For example,
the pyrometallurgical industrially implemented process of Umicore for the recycling of
spent LIBs, which will be discussed later, has shown that pyrometallurgy cannot be
selective, since Al and Li cannot be extracted. % In addition, the economic viability of
this process is highly dependent on the existence of expensive metals in the battery such
as Co, due to the great energy consumption and cost of this method. For that reason,
hydrometallurgy can be useful for the recycling of either EoL products or low metal
containing waste streams because it will allow recovery of all elements in a less energy

intensive process.

For the oxides of Mn, the hydrometallurgical path, most of the time, includes the reductive
dissolution in iron sulfate FeSO4 solutions, with the presence or not of sulphuric acid
H2S04.1" Another reducing agent used for extraction of Mn is sulphur dioxide SO2.18
Organic acids such as oxalic acid and tartaric acid, and inorganic acids such as HCI and

HNO3 have also been employed for the acidic leaching of Mn from MnO,.*

For iron oxides, acidic hydrometallurgy is used and recent work has shown that oxalic
acid is promising for dissolving the higher oxidation state oxide due to its reducing
abilities.®>?? During the dissolution in presence of oxalic acid, two parallel reactions are
occurring; a) the oxidation of oxalate to form either carbonic acid H2COgz or carbon

dioxide CO», and b) the reduction of hematite to iron (I1) oxalate.

Cobalt oxides and sulfides are found together in many minerals, but they are always
produced as by-products from copper and nickel mining. Sulfidic ores are usually roasted
first, and the oxidised materials are leached using dilute H2SOa. Precipitation of other
metals is usually carried out by control of pH with lime or ammonia. Most cobalt rich

deposits are found in the Democratic Republic of Congo.?3

The hydrometallurgical studies for the processing of nickel from its ores are focused
mainly on the recovery process. Solvent extraction is widely investigated, in order to
separate nickel from cobalt and iron that most of the times are found together, especially

in laterites, followed by electrowinning of pure nickel.2* Apart from the inorganic acids,
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organic acids have also been tested for the extraction of Ni, with citric acid to be one of
the most efficient.

Copper is mainly processed from the mineral CuFeS,. For the oxidised minerals of
copper, the state-of-the art process is first the dissolution in concentrated H>SOj4 resulting
in a complex pregnant leach solution (PLS) with many contaminants, from which then

Cu is recovered through the steps of solvent extraction and finally electrowinning.?

The most important deposits of zinc are also sulfides like sphalerite (ZnS), which is
mainly processed pyrometallurgically with its roasting to ZnO, followed by smelting. On
the other hand, the hydrometallurgical path of ZnO requires the use of weak sulphuric
acid, resulting in a complex PLS that first needs to be purified and then Zn is recovered
from it by electrolysis.?’

Finally, lead is mainly extracted by pyrometallurgy from sulphidic minerals like galena
(PbS). It can also be roasted, to produce PbSO4, which is insoluble in water, whereas
contaminants such as CuSO4 and ZnSQ4 are soluble and so they can be easily separated.?®
Another path for the hydrometallurgical extraction of lead oxides is the reductive

dissolution in acidic bromine and iodide solutions. 2% %0

Of course, all of the above processes are not unique for each MO, with many different
systems which have also been examined. Technological advancements render EoL
materials increasingly complex with more components complicating separation. This

chapter looks at ionometallurgical processes for the separation of metal oxides.

3.1.2 Aims

This study investigates the chemical dissolution of various MOs, namely MnO2, MnO,
Fe203, Fe304, Co304, CoO, NiO, CuO, Cu.0, ZnO and PbO in different DESs. As it is
known and proven by Pourbaix diagrams, the dissolution of MOs in aqueous systems is
highly dependent on the proton activity and on the speciation on the surface of the metal
oxide. Therefore, it is prudent to investigate the role of proton activity in ionic systems as
DESs and observe if it is as important as in aqueous solutions, since MOs dissolution is

highly dependent upon the pH of the solution.

Apart from the pH, the effect of the complexation ability of the HBD of the DES on the
solubility of MOs is predicted to be significant, since speciation has a significant impact
on the solubility of metal compounds. Hence, this assumption again is investigated with
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the main aim to be the comparison of the effect of pH and speciation on dissolution of
MOs. A second reason to use different HBDs is to study the possibility to develop

selective processes for the extraction of MOs.

The rate of dissolution of MOs in DESs has not yet widely examined. Thus, Kinetic studies
of MnO2, MnO, C0304, CoO and NiO, which are MOs incorporated in LIBs, are studied
in four systems: a) EG:ChCI, b) EG:ChClI with 0.1 M triflic acid, ¢) LevA:ChCl, and d)
OxA:ChCI. These four systems were selected in order to investigate the difference of the
effect of pH and the complexation abilities of the HBD on the rate of dissolution and to
find a possible point of selectivity.

By the end of this investigation, the results of the fundamental studies of the dissolution
of MOs are validated on a real EoL material. The dissolution of a synthetic mixture of
LiINMC material, a mixture of MnO2, Co304 and NiO that is widely used as active
material in the cathodes of LIBs and of an industrial cathode are investigated in oxalic

acid-choline chloride that showed the higher potential of selectivity.

3.2 Chemical dissolution of metal oxides in DESs

In hydrometallurgy, most MO dissolution processes use mineral acids which are corrosive
and need neutralisation and purification prior to their disposal. The selectivity in aqueous
solutions can be relatively poor and the dissolution most of the times results in complex
PLSs from where the pure metal is recovered after several steps and using various
complexing agents. DESs offer a largely non-aqueous solution which can be tuneable for
specific physical and chemical solvent properties using different HBDs or mixtures of
HBDs, depending on the metals of interest.

lonometallurgy has previously used for the chemical dissolution of MOs. ILs have been
employed in the processing of MOs due to their promising properties such as high thermal
and chemical stability, non-flammability, wide liquidus window and tunability.313 ILs
are able to provide selectivity towards targeted metals by alternating their components,
however constraints related to their toxicity and their complex and costly production

process prevent their industrial implementation.

The dissolution of MOs has been investigated in DESs®** and preliminary studies by
Abbott et al showed that the dissolution of MOs was higher in DESs that incorporated
acidic HBDs. It has been suggested that the protons act as oxygen acceptors, breaking the
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metal-oxide bonds, which probably is why acidic DESs have higher leaching rates than
those without.*® DESs have also been employed for dissolution of MOs from EoL
products and other waste streams as spent cathodes of lithium ion batteries,*® spent

fluorescent lamps,*” NdFeB magnets*3, zinc flue dust*® and zinc arc furnace dust.>

The preliminary studies have only been carried out with a limited number of DESs and
metal oxides and the preliminary studies did not take account of pH or speciation. In this
investigation, proton activity of the DES and the complexation abilities of the HBDs are
considered for their effect on dissolution. The literature review on the dissolution of MOs
in Chapter 3.1, shows that the pH of the system needs to be in the acidic region and that
is why most solvents used are either inorganic acids as HCI, HNO3 or organic acids like
oxalic acid, tartaric acid, citric acid, etc. Moreover, for the higher oxidation state MOs,
reductive conditions are also essential. In this chapter, the chemical dissolution of MOs

in various DESs is examined.

3.2.1 Dissolution of metal oxides in ethylene glycol: choline chloride

The dissolution of MOs was first examined in EG:ChCI. This DES is one of the first
solvents of the Type I11 DESs together with Urea:ChCI.>! EG:ChCl has been extensively
studied due to its low viscosity and high conductivity at ambient conditions, compared
with the majority of the DESs.%" %2 In addition, the solubility of MOs in this DES was
studied before,* so the whole process of dissolution and chemical analysis of the samples
can be compared with the past reported results and verified.

The solubilities of the MOs in EG:ChCI determined within this work are presented Table
3.2 and compared with the ones reported by Abbott et al.>® in previous research, and are
in good agreement for most of the MOs. Some discrepancies, especially for CuO and
Cu20, are probably due to the different chemical analysis methods or from possible
differences in the particle size and crystallinity of the solid powder. The solubility of PbO
was not investigated by Abbott, but a recent study by Payne et al.>® reported the solubility
to be 4453 + 10 mg L at room temperature, which is almost double that reported in this
investigation. This difference is justified from either the choice of the authors to use ICP-
OES analysis, the water content of the DES, or the polymorph of PbO used, which can
be either litharge (tetragonal crystal structure) or massicot (orthorhombic crystal
structure). The two structures of PbO show different Pb-O bond lengths, as the tetragonal

structure show a bond length of 0.232 nm and the orthorhombic 0.2358 nm, along with
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differences in valence bands.>* In this investigation the massicot polymorph was used, as
shown in Table 3.3.

Table 3.2: Gibbs energy of formation, lattice energy (expressed as U and U/x) and
solubility of various MOs in EG:ChCl after 48 h at 50 °C.

Metal AG™® Use U/x Solubility  Solubility (mg L)
Oxide (kJmol?t) (kJmol?) (kJ mol?) (mg L?) by Abbott et al.®®
MnO:2 -464.4 12970 12970 24 +2.33 0.6

MnO -362.9 3745 3745 35+3 12

Fe20s3 -742.8 14774 7387 0.13+0.03 0.7

Fe3O4 -1016.1 18742 6247 0.24 £0.03 15
Co0304 -802.2 18067 >’ 6022 3+0.56 18.6

CoO -214.1 3910 3910 75+11 16

NiO -211.7 4012 4012 13+£0 9

CuO -128.4 4050 4050 251+ 16 4.6

Cu20 -168.6 3189 1594 1675 + 223 394

Zn0O -318.4 3971 3971 578 + 41 469

PbO -190 3433 3433 1670 = 24 -

It is clear that EG:ChCI is a poor lixiviant for most MOs, due mostly to its neutral
environment (pH of around 7)° and/or the poor complexing abilities of the EG. In this
stage, it would be useful to understand why some MOs show higher or lower affinity to
dissolve in such a poor solvent, without considering differences related to speciation. The
speciation of the metals in EG:ChCI is mainly governed by the very high chloride content
(= 4.8 M depending on the preparation of the DES)®® resulting in metal chloro complexes.
The speciation of metals in EG:ChCl and the rest of the ionic systems studied in this work

will be discussed later.

Thus, the main question is why some MOs dissolve more readily than others. MOs, in
general, are stable compounds due to their ionic bond between the oxygen anion and the
metal cation. The strength of this ionic bond is measured by the lattice energy. MOs have
high lattice energies and strong ionic bonds and usually show close packed crystal
structures such as the ones shown in Table 3.3. A highly packed crystal structure means

87



that the distance between the ions is small, resulting in higher lattice energy, as shown

from the Equation 3.1.

Q1 X Q;
X—
r

U=k

Equation 3.1

U is the lattice energy, k is a proportionality constant that highly depends on the chemical

environment, Q1, Q2 are the charges of the cation and anion, and r is the distance between

the ions.
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Figure 3.1: a) Effect of lattice energy and b) effect of Gibbs energy of formation of
metal oxides on their solubility in EG:ChCI. Conditions: T =50 °C, t = 48h, L:S=30

and 500 rpm
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MOs that are composed of metal cations in their higher oxidation state like MnO2 (Mn**)
and Fe,O3 (Fe**) are expected to be more stable and difficult to dissolve, due to their
higher charge (Equation 3.1). Also, the smaller size of the Me®* ends up in higher Lewis
acidity of the MO. Differences in the crystal structure (Table 3.3) and lattice energy will
result in differences in their stability and affinity to dissolve. In Figure 3.1a, the solubility
of MOs is correlated with the lattice energy divided by the moles of the metal (U/x) and
a general downward trend is observed, meaning that an increased lattice energy results in

low solubilities.

Fan et al.® investigated the solubility of REE oxides in the [Hbet][Tf,N] IL and proposed
a general rule that oxides with U > 10000 kJ mol™ are insoluble, while oxides with U <
7000 kJ mol? are soluble in the IL. Here, the same trend appears with a noticeable
exception of the solubility of MnO> that is almost 100 times higher than the Fe;O3, Fe304
and 10 times higher than Co3O4, while they all show high lattice energies. Similar
exceptions have been reported by Ruck®’ and Chandrakumar®®working with ILs, resulting
in the idea that apart from the lattice energy other factors also influence the solubility,
such as the crystal structure, the energy of formation of the metal oxide and the possible
change in coordination number of the metal ion in the produced compound.

In addition, the Gibbs energy of formation (AG+°) is another tool to predict the solubility
of MOs, because it gives information on their stability. As mentioned in Chapter 1,
Ellingham diagrams are a very useful type of graphs used to predict the ease of reduction
of MOs. It is known that the more negative the Gibbs energy, the more stable is the oxide.
In Table 3.2, the Gibbs energy of formation for the MOs is shown (calculated using HSC
9) and in Figure 3.1b the correlation between AG¢° with their solubility in EG:ChCl is
also presented. An upward trend is observed, meaning that the lower the energy of
formation of the MOs, the higher their affinity to dissolve. Few exceptions are observed

in this trend.

It is clear from both graphs, that both the Gibbs energy of formation and the lattice energy
of the oxides have a significant effect on their solubility. The same patterns have been
observed in aqueous solutions and with this preliminary investigation it is proven that the

same trends apply in DESs.
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Table 3.3: Crystal structure of the metal oxides under investigation

(red: oxygen atoms)

b

MnO,-rutile®®

Fe,O3 - corundum®

9
CoO-rock salt® Fe304-spinel®
9
c . /
NiO-rock salt®’ CuO-monoclinic®® Cu.0-cubic®®
b
ZnO- wurtzite™ PbO-tetragonal "

The solubility product constant was also calculated for the dissolution of MOs in
EG:ChCI and shown in Table 3.4. It is apparent that the Ksp is very small especially for
the high oxidation state MOs and the reason for that is that in EG:ChCl the low H" activity
limits its ability to act as an O% acceptor and drive the reaction forward. Similar values
of Ksp have been reported for aqueous solutions, since the hydration energy of the water
is not sufficient enough to surpass the high lattice energy of MOs.”2"" Actually, for most
of the oxides the Ksp in water is very close with the one in EG:ChCI, since the Ksp for
MnOz2, Fe20s, Fes0s, NiO, CuO, ZnO and PbO were found to be in the range of 1014, 10°
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37,108, 10, 107, 10%and 107" respectively. Significant research has been conducted for
the determination of the solubility of MOs in water, with many studies focusing on
subcritical and supercritical water, water with different additions of lixiviants and acids

or bases and at different temperatures.

Table 3.4: Calculated Ksp for metal oxides in EG:ChCl at 50°C

Metal oxide Ksp
MnO:2 1.63 x 10710
MnO 417 x 107
Fe20s3 3.01 x 102
Fe3Oa4 3.5x10%
Co0304 2.60 x 10’
CoO 1.37 x 10°®

NiO 5.22 x 1078
CuO 1.57 x 10°
Cu20 7.61 x 10
Zn0O 7.81 x 10°
PbO 6.5 x 10°

In the next section, the investigation of the addition of protons is studied as an

enhancement of MOs solubility.

3.2.2 Effect of pH on dissolution in ethylene glycol: choline chloride

The effect of pH has been extensively studied in aqueous chemistry and many years of
collection of thermodynamic data (e.g. Gibbs energies of formation, thermodynamic
equilibrium relationships, Nernst equations) are processed and presented in Pourbaix (E
vs pH) diagrams.”® The Pourbaix diagrams give information about thermodynamically
predominant species depending on the potential and pH of the solution. They find
applications in the field of corrosion engineering and in metallurgy, as they help the
prediction of soluble phases of metals and conditions of pH and potential that may provide
selectivity between different metals. However, they suffer from two drawbacks; the lack
of kinetic information and the assumption that pH is constant in the bulk solution and at
the metal or reaction products surface. In Figure 3.2 an example of Pourbaix diagram is

given for the system of iron without any complexing agents in the system.
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Figure 3.2: Pourbaix diagram of iron in aqueous solution without the presence of
complexing agents at 25 °C. Each line represents solubility limits of 0.001 M for
soluble species.”

Different information can be derived from it, for example in order to transform Fe>O3z into
soluble Fe** species a very low pH of less than 1 is required or the transformation of Fe?*
to Fe3* occurs at 0.77 V, which is the standard redox potential of this reaction. More

detailed information about standard potentials will be given in Chapter 4.

It would be really useful to develop Pourbaix diagrams in ionic media such as DESs, in
order to predict the stable phases of a metal under certain conditions of potential and
proton activity. However, this is extremely difficult because of the activity of water,
which in all the software packages is taken as 1, but is different in every IL or DESs. In
addition, there is a lack of thermodynamic data behind the different speciation of metals
in these solutions. The vast array of possible ILs or DESs make the task of collecting

suitable data almost impossible.

During this investigation, the effect of pH of the DESs on the solubility of the selected
MOs is evaluated. In order to examine the effect of actual pH without the presence of
additional complexing agents, solutions of EG:ChCI of different pH were prepared by
adding different amounts of trifluoromethanesulfonic acid (TFSA). The DES EG:ChClI
resulted in poor solubilities of most MOs and also its pH has been measured to be close
to neutral.®® TFSA is a super acid with pKa = -15, while it has very poor complexing

abilities that render it the best candidate for this investigation. Alabdullah et al., has
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reported that by adding 102, 102, 10 and 10 M of TFSA in EG:ChCI, resulted in
solutions of pH 1, 2, 3 and 4, as TFSA completely dissociates in the DES.%

Table 3.5: Proposed reactions of metal oxides dissolution in EG:ChCI with TFSA
MnO, + 4Cl” + 4H" - [MnCl,]*>" + 2H,0
MnO + 4Cl” + 2H* - [MnCl,]*~ + H,0
Fe,05 + 4Cl” + 6H" — 2[FeCl,]” + 3H,0
Fe;0, + 12Cl” + 8H* - 3[FeCl,]” + 4H,0
Co3;0, + 12C1" + 8H" - 3[CoCl,]*” + 4H,0
Co0 + 4Cl” + 2H" - [CoCl,]*” + H,0
NiO + 4Cl” + 2H* - [Ni(EG)3)** + H,0
Cu0 + 4Cl” + 2H* - [CuCl,]*>” + H,0
Cu,0 + 4Cl” + 2H* - [CuCly)*” + H,0
Zn0 + 4Cl” + 2H" - [ZnCl,)*” + H,0
PbO + 4Cl” + 2H" - [PbCl4)*” + H,0

In Figure 3.3 the concentrations of the metal oxide dissolved in solutions of EG:ChCl of
different acidity is shown. As it can be seen from the proposed reactions in the Table 3.5,
not all MOs require the same amount of protons to thermodynamically dissolve. MOs
with the metal in higher oxidation state require higher amounts of H*, more specifically
MnO2, Fe;03, Fes04 and Co304 require 4, 6 and 8 H™ respectively for the dissolution of
one mole of the respective oxide. The rest of the investigated MOs with metals in lower
oxidation states require only 2H* for each mole of dissolved oxide. So, if it assumed that
in the different solutions of EG:ChCI only the proton activity is influencing the
dissolution of MOs, then the concentrations of dissolved MOs should be as close to the
theoretical lines, constructed and shown in Figure 3.3, as possible. All the calculations
of the theoretical and experimental concentrations of metals are presented in the
Appendix (Table 7.2).
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Figure 3.3: Effect of on the solubility of selected metal oxides in EG:ChCI compared
to theoretical solubility (solid line) for a) 2[H*], b) 4[H*], ¢) 6[H*] and d) 8[H*]
systems. Conditions: T =50 °C, t = 48h, L:S=30 and 500 rpm
As expected, all oxides show a downward trend, meaning that as the pH increases the
concentration of dissolved metal oxide decreases. According to Le Chatelier’s principle,
the higher the H* the more the equilibrium is pushed towards metal ions in solution. The
solubility of Fe,Os, Fe3O4 and Co304 are close to the theoretical values, resulting in the
assumption that their dissolution is highly influenced by the proton activity. On the other
hand, the concentration of the dissolved CuO, Cu20, ZnO and PbO lies always above the
theoretical line, which correlates well with their moderately high solubility even in pure
EG:ChCI. One possible reason of their high dissolution affinity even in low acidic
environment is the high concentration of CI™ in the DES that is able to form complexes

with the metals, showing that the equilibria shown in Table 3.5 are not the only ones that
need to be considered.

The case of NiO is interesting because its concentration is always lower than the
theoretical one, even though thermodynamically it requires the same amount of H* as for

the rest of the oxides. Except from its concentration in the most acidic solution of
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EG:ChCI, which is very close to the theoretical value, for the rest of the solutions the
concentration is almost 100 times less than it expected to be. One explanation can be the
speciation of Ni in the solution, which as presented in Figure 3.4 forms the complex
[Ni(EG)s]?*, that is different from all the rest of the oxides that show complexes with the
ClI of the ChCI. The speciation was studied by Hartley using EXAFS measurements of
NiCl>*6H-0 dissolved in EG:ChCI, for which the same apple green colour of solution
was observed.®! The resulting species means that Ni®* has a preference towards the
oxygen of the EG rather than the CI", which could be attributed to its oxophilicity even
though it is less oxophillic than Mn, Fe and Co.%2 It is assumed that these resulted Ni
species are not favourable in mild acidic conditions and higher amounts of H* are needed
in order to react with the O and break the bond of the oxide. In that case Ni is then free

to make complexes with the HBD.

'l’

[FeCl,]T Q [cocl,)> b [Ni(EG)s]* ¢
[cucl,)> d [CuCl,]* & [Cu(H,0)¢J> €

Figure 3.4: Difference in the colour of solutions of dissolved a) Fe2Os3, b) Co304, ) NiO,
d) CuO and e) Cu20 in solutions of EG:ChCl with TFSA and the proposed metal species.
pH 1, 2, 3 and 4 from left to right.

In these systems is very difficult to measure the equilibrium of the reactions because the
activity of water is not known and it is not appropriate to assume it is unity, as in aqueous
systems. Instead, in calculations of the equilibrium constants in DESs the activity of CI-
should be unity, due to its existence in excess in the DES. This fact means that the activity

of H" is the limiting factor.

The speciation of metal chlorides in EG:ChCl was studied by Hartley using extended X-
ray absorption fine structure (EXAFS) spectroscopy. In this investigation all the resulting

solutions were tested with UV-vis spectroscopy and the spectra were compared with the
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ones of the respective metal chlorides. Selected samples of MOs dissolved in the different
solutions of EG:ChCI with TFSA are shown in Figure 3.4. It can be observed that the
solutions of Fe203, Co304, NiO, CuO and Cu0 are coloured in the solution of pH 1, with
the colour fading when pH increases, i.e. metal oxide solubility decreases. The solutions
of the rest of the MOs are given in Appendix (Figure 7.1). The solutions of MnO2, MnO,
Zn0O and PbO are not presented, because they were colourless.

The UV-Vis spectra of the metals dissolved in EG:ChCI with 0.1 M TFSA is shown in
Appendix (Figure 7.3 and Figure 7.4) and it is observed that the spectra are identical
with the respective metal chlorides. So, all MOs, except from NiO, form tetrachloride
complexes in solution, and this was important for this study as no complexation with the

TFSA™ occurred to prevent the observation of the actual effect of pH.

3.2.3 Ligand effect on dissolution

Another way to dissolve MOs in aqueous systems, apart from the protonation of 0%, is
the surface complexation. Organic acids such as oxalic acid, citric acid, lactic acid, etc.
have proven to be efficient lixiviants for MOs, due to formation of complexes with the
metals. Actually, as presented in Equation 3.2 and Equation 3.3, the complexation by
organic anions require two steps. First the anion is chemisorbed on the active OH sites of
the hydrated metal. Then if the metal-ligand anion complexes are more stable than the
metal-OH complex, the anion is substituting the OH sites and the reaction is pushed to
the forward direction.”® Organic acids with higher chelating efficiencies, like oxalic acid,
result in higher dissolution yields.

=M—-OH+ X" o=M — OHj} --- X" Equation 3.2
=M-O0H} X" oM-X"1+H,0 Equation 3.3

The use of organic acids for the dissolution of MOs in DESs has been reported before.
Abbott et al. observed that the dissolution of selected MOs in a malonic acid-ChCl
resulted in higher leaching efficiencies than in EG:ChCl and urea:ChCl, and they assumed
that the high proton activity in the malonic acid DES was the main reason for the
dissolution of MOs.*® Here it is assumed that apart from the proton activity in the DES,
the choice of the chelating agent and the speciation play a crucial role on the dissolution

as well.

In order to investigate what is effect of the carboxylic acid addition on the dissolution of

MOs, the system EG:ChCI with addition of lactic acid was examined. Alabdullah has
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measured the pH of the LacA:ChCl to be in the range of 2-3, with methods already
published.>® At this stage, LacA (1.3 mol L) was added to EG:ChClI until the pH of the
solution reached the value of 3. The choice of LacA was taken because it is a chelating
agent, proven to be efficient in extracting metals from MOs in both aqueous solutions and
DESs,*® 8384 byt in the same time is a weaker organic acid than oxalic acid for example,
that would produce metal precipitates. In that way, it is easier to understand the effect of

the carboxylic acid on the dissolution affinity of MOs.
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Figure 3.5: Difference of the effect of the addition of LacA in EG:ChCI compared
with proton activity.

The solution of EG:ChCI after the addition of 1.3 mol L™ LacA had a pH of 3. If LacA
contributed only by adding protons in the solution, then the concentration of the dissolved
MOs should be close to the theoretical concentration calculated by the contribution of
only H*, as in the previous section. However, from Figure 3.5, it is clear that the
concentration for all MOs is higher than the theoretical values. More specifically, for
Cu20 and ZnO the concentration was >1000 times higher and for MnO,, MnO and CuO
> 400 times higher due to the contribution of LacA. These very high concentrations of
Cu and Zn oxides may be justified from the stability of their respective Cu and Zn lactate
complexes. The stability has been measured in agueous solutions and it was reported that
Pb forms the most stable complexes followed by Zn and then Cu with lactic acid

compared with the rest of the divalent metals.®® It would be expected that PbO would
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also show much higher dissolution, but due to the formation of solid lead precipitates, the

concentration was only 5 times higher.

In order to visually compare the difference of the surface complexation with just proton
activity in DESs, the concentration of the dissolved metal oxide in EG:ChCl with 10 M
TFSA and EG:ChCI with LacA are compared in Figure 3.6.

In both systems the pH is the same. It is clear that the stronger ability of the lactate anion
to form complexes with the metals compared with the very weak ligand abilities of TFSA,
results in higher concentrations of dissolved MOs. This shows the importance of the

surface complexation as method of dissolution of MOs in DESs.

The speciation of the metals in both EG:ChCI with LacA and EG:ChCI with 10°M TFSA
resulted in solutions of the same colour and speciation as for the metal chlorides solutions
in EG:ChCI, which as discussed before formed tetrachloro complexes, except for Ni. It is
assumed that as for aqueous solutions, when the proton binds the oxygen on the oxide
surface, these hydrated intermediate species are active sites for the adsorption of the
lactate anion, which then binds the metal ion. This mechanism contributes to the higher
yield of reaction as it drives it to the forward direction. Once the metal-lactate anion
species are diffused into the bulk solution, the CI" substitutes the lactate anion due to its
much higher activity in solution. Actually, the concentration of ClI" is almost 5 times

higher than the concentration of the lactic acid in this case.

Having proved that the addition of a ligand in the DES improves the dissolution of MOs,
the next step was to investigate the employment of different HBDs. The HBDs used were
representative of the most widely used compounds in DESs, such as carboxylic acids,
alcohols and amine, and more specifically the DES investigated were mixtures of ChCl
with oxalic acid dihydrate, lactic acid, levulinic acid, acetic acid, ethylene glycol, glycerol
and urea with molar ratios already reported in the experimental section (Chapter 2).

At this stage, two hypotheses were tested. First, the employment of acidic DESs will
result in higher dissolution of MOs, with the dissolution to be influenced by the pK, of
the carboxylic acids and their proton activity. Secondly, discrepancies from general trends

will be reported for MOs resulted from specific interactions of metals with the HBD.
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Figure 3.6: Difference in metal oxide concentration in EG:ChCl with 10°M TFSA and
EG:ChCl with lactic acid. Both solutions have the same pH of 3. a) poorly soluble and b)
soluble metal oxides. Conditions: T = 50 °C, t = 48h, L:S=30 and 500 rpm

In Figure 3.7, the concentrations of the dissolved MOs are compared against the different
DESs. The graphs are split into two parts, the left part represents the effect of the pKa and
acidity of the carboxylic acids, while the right side represents the MOs concentration in
neutral to basic DESs with weak ligands. The first conclusion that can be drawn is that
with the exception of PbO, all other MOs dissolve better in the acidic DESSs, as expected.
PbO showed lower concentrations due to precipitation of 0.650 g L™, 0.932 g L* and
0.887 g L of Pb in the precipitates during the dissolution in OxA:ChCl, LacA:ChCl and
AceA:ChCl, respectively.
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For the analysis of the left part of the graphs, first, it is important to consider the difference
in the pKa of the acids used. The pKa of OxA, LacA, LevA and AcA in aqueous solutions
is 1.25, 3.86, 4.32 and 4.75, respectively. Alabdullah has characterised the pKa of many
carboxylic acids in EG:ChClI and drew the conclusion that acids in DESs are a little less
acidic due to their buffer behaviour resulting from the high concentration of basic Cl" and
so the pKa values are 0.5 units higher than in water.8° However, even though they have
slightly higher values in the DES media, their difference would be the same. So, it would
be expected that the dissolution of MOs would follow the trend OxA:ChClI > LacA:ChCl
> LevA:ChCl > AceA:ChCl.

For OxA:ChClI this is the case for only the higher oxidation state MOs, because OxA is
not only highly acidic but is also a good reducing agent, resulting in the easier dissolution
of the higher oxidation state oxides as they are reduced in solution.® The rest of the MOs
showed lower dissolution in OxA:ChCl than the other carboxylic acids, due to their

precipitation.

The trend that was mentioned before (LacA:ChCl > LevA:ChCl > AceA:ChCl) is
followed for the rest of the acidic DESs and especially for the dissolution of the higher
oxidation state MOs. Exemptions include NiO and MnO, which follow the opposite trend
and show the higher dissolution affinity in AceA:ChCl, and CoO and ZnO, which show
their highest dissolution in LevA:ChCl. ZnO showed precipitation in both LacA:ChCl
and AceA:ChCl with 0.9 and 0.8 g L™ Zn to be present in the precipitates, respectively.

For the right side of the graph, the dissolution of MOs in EG:ChClI, Gly:ChClI and
Urea:ChCl is very low because these DESs do not contain free protons to react with 0%
and also include weak ligands, thus as expected their ability to dissolve MOs is low.
Alabdullah has measured the pH of EG:ChCl (5.93-6.89), Gly:ChCl (6.97-7.5) and
urea:ChCl (8.31-8.91) using spectroscopy and electrochemistry.%® The exceptions of
CuO, Cu20, ZnO and PbO that showed relatively high dissolution in urea:ChCl is
justified from the formation of metal-urea species, as it will be discussed later.

Returning to the analysis of the dissolution in OxA:ChCl, samples of the precipitates are
shown in Appendix (Figure 7.2) and compared with precipitates resulting from
dissolution in aqueous oxalic acid solution. The analysis of the precipitates showed that
1.5,0.8,0.43, 1.3, 2.2, 2.7 and 0.65 g L* of metals precipitated during the dissolution of
MnO2, MnO, CoO, CuO, Cu20, ZnO and PbO respectively, most probably in the form of
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oxalates if compared with the precipitates resulting from the dissolution in aqueous oxalic

acid.
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Figure 3.7: Effect of different HBDs on the concentration of dissolved a) poorly
soluble and b) soluble metal oxides. Conditions: T = 50 °C, t = 48h, L:S=30 and 500
rpm
The dissolution of MOs was also investigated in aqueous solution of oxalic acid with
concentration of 1.8M oxalic acid, mimicking the concentration of the DES. The
concentrations of the dissolved MOs in the aqueous oxalic acid solution and in OxA:ChCl

are compared in Table 3.6.
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Table 3.6: Comparison of dissolution of metal oxides in OxA:ChCl and aqueous
solution of 1.8 M oxalic acid. (errors indicate one standard deviation (o))

Metal oxide Dissolved metal in Dissolved metal in aqueous oxalic
OxA:ChCIl (mg L) acid 1.8M (mg L)

MnO2 6123 + 900 715.1 +17
MnO 16648 + 200 650+ 4
Fe203 18638 + 2700 8582 + 1200
Fe30a4 48185 + 6600 10500 + 600
C0304 11099 + 500 52+ 4

CoO 9658 + 1900 349+5

NiO 218+ 3 139+ 0.3
CuO 2215 + 360 265+ 2
Cu20 22447 = 4400 88.3+ 2
ZnO 96540 + 260 460+ 9
PbO 1228 + 2 123+9

It is clear that all MOs show higher dissolution in the DES, compared with the aqueous
oxalic acid solution, except for NiO which is poorly soluble in both solvents. In the
aqueous solution, precipitation of metals occurred, resulting in very low metal content in
solution, with the exception of Fe2Oz and FesO4 which did not precipitate, but even so the
concentration was higher for both of them in the DES. In the DES, even though
precipitation of metals was observed, the metal content in solution was still high. It is
assumed that this occurs due to the high CI" content, which forms complexes with the
metals that remain in solution. After a specific concentration of metal in solution the metal

forms species with the oxalate anion, which then precipitate.

The same mechanism is assumed to happen with the other DESs that showed
precipitation, and this is confirmed from the UV-Vis studies of the solutions of MOs that
showed that most of them end up in tetrachloride complexes in solution. The UV-Vis
spectra and the solutions of MOs are presented in Appendix (Figure 7.3 and Figure 7.4)

and in Figure 3.8 where the examples of C0z04 and NiO are shown.
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Figure 3.8: UV-Vis spectra of CozO4 and NiO and comparison of their coloured
solutions upon dissolution in different DESs.

The choice of these MOs was made in order to show that some MOs show a dependency
on the HBD and some result in the same speciation regardless of the HBD used. One
example of non-dependency on the HBD is Co3O4 as shown in Figure 3.8. It is clear that
the dissolution of Co304 resulted in blue solutions and with spectra consisting of the same
peaks at 633 nm, 667 nm and 692 nm which are associated with [CoCl4]?* species in all
DESs,®! except urea: ChCl where the concentration was so low that the spectra is flat. The

same behaviour was observed for CoO.

Fe>0O3 and Fez04 show the same peaks at 240 nm, 316 nm and 363 nm for all the acidic
DESs, whose spectra are identical with the solution of FeClz in EG:ChCI, which forms
[FeCls]? species.®! In the rest of DESs, the spectra of both oxides are flat lines due to the

very low Fe concentration.

PbO also shows the same peak in the ultraviolet region at around 272 nm in all DESs,
which is associated with [PbCl4]%, similarly to that observed in aqueous HCI solutions.®”
8 A solvatochromic shift to longer wavelengths is observed with increasing pH, as for
urea:ChCl the peak is at 272 nm and goes to 276 nm for EG:ChCl and 280 for LevA:ChCl.

MnO and MnO- both show for all the acidic DESs a pattern of weak d-d transitions peaks
with the main ones at 357 nm, 432 nm and 447 nm. Similar peaks have been reported in

aqueous solutions for the solutions of MnCl».%2® Together with the EXAFS studies of
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Hartley et al.,2! it is concluded that Mn shows the same speciation in all DESs which is
[MNCl4)?.

In contrast, there are MOs whose speciation is influenced by the HBD. In Figure 3.8 the
solutions of NiO together with the associated UV-Vis spectra are presented. As
mentioned before, NiO in EG:ChCI results in [Ni(EG)s]** complex, which has a
characteristic apple green associated colour and the main absorption peak is at 424 nm.
However, in LevA:ChCl and AceA:ChCl the colour of the solution is blue and the peak
at 424 nm was not observed, while peaks at 657 nm and 708 nm were observed. It has
been reported, previously, that Ni forms thermochromic complexes, meaning that the
speciation changes depending on the temperature and Abbott et al. showed that in
EG:ChCI the [Ni(EG)s]** species are gradually transformed to [NiCl4]?> with an increase
in temperature.®® The blue coloured solutions of Ni at 120 °C showed the same peaks as
the ones reported at LevA: ChCI and AceA: ChCl, concluding that in these DESs Ni is

complexed with CI.

CuO and Cu0 also show difference in speciation, as in urea: ChCl the spectra and colour
of solution are different than in the other DESs. The same peak at around 406 nm which
is ascribed to the [CuCl4]% species is present in all the DESs, except urea: ChCI. However,
not all solutions show the same yellow colour associated with [CuCl4]%, and the solutions
LacA:ChCl, LevA:ChCl and AceA:ChClI show green colour, which has been reported
before to be a mixture of [CuCls]*> and water by Binnemans et al.®* Using EXAFS they
reported that a green solution means that the water content is increased and water
molecules are able to enter the coordination sphere of the Cu?* along with CI-. It is
assumed that due to the very high amount of Cu?* dissolved in these DESs, the water
content is increased in the solution and so can form complexes with the Cu?*. In addition,
it could be assumed that the green colour may arise from a mixed chloride/HBD
coordination that would have the same O-coordination effects on colour. In urea:ChCl;
however, they show a different pale blue colour and a peak at 265 nm. There is previous
report by Rimsza et al. mentioning that [Cu(urea)]** is a favourable complex in this
DES.%

So, it appears that the high CI" content of the DESs influences the speciation of the metals,
with a few exceptions, while the acidity of the solvent and the complexing abilities of the

HBD affect the dissolution affinity of the MOs. Speciation is a very critical aspect of any
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dissolution process because the coordination of the metal and the lattice energy of the
formed species influence its solubility and stability in the solvent. Moreover, different
species of the same metal may have very different reactivities when considering
electrowinning processes for example, thus the speciation of the metal is very critical and
needs to be controlled. At this stage, it is worth noticing some examples of selectivity,
which was the second hypothesis to be tested. The interactions of the metals with the
HBDs, either favourable or unfavourable, may lead to systems were the DES is selective

towards some metals over other.

As it appears in Figure 3.7, the dissolution of PbO in the acidic DESs is low, due to its
precipitation, while Fe2Os, Fes04, CuO, Cu20 and ZnO show very high concentrations.
This is a possible beneficial system for the separation of Pb from the rest of metals, which
are coexisting in low metal containing industrial residues as the fayalitic slag of the
copper production. The opposite system occurs for urea:ChCl, where PbO and ZnO show
high concentrations, while Fe>O3 and FesOs have negligible dissolution. Actually
urea:ChCl has been employed before by Abbott for the selective dissolution of Pb and Zn
from arc furnace dust.>® Another example of selectivity is the dissolution of Co30s, MO
and NiO in OxA:ChCl, which resulted in very high concentrations of Co and Mn and
negligible dissolution of Ni. This system is also very important when considering
recycling of cathode materials of LIBs, which many of them incorporate mixtures of
MnO., Co304and NiO, as will be discussed later.

3.3 Dissolution kinetics

All of the above experiments were conducted for a fixed time of 48 h, to ensure that the
systems were at equilibrium, but practical dissolution experiments require fast dissolution
so kinetic experiments were carried out on MnO2, MnO, C0304, CoO and NiO in four
different DESs. These MOs were chosen due to their relatively high economic value
compared with the rest of MOs investigated, and they are also widely used as cathode
materials in LIBs, whose recycling is considered critical. As for the DESs, four systems
were investigated, EG:ChCI, EG:ChCl with 0.1 M TFSA, LevA:ChCl and OxA:ChCl.

The dissolution of the MOs was first investigated in EG:ChCI. This DES achieves very
low dissolution of MOs, due to the absence of acidic activity and because EG is a weak
ligand. However, a possible problem could be the slow kinetics of dissolution of MOs in

DESs and so very long times are required for extraction of metals to be achieved.
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Figure 3.9: Kinetics of the dissolution of selected metal oxides in a) EG:ChCl, b)
EG:ChCI with the addition of 101 M TFSA, c) LevA:ChCl, d)OxA:ChCl.
Conditions: T =50 °C, L:S=30 and 500 rpm
As observed in Figure 3.9a, this is not the case, as the concentration of all MOs seems to
get stable after 48h, except for Co3zO4 which slowly increases even after 48h. Some MOs
show faster dissolution with the highest concentration to be reported at the 4™ h and 10"
h for MnO and NiO, respectively. Thus, the dissolution in EG:ChCl is not low due to

slow rate of dissolution, but for all the thermodynamic reasons mentioned before.

The EG:ChCI with 0.1 M TFSA was studied in order to examine how the high proton
activity influences the kinetics. It is apparent that the dissolution is very fast, especially
for MnO and CoO that are reaching the highest concentration in the 1% h of dissolution.
MnO2, Co304 and NiO require 10 h to reach their solubility level. This may be justified
from the different crystal structure and lattice energy of the first oxides and the different
dissolution mechanism for NiO, which was discussed before. It is also obvious for all
MOs that once they consumed all the required amount of H* (Table 3.5) their dissolution
came to an end, because without H* in EG:ChCI the reaction of dissolution cannot be
pushed forward.
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The system of LevA:ChCl was used as an example of DES that in its media MOs are
dissolved through both protonation and surface complexation. However, LevA is a poorer
ligand than OXA, so it would help to examine the kinetics in a medium that incorporates
intermediate levels of proton activity and complexation. The dissolution seems to be
slower, as for all MOs the concentration slowly increases until the 72" h. The same long
hours of dissolution have been observed for a mixture of Y and Eu oxide (Y203:Eu),*® as
it will be discussed later in Chapter 5. A reason for the longer hours of dissolution is the
higher viscosity of LevA:ChCIl compared with EG:ChCI with 0.1M TFSA that may
influence negatively the diffusion due to poorer mass transport.

Last but not least, the dissolution in OxA:ChClI shows a rather more complex behaviour.
The highest concentration of all MOs is reached between 5 to 10 h of dissolution.
However, the concentration of all dissolved MOs starts to slowly decrease and especially
for MnO, due to precipitation of oxalate complexes. The difference in dissolution affinity
of NiO compared to the rest of MOs is also very clearly observed, which opens an

alternative route of selective extraction of Co and Mn from LIBs.

3.4 Dissolution of cathode materials of LIBs

3.4.1 Importance of LIBs recycling

The decarbonisation of transport necessitates a wholesale conversion from the internal
combustion engine to devices based on electrical storage of electricity produced from
renewable resources. LIBs are seen as the cornerstone in the revolution of electric
vehicles. LIBs are superseding other secondary batteries such as nickel metal hydrides
(NiMH) due to their superior energy density. Many LIBs have a reliance on critical metals
such as Co and Ni and the projected expansion in the electric vehicle fleet means that a

circular economy in these metals is essential to enable sufficient supply.®*

Up until now, both pyrometallurgy and hydrometallurgy have been employed for the
recycling of metals from LIBs. As far as pyrometallurgy is concerned, Umicore has
industrially implemented a method for recycling metals from both LIBs and NiMH
batteries since 2006.'> ® The process of Umicore involves the feed of spent batteries
together with coke, slag formers (MgO, CaO) and some amount of MOs in a vertical shaft
furnace, in which there are three thermal zones; 1) the preheating zone where the
electrolyte evaporates (< 300 °C) , 2) the pyrolyzing zone where the plastic caps and

casing are melted (=700 °C) and 3) the smelting zone at which, with the aid of oxygen
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enriched air, the targeted metals Co, Ni and Cu are forming a metal alloy and the
impurities such as Fe and Ca are gathered in the slag phase (1200-1450 °C). One
disadvantage of this process is that Al and Li show a higher affinity to the slag phase and
because their recovery from this phase is not efficient in terms of the energy consumption
and economy of the process, they do not return to the supply chain. Umicore’s process is
viable only when the feed comprises of high Co and Ni content waste and also depends a
lot on the price of these metals.'® This process only operates economically because a
significant gate fee is applied to process spent batteries. Pyrometallurgical processes also
need to be able to handle polymetallic and more complex materials which will be used in
the next generation of batteries.®®

In contrast, hydrometallurgical approaches are known for their ability to be selective
towards different metals and several variants have been applied on semi-commercial scale
(1000-5000 t/a). A general flowsheet of hydrometallurgical processing of LIBs is
presented in Figure 3.10.

End-of-life LIB
Deep discharging

Crushing Dismantling Plastic parts , |

= Cu, Fe, Al |

Screening Ultrasonic Separation of electrode scraps '
i washing materials from the r
current collectors .| Pre-treatment |

Leaching with:

+ HCl * citric acid
* H,SO, + oxalic acid |
« HNO, * L-tartaric acid |

* Succinic acid * microorganisms !
Recovery of metals by:
* Chemical precipitation

* Solvent extraction | .
* Electrowinning i { Hydrometallurgical processing

Figure 3.10: General flowsheet of hydrometallurgical recycling of LIBs, adapted
from ref %

Different leaching agents have been investigated, the most common of which are HCI,
HNOs3, and H2SO4. The addition of H202 has been proved to increase significantly the
yield of Co, because it promotes the reduction of Co* to Co?* and thus the easier breakage
of the bond of Co with oxygen. In some reports, prior to acidic leaching, NaOH or LiOH
are employed for the dissolution of Al, in order to reduce the contaminants of the final

products.®” % In addition to inorganic acids, organic acids like citric acid, maleic acid,
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ascorbic acid, L-tartaric acid and oxalic acid have also proven to be successful in
extracting metals from spent LIBs. The leaching of metals from spent LIBs has been
reviewed many times.**1%2 Recovery of metals from the PLS is obtained by the use of
different approaches. Precipitation using NaOH contributes to the separation of
contaminants like Cu, Al, Fe and Mn by forming metal hydroxides.% 1% Splvent
extraction is also widely used, especially for the separation of Co / Ni and Co / Li, with
PC88A and Cyanex 272 to have the highest extraction efficiencies for Co.1%®
Electrowinning is another method, in which either whole compound of LiCoO2 can be
deposited on Ni plate, or individual elements can be recovered in high purity.%
Bioleaching also has been considered with the use of bacteria, but this route is in its

infancy and will not be discussed further in this thesis.

The recycling of metals or other components from spent batteries in ILs or DESs is not a
widely studied field. A few research projects in the literature have been published, such
as the use of EG:ChCI for the leaching of Co, Ni and Mn from NMC cathode materials.*®
Also, the IL 1-Butyl-3-methyl-imidazolium-tetrafluoroborate has been employed for the
dissolution of the PVDF material that holds the cathode electrode material to the current

collector.10’

There is also the approach of the recycling of the different LIBs components, with the use
only of separation methods. During this process, spent discharged batteries are fed to a
container together with CO2, under high temperature and pressure conditions. The first
step includes the recovery of the electrolyte with the aid of CO, which can then be
recycled to new batteries. Afterwards, the different metals are separated by
physicochemical properties such as density and conductivity. This technique is beneficial
due to the ability to recycle all the components of the cell, but its major issue relies on the
quality of the recycled components and the levels of efficiency they will provide to the

new batteries.108

The studies of the MOs dissolution in the previous sections of this chapter, showed that
selective extraction of metals is achievable in DESs during the extraction process, which
is a very important advantage compared to the aqueous solutions. This selectivity is
achieved via the metal speciation and whether the formed species are soluble or if they
precipitate out of solution. As mentioned before, OxA:ChCl showed the ability of rapidly
dissolving very high concentrations of MnO,, MnO, Co0304 and CoO, while NiO
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dissolution is very small. More specifically, the concentration of dissolved MnO> and
Co0304 were almost 300 and 200 times higher than the concentration of NiO.

Hence, the question developed is if this selectivity in extraction of Co and Mn can be
achieved from a mixture of them and from a real EoL product. The dissolution in
OxA:ChCl was examined for a synthetic mixture of LINMC and for acommercial cathode
sheet. The mixed oxide LINMC is one of the most widely used, due to the high specific

energy and lifespan, but the use of Co increases its cost.%®

3.4.2 Characterisation of cathode materials

Prior to the dissolution process, the characterisation of both the LINMC powder and the
cathode sheet took place. Both materials were digested in an aqua regia bath at ambient
conditions for 30 minutes. Almost instantly the solutions turned to green due to the
dissolution of the metals. After 10 minutes, the LINMC powder was fully dissolved. The
same happened for the cathode material, which was fully delaminated and the active
material, along with the Al foil were digested. The remaining solid that was not dissolved
in aqua regia, which was assumed to be a mixture of the conductive additive and the
binder, was weighed and it accounted for 5.8 wt.% of the cathode.

The PLS after the digestion of the LINMC powder and the cathode were analyzed, and
the chemical composition is presented in Table 3.7. The results provided information
about the molar ratio of the metals, with the synthetic powder consisting of

Nio.3sMno4Co0o.3, While the active material of the cathode sheet consists of Nig.4sMno.3Coo.2.

Table 3.7: Metal content of the cathode

W1t.% of the LINMC  W1t.% of the cathode
Metal

powder sheet
Al - 126 +1.3
Li 6+0.85 7.34+0.9
Co 175+0.81 13.3+1.6
Ni 16 + 0.6 26+3.3
Mn 19.8 £ 0.82 15+21
Total 60 74

The surface of the cathodic sheet was also analyzed under microscope and in Figure 3.11

the morphology of the cathode under 5000x magnification is presented. The cathode,
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most of the times, includes the active material along with small amount of binder that

holds it to the current collector and conductive additives.

Figure 3.11: Morphology of the initial cathode (left) and cathode after digestion in
aqua regia (right) using scanning electron microscopy (x5000)

In the cathode small particles of the active material are present, which in some cases have
been aggregated into larger particles due to their mixing with the binder. The particle size
of the MOs is on average 0.6 um in diameter. EDAX analysis showed the presence of Ni,
Mn, Co, F, O, C and negligible amounts of Al, as presented in Table 3.8. The EDAX
analysis provided supportive information on which molar ratio the metals are present in

the active material.

According to the Table 3.8, the active material consists of: Nio.4sMno.3Co0o.2, which agrees
with the prior chemical analysis. Elemental mapping of the scan area, presented in
Appendix (Figure 7.5), showed that all the elements are evenly distributed across the

surface, with carbon to show some spots of higher concentration.

The remaining solid after the digestion in aqua regia was also examined under
microscope and shown in Figure 3.11. The EDAX analysis showed that it consisted
mainly of C, F and O2 and negligible amount of Al, as presented in Table 3.8. The
existence of F and C concludes that polyvinylidene difluoride (PVDF) was employed as
binder, material that is widely used in the industrial manufacture of LIBs. The C results
from the presence of carbon black that is mixed with PVDF, functioning as a conducting
additive. The surface of the remaining solid is covered with evenly distributed holes that
the leached metals left behind, which if compared with the morphology of the initial

cathode, show the same sizes.
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Table 3.8: EDAX analysis of the initial cathode and remaining solid after digestion

in aqua regia.
Initial Cathode Remaining solid
Element
Wt. % Wt. %
21.59 63.6
F 3.80 29.9
26.34 4.7
Al 0.22 1.3
Ni 21.92 -
Mn 13.80 -
Co 11.98 -
Total 100 100

3.4.3 Dissolution of the cathode materials in OxA:ChCl

After characterization of the materials, both the dissolution of the synthetic powder and
the industrial cathode were first investigated in an aqueous oxalic acid solution 1.8 M, as
it was crucial to observe the behaviour of the aqueous oxalic acid solution, because there
are occasions that the pure HBDs behave in a very similar manner to the DES, as will be
discussed in Chapter 5. In Figure 3.12 the extraction efficiency of the NMC powder and
the industrial cathode are presented. The extraction efficiency of Co and Ni were
negligible, while that of Mn reaches 7 % from both materials. The dissolution of the
synthetic powder led to the recovery of = 70 % of Co, Ni and Mn in the mixed precipitate,
while no precipitation of metals occurred from the dissolution of the cathode. In the
aqueous solutions the resulted species of Mn, Co and Ni will be of course different
compared to the DES. The very low solubility of Co, Ni and Mn oxalates in aqueous
systems leads to their precipitation. In addition, it seems that Li and Al remain in solution,
with 100 % L.i to be extracted from the NMC powder and 50 % of Li and 100 % of Al
from the cathode. Since Li oxalate is highly insoluble in water, it appears that Li forms
hydrated species. The solubility of LiOH in water is high of around 138 g L* at 60 °C.1°
This system is selective and beneficial for Li and Al. The fact also that no metals are
recovered from the cathodic sheet, renders the examination of this DES to be highly

interesting.
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Figure 3.12: Extraction efficiency of metals from both the LINMC synthetic powder
and the industrial cathode in aqueous 1.8 M oxalic acid. Conditions: Time=24 h,
Temperature=80 °C, L:S=30 and 500 rpm

In the next part, the DES is examined for its ability to extract metals from the two different
materials using the same conditions for the dissolution process. First, the parameter of the
temperature was examined due to its importance for an enhanced mass transport of ions,
especially in a rather viscous solvent as OxA:ChClI (35 Cp at 40°C). It is reported that
upon heating, the viscosity of OxA:ChCl is significantly decreased.'!!* Figure 3.13a and
Figure 3.13b show the effect of the temperature on the dissolution of LINMC powder
and the cathode sheet after 24 h.

It is clear that for both materials, increased temperature of 80 °C is required for the full
extraction of Mn and 90 % extraction of Co and a little less of Al from the industrial
cathode, while the extraction of Li seems to remain rather stable at 20 %. On the other
hand, the extraction efficiency of Ni is negligible for all different temperatures for both

materials, validating the previous preliminary results of solubilities in OxA:ChCl.

The influence of temperature on recycling of metals from LIBs was mentioned in another
study by Ajayan et al.,*® in which the recycling of LiCoO2 material was investigated in
EG:ChCI. It was reported that high temperature conditions were crucial for the extraction
of Co and Li, as they investigated temperatures up to 220 °C. However, such high
temperatures need to be avoided when employing carboxylic based DESs, due to the

esterification between the alcohol of the ChCl and the carboxyl group of the HBD.!?
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Figure 3.13: Effect of temperature on the dissolution of a)LINMC synthetic powder
and b) industrial cathode sheet in OxA:ChCI. Conditions: Time=24 h, L:S=30 and
500 rpm (for a) and no stirring (for b)

Rodriguez has reported the esterification reaction between the carboxylic acid and the
alcohol group of the choline and mentioned that a high temperature results in increased
yield of the esterification reaction.*'? In fact, it was mentioned that upon formation of
OxA:ChCI 10 mol % of choline is esterified, which increases to 29 mol % if heated for 2
h at 80 °C. Nonetheless, for an industrial implementation of such a system for the
recycling of cathode materials, a more stable cation would be required. At this stage, the
investigation in OxA:ChCIl will follow, as this is a preliminary investigation for the

recycling of Co and Mn from cathode materials.
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Figure 3.14: Effect of H.O wt.% in OxA:ChCl on the extraction efficiency of
a)LINMC synthetic powder and b) industrial cathode sheet. Conditions:
Temperature=80 °C, Time=24 h, L:S=30 and 500 rpm.

A way to tackle the problem of esterification and high viscosity of DESs, is to add water
to the DES, which will decrease the yield of the esterification and the viscosity. The
addition of water needs to be moderate, since studies have shown that 40 wt.% of water
transforms the DES into an aqueous solution with dissolved components of the DESs.*
This then will lead to changes in metal ion speciation, since in the DES around 4.2 M of
Cl- and in aqueous solutions 55.6 mol L™ of water, thus in an increase amount of water
the metals from the cathode materials either would not dissolve or would precipitate as

oxalates since the activity of Cl-would be much lower. Different amounts of water content
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(10, 20 and 30 wt.%) in the DES were tested, to investigate the effect on the extraction
efficiency and if the addition of water will result in differences in selectivity.

The results are presented in Figure 3.14a and b. Both materials show very similar
behaviour. First, it is observed that the extraction of Ni is unaffected by the addition of
water, while Li extraction increased to 100 % when 30 wt.% of water was added from the
powder and 60 % from the cathode sheet. Interestingly, the extraction efficiency of Co
and Mn declined with the addition of water, due to their precipitation of metals as oxalate
complexes, with a significant decrease in solubility observed for Co compared to Mn.
The maximum recovery of Mn, Co and Ni in the precipitates was recorded at the
OxA:ChCI with 30 wt.% addition of water and it was at the level of 15 %, 25 % and 26%
respectively. This is an example of how the coordination environment can alter the
speciation and hence the solubility and selectivity of the system. From these experiments,
it was observed that Mn, Co and Ni behave similarly upon addition of water in the DES,
which might be beneficial for a recycling process because later the mixed metal oxalate

can be calcined at 950 °C back to their mixed oxide form.*’

Next, the kinetics of metal extraction were studied. The previous reported results showed
that the dissolution in OxA:ChCl was quite fast, with very high concentrations of Mn and
Coto be obtained in 5 h. In Figure 3.15a and b, the kinetic investigation of the dissolution
of the LINMC in pure OxA:ChCI and OxA:ChCl with 20 wt.% water is shown. It would
be rational to test the 30 wt.% of water rather than 20 wt.%, because higher selectivity of
Li was achieved. However, the choice over 20 wt.% was taken due to the fact that part of
choline would be esterified, producing water as a by-product, and the fact previously
mentioned that after the 40 wt.% of water the DES is no longer an ionic medium but an

aqueous one.

Significant differences are observed when OxA:ChCl and the mixture with water are
used. Without addition of water, almost total digestion of Co and Mn is observed and
almost no Ni is dissolved and with the maximum selectivity to be observed at the 5 h of
dissolution. A separation process could be envisaged whereby NMC was dissolved in
OxA:ChClI enabling separation of Ni. The addition of water would enable the Co to
precipitate and leaving Mn in solution. This is a supportive fact of the hypothesis that by
tuning the DES selectivity in the recycling process is achievable.
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Figure 3.15: Effect of time on the extraction efficiency of LINMC synthetic powder in

OxA:ChCl (solid) and OxA:ChCI with 20 wt.% H.O (dashed).
Conditions: Temperature=80 °C, L:S=30 and 500 rpm

The kinetics of the industrial cathode were also investigated under both static and stirred
conditions. As was observed for the LINMC, Ni remained insoluble and Li extraction
remained poor, regardless of leaching conditions, whilst the other elements were strongly
influenced by temperature and stirring rate. The Kinetics of the dissolution of the cathode

in OxA:ChCI under stirred and static conditions at 80 °C are presented in Figure 3.16.

Ni and Li are behaving the same way under both conditions as used for the LINMC
powder. Full extraction of Mn from the cathode material occurs after 24 h under static
conditions and after 48 h under stirring conditions, while Co only has a maximum
extraction efficiency of 92 % after 48 h under static conditions, but is fully extracted at
the same time under stirring conditions. Last but not least, the extraction efficiency of Al
reaches 100 % after 48 h of dissolution for both systems. Compared to the LINMC
powder, the dissolution is slower possibly due to the difference in the surface area, since
the metals need to be dissolved from very fine particles exposing their hole surface to the
solvent in the case of the powder and from the surface of the sheet not exposing the whole

area and the also from the decreased mass transport during the static conditions.
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Figure 3.16: Effect of time on the extraction efficiency of the industrial cathode in
OxA:ChCl under static (solid) and stirred conditions (dashed). Conditions:
Temperature=80 °C, L:S=30
At this stage it would be interesting to understand how the OxA:ChCl attacks the surface
of the cathode, with one assumption being that the Al foil is digested first, rapidly
delaminating the cathode, or it attacks the MO particles on the surface of the cathode. For
that reason, the kinetic studies of the cathode dissolution were investigated also at lower
temperatures, in order to slow the rate of dissolution and under static conditions. Figure

3.17 compares the extraction of metals from the cathode 25 and 80 °C.

As expected, the rate of dissolution at 80°C is much higher than at ambient conditions,
with Mn, Co and Al reaching an extraction efficiency of 40, 30 and 40 % respectively,
after 72 h at 25 °C. What is interesting is that for both systems the rate of dissolution of
Mn, Co and Al is very similar, meaning that the solvent does not show a preferential
behaviour over a specific metal. In Appendix (Figure 7.6 and 7.7) the images of the
cathodes after certain times of dissolution at the two different temperatures are shown. It
appears that OxA:ChCl attacks the edges of the cathode, from where the dissolution starts,
but not because the dissolution of Al is favoured, but due to the faults and cracks existing
at the edges, increasing the surface area and favouring the reaction of dissolution. The
fact that the dissolution starts from faults at the surface and the reaction is not even for all
the cathode’s surface, is supported also from the microscope image of the cathode after
30 mins of dissolution at 25 °C, presented in Figure 7.8. It is shown that the area A, which

resembles the bulk surface of the cathode has high amounts of Mn, Co and Ni, while as
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it gets closer to the points C and D the amount of Mn and Co decreases because they have
been digested from these points. The SEM image shown in Figure 7.8 shows a starting
point of dissolution close to the edge of the cathode, Figure 7.9 shows also some points
on the bulk surface that have started to expose the Al foil, due to the metals being digested.
A pre-treatment step for the formation of artificial cracks on the surface of the sheet would
be beneficial for the kinetics.
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Figure 3.17: Comparison of the rate of extraction of metals from the commercial

cathode in OxA:ChCl at 25 °C (dashed) and 80 °C (solid). Conditions: L:S=30 and
no stirring

The dissolution of the cathode was also investigated using ultrasound assisted dissolution
in OxA:ChCI to increase the rate of dissolution of the metals. Ultrasound assisted
processes have not been widely investigated in DESs. Figure 3.18, shows the extraction
efficiency of the cathode using an ultrasound assisted process. It is apparent that the
ultrasound indeed assisted the rate of dissolution, as the extraction efficiency of Co and
Mn reach almost 5 % extraction in the 1 minute of dissolution, compared to 10 %
extraction after 30 minutes under stirring conditions at 80 °C. After 15 minutes the
extraction efficiency of Mn and Co reached 30 %, with Al and Li to reach lower
efficiencies in the level of 20 %. The extraction of Ni was negligible in this system as
well. The cathodes after ultrasound dissolution are shown in Appendix (Figure 7.10).
They have a rather different surface than the ones resulted from silent dissolution, with

the appearance of some crater-like holes from where the dissolution initiates. So, during
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ultrasound dissolution the solvent locally attacks the surface at the cracks or faults on the

surface, as mentioned previously for the normal dissolution as well.
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Figure 3.18: Extraction efficiency of metals from the industrial cathode using
ultrasound assisted dissolution in OxA:ChCl.

The ultrasound extraction was investigated only for 15 minutes, because during the
dissolution heating of the solution occurred with the temperature increasing from room
temperature to 55, 62, 70, 87 and 100 °C after 1, 3, 5, 10 and 15 minutes, respectively.
The high viscosity of the DES together with the limited water content rendered the
ultrasound dissolution not to be as effective as it could be in an aqueous solution. The
same issue has been reported in another ultrasound assisted project relating to copper
redox kinetics in EG:ChCI, where it was reported that the limiting factor of the kinetics
in the ultrasound process was the viscosity of the DES.'* In aqueous systems, ultrasound
assisted processes have focused mainly for the separation of the active material from the
Al foil,}> with less research on the actual assistance on the process of extraction of
metals.!!® 117 In general, the aqueous dissolution processes are rather fast due to the
employment of very acidic lixiviants such as sulfuric acid coupled with H20,. The use of
ultrasonic dissolution is justified when milder solvents are employed for the enhancement

of the kinetics of dissolution.

Depending on the targeted metal and metal compound, different selective processes have
been shown just from the investigation of one DES. Alternating properties such as water
content of the solvent can target the selectivity of the process towards specific metals.

Whilst selecting the solvent, the upcoming process of metal recovery also needs to be
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considered. Recovery can either be with a precipitating agent, e.g. oxalic acid, or with
solvent extraction to an aqueous layer and then precipitation back with oxalic acid.
Actually, the addition of water was shown to act as a precipitating agent for Co and Mn,
a fact that may lead to a green process of recycling of all active materials and Al from the

cathode.

3.5 Conclusions

Concluding, this chapter investigated the employment of DESs as an alternative pathway
for the extraction of metals from their respective MOs. The solubility of MOs was
investigated first in EG:ChCI, which consists of a weakly coordinating ligand and has a
neutral pH. It was observed that the solubility of MOs was very low, with the exception
of Cu20, ZnO and PbO that showed higher levels of dissolution than the rest of MOs. In
general MOs showed a dependency and the same trend observed in aqueous solutions of
lowering dissolution affinity when the lattice energy and the enthalpy of formation is
higher and vice versa. The solubility product of MOs was also calculated, and the values

were in the same range as in for pure water solutions.

Next the dissolution of MOs was studied in EG:ChCl with different amounts of triflic
acid that resulted in solutions of pH 1, 2, 3 and 4. As expected, the dissolution of MOs
was highly dependent on the acidic activity. CuO, Cu.0O, ZnO and PbO showed higher
concentrations than the theoretical calculated for the amount of H* in solution, most likely
due to contributions from the high CI- content. On the other hand, NiO seemed to dissolve
less than theoretically expected for the less acidic solutions and one explanation could be
the speciation of Ni in solution, as it formed complexes with the EG, counter to the rest
of MOs which formed tetrachloro complexes. The concentration of the rest of the
dissolved MOs seemed to be close to the theoretical ones, showing the dependency of the

dissolution on the proton activity.

Subsequently, the dissolution of MOs was investigated in a solution of EG:ChCI with
lactic acid that had a pH of 3, and the concentrations were compared with the solutions
of EG:ChCl with triflic acid of the same pH. The concentration in the EG:ChCI with lactic
was also compared with the theoretical expected concentration if the dissolution was only
dependent on the proton activity, and it was observed that for all MOs the dissolution was
much higher due to the contribution of lactic acid as a ligand. It was also concluded that

once the protons of the solution are attached on the oxide, they form intermediate species
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that can act as active sites for the attachment of the ligand. The Me-L then detaches from
the surface of the metal oxide and once it reaches the bulk solution then the metal

preferentially makes complexes with the CI, due to its very high activity in the DES.

After showing the effect of the surface complexation on the dissolution of MOs, the
employment of different HBDs was followed. The alcohol based DESs resulted in very
low dissolution of MOs, while the Urea:ChCl system showed greater concentrations even
though its proton activity is less than the alcohol based DESs. This was justified from the
ligand abilities of the urea to make surface complexes that detach the metal from the MO.
For CuO, Cu20 and ZnO also the species formed in solution were metal-urea complexes.
The carboxylic based DESs resulted in the higher concentrations of dissolved MOs with
ones having a lower pKa to be more effective lixiviants. Oxalic acid based DES was
expected to show the higher concentrations, however this was not the case due to the
precipitation of metals resulted from the strong interaction of the metal with the oxalic
acid. An interesting result observed was the selectivity of oxalic acid towards Co and Mn
over Ni, that could be beneficial in a process of extracting metals from active materials
of LIBs.

The rate of dissolution is also a very crucial parameter, that is why it was examined in
EG:ChCI, EG:ChCl with 0.1 M triflic acid, LevA:ChCl and OxA:ChCl. It was concluded
that in EG:ChCI the rate of dissolution is fast meaning that thermodynamics prevent the
dissolution of MOs in this DES and not the kinetics. The dissolution in the acidic
EG:ChCl showed that the rate is very fast, with the dissolution stopping when all the H*
has been consumed. Longer time is required in order to reach the solubility levels in
LevA:ChClI. For OxA:ChCl a more complex behaviour exists due to the precipitation of
metals, with the rate of dissolution to be relatively high.

The dissolution of a synthetic mixture of LINMC and of an industrially manufactured
cathode were tested in OXA:ChCl. The result of selectivity was validated in both these
materials with Ni dissolution to be negligible in all systems tested. The effect of
temperature and water content on the dissolution were investigated. Interestingly, the
change in water content resulted in change in the solubility of the metal ion species and
hence the selectivity of the system. A higher water content helped the precipitation of Co
and Mn and the fully extraction of Li and Al. In terms of kinetics, 5h and 24 h are needed

for the full extraction of Co and Mn from the powder and the cathode sheet, respectively.
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It was also concluded that OxA:ChCl attacks both the edges of the cathode sheet but also
attacks the surface locally where cracks or faults are existing, without showing a
preference on the dissolution of Al or the MO particles. The ultrasound assisted
dissolution was also investigated for the industrial cathode, for which indeed increased
the rate of dissolution. However, the high viscosity and the low water content of the DES
render the ultrasonic processes not as efficient and may result in the decomposition of the

DES due to its extreme heating after longer hours of dissolution.
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Chapter 4: Electrochemical
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4 Chapter

4.1 Introduction

From the previous Chapter, it was concluded that the dissolution of MOs in DESs is
highly influenced by the proton activity of the solvent, due to the reaction of H* with the
oxide moiety and its detachment from the MO surface. However, their dissolution is even
more dependent on the presence of a ligand in solution, which can be the HBD of the
DES, resulting in surface complexation and detachment of the Me-L species from the
surface of the MO. This fact shows the importance of speciation for the dissolution of
MOs. Hence, the tuneability of DESs can significantly affect the selectivity of processes
due to specific interactions of metals with different HBDs. That was illustrated with the
process of extracting selectively Co and Mn from a cathode of LIB, without dissolving
Ni in OxA:ChCI.

When the investigated solvent does not include any of these characteristics, neither high
proton activity nor a suitable ligand, then the MO solubility is low. Of course, there are
oxides such as Cu.0, ZnO and PbO that even in a non-coordinating solvent like EG:ChClI
or Gly:ChCl they show significant solubilities. This was justified from their ionic
character, low lattice energy and enthalpy of formation, which all led to their higher

dissolution of the metal ion via complexation with CI".

The Pourbaix diagrams have shown that the dissolution of a MO can be either with the
alternation of pH or with the change in the potential of the system or with the combination
of the two. Thus, an alternative way that can tackle the issue of very low MOs solubilities
in poor lixiviants, is using electrochemical dissolution and the application of voltage to
the system to enhance the dissolution rate. This can be done by either reducing or
oxidising potentials depending on the Pourbaix diagram for the metal. The efficiency of
this approach depend on the possible oxidation states of the metal and the conductivity of
the MO. The dissolution of MOs with the use of oxidising agents has been studied in

aqueous solutions, but the research is not that extensive as for the reducing dissolution.

4.1.1 Oxidative dissolution of metal oxides
Research on the electrochemical dissolution of MOs has been focused mainly on
reducing the metal cation of the MO. MOs such as Al.Oz, SiO2 and MgO are non-

reducible due to their low conductivity, lack of different redox states and low chemical
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reactivity due to their high covalent character. This chapter will focus on metal oxides
with lower band gap (energy difference between the conduction and valence band) which

leads to higher conductivity and chemical reactivity, which will be discussed later.*

As mentioned in Chapter 3, reducing agents like oxalic acid enhance the dissolution of
MOs and actually it was proven that an ideal lixiviant for MOs would be an acidic solution
that incorporates a strong ligand, which can also act as a reducing agent, especially for
the high-valency MOs. Very few lixiviants can show both these characteristics but oxalic
acid, lactic acid, tartaric acid and citric acid all do. Some other reducing systems studied
in aqueous chemistry for the increase in the rate of MOs dissolution are hydroquinone,
metallic Zn, Na,SOs, Na2S;04, Fe?* and Cr®*. 2 The need for reducing conditions can be
directly seen from a Pourbaix diagram. In Figure 4.1 the Pourbaix diagrams of Fe and Cr
are given in aqueous solutions, without the existence of complexing agents. These two
examples were chosen due to their distinguish difference in behaviour. It is obvious and
has already been discussed that Fe dissolves more efficiently under reducing conditions.
However, Cr can be dissolved either under reducing or oxidizing conditions. For example,
Cr,03 can be transformed into CrO4> by oxidation, because chromium can appear in Cr®*
oxidation state. Actually, it is also reported that the electrochemical dissolution of oxides

is faster than the slow surface complexation reactions.*
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Figure 4.1: Pourbaix diagrams in aqueous solutions of a) 1 xM Fe® and b) 10 uM
Cr.t
The oxidative dissolution of Cr,03 has been widely studied.”® Segal et al.® investigated

the dissolution of oxide films on steel containing a mixture of Niy, Fey, Crax.,O4 with the
use of MnO4 and various concentration of H" at 90 °C. It was reported that at optimum
conditions >85 % of Cr was extracted, with <10 % and <30 % coextraction for Fe and Ni,

respectively. This was logical since iron oxides are known to be dissolve faster under
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reducing conditions, and that is the reason that oxalic acid is one of the most efficient
lixiviants for Fe;O3 and Fez04 dissolution. For NiO, though, it has been reported that the
rate of dissolution in acidic solutions is enhanced under the presence of oxidising agents
or with anodic polarisation.!® 1* The oxidative dissolution of UO; has also been reported
with the use of MnOs and carbonate solutions.!?* The oxidative dissolution of
RuO2-xH20 was reported by Mills et al.'®, in which report RuOs was formed as the
corrosion product of the reaction between RuO2-xH2O with several oxidising agents
including Ce**, BrOs’, 1047, MnO4", MnO2 powder and PbO, powder with the first four to

result in very fast oxidation.

There are many strong oxidants such as Fz, Clz, HNO3, H2S04, Ce**, MnOy’, BrOs, 104
with their oxidising strength translated into their standard potential compared with Ho,

showing on Table 4.1.

Table 4.1: Standard potential of common oxidising agents

Standard Electrode Potential E°

Oxidising agent (V) at 25 °C in aqueous solutions

Fe3* 0.77
NOz- 0.96
Br2 1.07
O 1.23
Cr207% 1.33
Cly 1.36
Ce# 1.44
MnOgs 1.49
F2 2.87

In this investigation, the oxidative dissolution of MOs in DESs is studied, but instead of
an oxidising agent, which is proven in the literature to not work for the MOs of this study,
the employment of electrochemical anodic dissolution in EG:ChCl is studied. The rate of
dissolution using electrochemical dissolution of MOs is proven to be enhanced in aqueous

solutions, because the surface complexation reactions have slow kinetics. Hence, the
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hypothesis is that the rate of the dissolution will increase in EG:ChCI, which is a poor
chemical lixiviant, by oxidation of the oxide moiety to a more reactive species (as
superoxide) that then can weaken the bond between the oxide and metal acting as the

driving force of the dissolution.

4.1.2 Aims

This chapter investigates the oxidative electrochemical dissolution of MOs in DESs, as
an alternative way of dissolution in EG:ChCI, which is a neutral solvent that does not
contain any strong ligand to promote the surface complexation reactions on MOs.
Actually, this study is a continuation of previous studies of Bevan and Al Bassam!® %/
that studied the anodic dissolution of Cu and Fe sulfide minerals (CuS, Cu.S, CuFeSy,
FeS> etc.) in EG:ChCI. These studies found that sulfur redox chemistry controlled
dissolution. In the current study the aim was to determine whether, oxides are also
electroactive and can also be dissolved electrolytically. So, the electrochemical oxidation
is investigated as a potential tool for the increase in the rate of dissolution in EG:ChCl,

by oxidising the oxide part of the compound to a more reacting species.

Voltammetry will be studied to determine whether the oxides are electroactive and see
whether information about the electroactive species can be determined.
Chronopotentiometric and chronocoulometric studies of the MOs will be attempted by
using paint casting. These methods provide information about the stability and the open
circuit potential (OCP) of the MOs and the rate of their electrochemical dissolution. The

band gap of the MOs will be correlated to the rate of their dissolution.

Next, the bulk anodic dissolution of MOs will be examined, and the dissolution of metal
quantified to determine whether the anodic dissolution can provide higher rate and yields
of dissolution in EG:ChCI, compared to chemical dissolution. Bulk electrolysis will also
enable proof that the dissolved metal can also be electrolytically recovered on the cathode

as has been shown previously for copper and lead sulfides.® 18

4.2 Electrochemical studies of metal oxides

4.2.1 Paint casting of MOs

The electrochemical study of solid compounds, especially minerals, has been
demonstrated and is complex due to the presence of contaminants and anisotropic
effects.'® 20 Voltammetric studies of minerals are difficult due to problems associated with

sample preparation. One technique employed is the use of a compact crystal of a mineral
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which is limited to conductive solids.?! In this technique, a single crystal of the solid
material is attached to a wire (current collector) using a conductive resin or epoxy the
mineral and wire are then cast in an insulating resin and polished to produce a flat sample.
The preparation of the electrode can be laborious and usually produces voltammograms
with low resolution, due to the low conductivity resulting in Ohmic artefacts. In addition,
the exposure of only one single crystal face of the solid gives limited electrochemical
information about the bulk solid. Al Bassam?’ showed that the cyclic voltammetry of
different crystals of pyrite (FeSz) in EG:ChCl, which resulted in cyclic voltammograms
(CVs) with different redox peaks. It was also shown that for pyrite different crystal faces

etch at different rates.

Carbon paste electrodes (CPEs)??? are an alternative method of preparing samples.
Modified CPEs, produce a paste of both graphite as a conductive additive and the material
of interest, which are ground with an organic binder such as silicon oil. These so-called
carbon paste electroactive electrode (CPEESs) were developed by Kuwana and French.?
Although, the electrochemical characterization with this method was possible, issues
related to the decay of the metal compound have been experienced and so the electrodes
have a short lifespan. An alternative technique called voltammetry of microparticles
(VMP) 2425 employed a paraffine-impregnated graphite electrode, in whose cross-section
the microparticles of conductive or not solid compounds were mechanically immobilised.
This technique resulted in fast and clear redox signals but suffers from the issue of
difficulties in quantitative analysis due to the difficult assessment of the amount of

exposed metal surface.?®

The most widely electrochemical method used for the characterization of solid
compounds is cyclic voltammetry, CV. In order to gain reliable and reproducible results
from the solid analysis, the particle size of the solid needs to remain constant, the surface
of the solid and the working electrode or the electrolyte need to be in good contact to
eliminate any resistance issues.?* In this sense, the method of paint casting®®, enables
electrodes to be easily prepared by grinding the solid with a viscous DESs and applying
the paste to an electrode surface. The fluidity of the paste is easily adjusted by adding

either more solid or liquid.
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Figure 4.2: Setup of the paint casting method. Paste of solid material mixed with
EG:ChCI (left) and three electrode system with the paste painted on the working
electrode (right)

The relatively high viscosity of the DESs contributes to the binding of the ground solid
on the working electrode (WE), which is bent at 90°, as shown in Figure 4.2 and also
helps for its adhesion on the electrode when immersed in the solution. In addition, Bevan
reported that the DES is able to wet the surface of the solid better than an aqueous solution

of sodium chloride.®

The paint casting method was used for the first time on the mineral galena (PbS) using
the DES EG:ChCI, whose CV is presented in Figure 4.3.2° Three oxidation and two
reduction peaks are apparent. The peaks of C1 and C2 are only visible when the oxidation
of PbS has passed the voltage at point A3, where the oxidation of PbS occurs, resulting
in the formation of Pb'" species in the double layer. Subsequently, the Pb'" species are
deposited on the Pt working electrode at C1, from where they are stripped back at Al.
The oxidation peak at A2 is assumed to be due to the stripping of a Pb-Pt alloy formed
on the electrode. An interesting observation lies at the point C2, where a second reduction
peak is observed. It was assumed that this peak is attributed to the reduction of S species
formed after the oxidation of PbS.1® 27 Bevan also studied the electrochemistry of S
powder using paint casting, showing that this technique can work with more resistive
materials, as shown in Figure 4.3. The reduction of Sg has been reported to produce the

polysulfides Se> and Ss% in 1Ls.8

The redox couples of both constituents, the metal and non-metal part of the compound,
can be seen in the CV giving very useful information for the subsequent electrochemical

extraction of the metal. The same behaviour of sulfides was reported from Al Bassam'’
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that studied the electrochemistry of different iron sulfide and arsenide minerals using
paint casting. The importance of paint casting was further illustrated in its application on
transition metal tellurides and selenides from Bevan®®. The CVs showed both the redox
couple for the Se and Te and the other metals, giving useful information for the

development of selective extraction processes.
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Figure 4.3: Cyclic voltammogram of paint casted PbS (left) and S powder (right) in
EG:ChCl1.%

In this chapter, paint casting method was used to investigate the electrochemistry of ten
MOs in EG:ChCI. Itis important to investigate if, as for the metal chalcogenides (sulfides,
selenides and tellurides), the CVs of MOs solids will show two different redox couples;
for the metal and for the oxide species. As a first stage, the paint casting is employed on
the oxides of Fe, Cu and Pb to have direct comparison with the sulfides that were studied
by Bevan and Al Bassam. The metal sulfides, in general, are more conductive than the
MOs or hydroxides, so it was expected to obtain weaker electrochemical response and
not as clear redox signals from the MOs investigated.?

In this examination, EG:ChCI was employed as the electrolyte for the paint casting
method. The CV of the pure EG:ChCl is given in Figure 4.4 and no redox behaviour is
observed, with its electrochemical window to be around 2.2 V (-1 to 1.2 V) with respect
to Ag/AgCI. The paint casting method was also investigated in Urea:ChCl, but the low
conductivity and higher viscosity of this DES compared to EG:ChCl produced CVs with
poorly resolved redox peaks. The more acidic DESs were not chosen, because of the
narrow potential window. Hence, the high conductivity and low viscosity of EG:ChCl,
combined with its high air and moisture stability rendering it the best candidate among

the rest of DESs for this investigation.
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Figure 4.4:Cyclic voltammogram of pure EG:ChCl with a 0.32 cm? Pt flag WE, a Pt
flag CE and an Ag/AgCl (0.1 M in EG:ChCI) RE. Scan rate: 10 mV s

In Figure 4.5, the CVs of paint casted Fe>Osz and FezO4 are presented. Both CVs show
the highly reactive and quasi reversible redox couple of Fe''/ Fe'!'. The reactivity of Fe'"
as an oxidising agent is enhanced in the presence of high CI- media and this maybe the
reason of the clear redox couple shown in the CV, even though the solubility of these
oxides is very low in EG:ChCI. The anodic peak at 0.43 V is assigned to the oxidation of
Fe!' to Fe''" and the inverse reduction peak at 0.31 V is attributed to the reduction of Fe'"
to Fe''. The difference between the cathodic and anodic peak is around 120 mV, meaning
that the redox couple behaves quasi reversible. The same shape and quasi-reversibility
was observed by Kanatharana et al.>° in dimethylformide. The same redox peaks have
been reported for the CV of paint casted FeS; and FeClsz and also from the solution of
FeCls in EG:ChCL.Y This shows that the paint casting method can be used for direct
comparison of solid and solution electrochemistry. The absence of the redox signals for
the couple Fe'/Fe®in the CV was discussed from Hartley®! and Spathariotis®* and it was
pointed out that the reduction of Fe is below the cathodic limit of the DES, since at more
negative potentials than -1 V the degradation of EG:ChCI occurs releasing H: gas, as the
Equation 4.1 shows.

C,Hs0, + 2e~ < [C,H,0,]% + H, Equation 4.1
What is interesting in the CVs of the iron oxides, is a second quasi-reversible redox couple
with an oxidation peak at -0.15 V and a reduction peak at -0.24 V. This redox couple was
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not observed in the CVs of FeCls solution or for paint casted FeS,. More discussion on
this peak will be given later.
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Figure 4.5: a) CV of paint casted solid Fe,O3 and FesO4 in EG:ChClI, with a 0.32 cm?
Pt flag WE, a Pt flag CE and an Ag/AgCl (0.1 M in EG:ChCI) RE. Scan rate: 10 mV
st b) Analogous CV for FeS; by ref 20

In Figure 4.6, the CVs of paint casted CuO and Cu.O are presented and compared with
the one reported from Bevan for paint casted Cu,S. Again, both oxides show a very
similar redox behaviour, with two redox couples. The CV started at 0 V and first was
swept anodically until the point of 0.8 V and reversed. In this region, a typical redox
species reaction is observed for both CVs. The anodic peak at 0.46 V is assigned to the
oxidation of Cu' to Cu" and the cathodic peak at 0.37 V is assigned to the reduction of
the Cu' species to Cu'. The difference in the anodic and cathodic peak is 90 mV, rendering
it a quasi-reversible system. The same fact has been reported from Abrantes et al.,* that
studied the electrochemistry of copper in aqueous chloride media and observed a
difference of 128 mV. Moving to more negative potentials, a second redox couple is
observed that has a typical shape for a nucleation and stripping process. The cathodic
peak at -0.47 V is attributed to the deposition of Cu® on Pt WE, while the sharper anodic
peak at -0.22 V is assigned to the stripping of Cu® from the surface of the electrode and
its oxidation to Cu™ at -0.22 V. Overall, the same shape of the peaks related to the redox
species of Cu have been reported for paint casted CuzS, as shown in Figure 4.6. In the
CV of CuzS one more redox peak is observed in the middle of the redox couples of Cu,
which is associated with the electrochemistry of S. The same shape and position of the
redox peaks for Cu have also been reported for the paint casted CuClz, CuS and the
solution of CuCl; in EG:ChCl.16:34 %
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Figure 4.6: Cyclic voltammogram of a) paint casted solid CuO and Cu20 in
EG:ChCl, with a 0.32 cm? Pt flag WE, a Pt flag CE and an Ag/AgCl (0.1 M in
EG:ChCl) RE. Scan rate: 10 mV s and b) Analogous CV for Cu.S by ref 16

Next, the paint casting was employed on PbO, was studied and this is shown in Figure
4.7. The CV of PbO is rather more complicated than the rest of MOs studied. There is a
clear deposition peak of Pb at -0.64 V that agrees with the one reported from Bevan for
the paint casted PbS.2® However, for PbO there is a second sharper peak at -0.79 V, which
is more negative than the deposition peak in the CV of PbS in Figure 4.3.
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Figure 4.7: Cyclic voltammogram of painted casted PbO in EG:ChCl, with a 0.32
cm? Pt flag WE, a Pt flag CE and an Ag/AgCl (0.1 M in EG:ChCI) RE. Scan rate: 10
mV s,

Hua et al.%® studied the electrochemistry of solid PbO in EG:ChClI, using a PbO pellet

held on a Ti mesh working electrode with a cotton thread. The deposition peak observed
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by Hua et al was at -0.7 V with respect to Ag/AgCI. The stripping of Pb from the WE was
reported from Bevan to be assigned to the voltage of -0.49 V, but in the CV of PbO the
stripping happens at two subsequent steps starting from -0.61 V and finishing at -0.4 V.
The next oxidation peak is attributed to the stripping of a Pb-Pt alloy. Sun et al.?’
investigated the CV of Pb compounds on Pt, Au and GC electrodes and it was reported
that only for the CV obtained on the Pt WE there are two oxidation peaks, one for the
stripping of Pb and one for the stripping of the Pb-Pt alloy. Once again, in the CV of the

paint casted PbO the reduction peak at -0.23 V is observed, as for the iron oxides.

This investigation of the solid state CV of Fe>Os, Fe304, CuO, Cu20 and PbO in EG:ChCI
showed that the paint casting as a method can be used for the investigation of the
electrochemistry of solid MOs. In addition, paint casting gives the opportunity to compare
different solid compounds of the same metal (e.g. oxides, sulfides, chlorides) and also
with their solutions. Hence, changes in speciation and subsequently reactivity of the metal

species can be observed between different compounds.

Bevan and Al-Bassam only studied the paint casting of Fe, Cu, Zn and Pb compounds,
and no attention has been given to compounds of metals like Co, Ni and Mn. Spathariotis
has concluded that the solution electrochemistry of CoCl2 shows an irreversible behaviour
in DESs, while NiCl, shows a semi irreversible behaviour agreeing with prior results from
Hartley that also suggested that MnCl, shows an irreversible behaviour.®: 32 This
difference in electrochemical behaviour between the metals investigated, was suggested
to be due to difference in speciation and the species formed on the surface of the WE.
Hartley concluded that if the species formed on the WE were not pure tetrachloride
complexes and instead included the HBD, then the redox behaviour would be different.
For ZnCly, it was shown that voltammetry is highly dependent on its concentration in
solution because at low concentrations (<0.1 M) the electrochemistry is kinetically
hindered.®? In addition to that, solid ZnO is an insulator meaning that no response is
expected to appear in the CV. Hence, it is anticipated that the paint casting method will
not give clear redox couples for ZnO. Figure 4.8 shows the CVs for paint cast samples
of MnO2, MnO, C0304, CoO, NiO and ZnO in EG:ChCI.
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Figure 4.8: Cyclic voltammograms of paint casted a) MnO>, b) MnO, ¢) Co304, d)
Co0, e) NiO and f) ZnO in EG:ChCl with a 0.32 cm? Pt flag WE, a Pt flag CE and an
Ag/AgCl (0.1 M in EG:ChCI) RE. Scan rate: 10 mV s

While none of the CVs are particularly well resolved it can be seen that all have similar

redox properties with a reduction peak at = -0.18 V. This is also the case of the Fe2Os,
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Fes04 and PbO, with a slight shift towards positive potentials. The anodic peak which for
the iron oxides was clear, for the rest of MOs is distinct but not as well formed.

The same behaviour has been reported for paint cast lanthanide oxides in EG:ChCI by
Stodd.®” The voltammetry of paint casted Er,Os, CeO2, Gd20s, Sm203, Yb,03 and Pr,03
showed the same reduction peak at = -0.2 V and an oxidation peak at -0.1 V vs Ag/AgCl.
Stodd also investigated the effect of paste loading on the WE and it was concluded that
with higher loading on the electrode, both the anodic and cathodic peak at these voltages

were enhanced.

The lack of distinct redox processes does not mean that the metal oxides are inert. Results
below show that bulk electrolysis of all of these samples leads to solutions with metal
concentrations of between 0.01 and 0.1 mol L which are in most cases are orders of
magnitude higher than those observed by chemical dissolution. The poor resolution of the
CVs in Figure 4.8 are probably due to the higher resistivities of the oxides compared to

the other chalcogenides.

As mentioned before, this redox peak could be assigned to the formation of oxide
electroactive species on the surface of MO, as superoxide (O2’), which could be the
product of the oxidation of oxide after giving one electron. The literature has focused
mainly on the reduction of oxygen for the formation of superoxide. Hayyaan et al.*® has
studied the generation of superoxide in the ILs 1-butyl-1-methylpyrrolidinium
trifluoromethanesulfonate and 1-butyl-2,3-dimethylimidazolium and its stability by
dissolving KO in them. It was reported that the generation of O, happened at -1 V with
respect to Ag/AgCl with no oxidation peak being present for both ILs, meaning that the
generated superoxide was not stable in these media. The same peak has been observed by
Sawyer et al.*° It was also mentioned that the stability of O, is greatly dependent upon
contaminants present in the ILs and that is why all the CVs were performed in a glovebox
under controlled environment. The pH of the solvent is also reported to be a crucial
parameter, since a proton source can lead to fast disproportionation of the superoxide
species.®® Weidner et al.*° reported the generation of superoxide at -0.46 V in respect to
Ag/AgCl in 1,2-dimethyl-3-n-butylimidazolium hexafluorophosphate with the presence
of oxygen with no existence of an oxidation peak on a GC electrode. This potential is the
closest value to the one reported in this Chapter. Sawyer et al.** has concluded that the

electrode material and the solvent have a great impact on the reversibility and the peak
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separation and that the reduction potential of O2/O," shifts to more negative values when
there is decrease in the solvating properties of the electrolyte.

In order to investigate the generation of superoxide in the DES media, the dissolution of
KO: in EG:ChCI followed and the UV-Vis spectra are shown in Figure 4.9. A single
peak is observed at around 279 nm, which is close to the already published values of nm
for superoxide in other solvents, which are in the range of 255-275 nm.*® The use of KO
for the localization of superoxide in solution is common in aqueous solutions, where the
peak attributed to O, is at 245 nm in water and 255 in acetonitrile.*? The existence of a
superoxide peak in the spectra obtained in EG:ChCI means that superoxide can be stable

in DESs. It would be important in future to examine the lifetime of this species in DESs.

Normalised absorbance

300 400 500 600
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Figure 4.9: UV-Vis spectra of solution of KO after chemical dissolution in EG:ChCI.

The fact that the paint casting CVs were carried out in an ambient environment, with a
significant water content in the DES (c.a. 1 wt.%), which would decrease the stability of
the superoxide. This decreases the likelihood that this peak is related to superoxide
generation however electron paramagnetic resonance (EPR) measurements for the

solution, would able to confirm the existence of the radical specie of superoxide.*?

Another explanation of the existence of this peak could also be the oxidation of the Pt
WE surface. However, the potential measured here is far enough from the already known
potentials of the oxide and hydroxide formation on single crystal Pt electrodes (above 0.8

V vs NHE) and also the shape of the redox couple is different.*® The Pt surface also is a
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well-known catalyst for the electrooxidation of ethylene glycol and other organic solvents
and intense investigation has been conducted on this topic.** It is worth to mention that
the surface area of the Pt WE during paint casting is high (0.32 cm?), increasing a possible
catalytic activity. The existence of a transition MO also on the surface of the WE could
also enhance this catalytic electrooxidation of the component of the DES that might did
not react in the mixture. As future work, the paint casting of MOs would be attempted
on different WEs such as Au, but the cost of such an electrode is high. Overall, the
justification of this peak requires more work. The one conclusion that can been drawn is

that this peak is independent on the metal part.

4.2.2 Chronopotentiometry

Chronopotentiometry measures the potential of an electrode as a function of time and was
carried out for the MOs in EG:ChCI, using the paint casting method. A paste of MO was
painted on the WE and the changes in voltage were measured while zero current was
passing through the cell. This electrochemical test is useful, in order to form predictions
about the reactivity of metal compounds when chemically dissolved. The characterization
of OCP is typically carried out for the corrosion of metals and for the prediction of the
charge/discharge batteries’ performance.® It is, however, not generally carried out for
metal compounds. In general, the OCP measurement after some time of the WE
immersion in the electrolyte, gives useful information about the stability of the WE in a

medium.

Al Bassam first employed this method to study the chemical reactivity of iron sulfide
minerals.!” The OCP curves obtained in EG:ChCI were in accordance with the results
obtained from the chemical dissolution of the minerals. In the same way, the observation
of the OCP after 1 h of the immersion of the MO paste in EG:ChCl showed the stability
of the MOs and their tendency to chemically dissolve. When the OCP of the electrode is
stable and high, the electrolyte is not able to change the equilibrium established and the
material is relatively stable and shows resistance to any corrosion reactions from the
electrolyte that is surrounding it. On the other hand, when the OCP changes over time it
shows that the material is prone to chemical dissolution in the electrolyte. The change in
metal ion concentration in solution with time affects the potential through the Nernst

equation.
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The OCP curves in EG:ChCI of the paint casted MOs are shown in Figure 4.10. Two
groups of MOs are observed that behave differently. Firstly, the OCP curves for Fe3Oa,
Co0304 and NiO seem to stay stable even after 1 h in EG:ChCI, which means that they
have no tendency to chemically dissolve. On the other hand, the curves for CuO, Cu20,
ZnO and PbO all show a decrease in potential with time. Thus, these MOs show a more
unstable behaviour in EG:ChCI and would predict higher chemical solubility, which

confirms the chemically reactivity already be shown in Chapter 3.
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Figure 4.10: Open circuit potential of metal oxides paint casted in EG:ChCl, with a
0.32 cm? Pt flag WE, a Pt flag CE and an Ag/AgCI (0.1 M in EG:ChClI) RE.

This is a positive result for the paint casting method, because it means that it can be used
for the characterization of metal compounds or minerals in a specific lixiviant, predicting

their affinity to dissolve in it.

4.2.3 Chronocoulometry

Chronocoulometry measures the charge passed through an electrode as a function of time
and gives a measure of process kinetics. Chronocoulometry was used with the paint
casting method to investigate the rate of electrochemical dissolution of MOs. In the same
way as for the voltammetry, pastes of MOs (= 13 mg) were painted on the WE. However,
at this stage a fixed potential of 1.2 V was applied to the cell for 30 mins, with the
electrochemical test occurring at 50 °C, in order to directly compare the results with the
bulk anodic dissolution, which will be discussed later. This process was again firstly
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tested by Al Bassam!’ that studied the charge passed at a fixed potential and time for
different iron sulfide and arsenide minerals.
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Figure 4.11: Chronocoulometric plots for pain casted metal oxides in EG:ChCl

In Figure 4.11 the charge passed in the fixed time of 30 mins during the
chronocoulometric study for the paint casted MOs, is shown. The results for Fe;Os are
not presented, because its lower density rendered the use of 13 mg of powder on the WE
very difficult. The MOs investigated did not show very large discrepancies in the rate of
electrochemical dissolution in EG:ChCI. The highest charge passed was reported for
MnO. with 7 C followed by FesO4 with 6.5 C, while the slowest rate was observed for
NiO and PbO with 4.5 C. However, the difference between the highest and lowest charge
passed is only 2.5 C. Bevan also studied the chronocoulometry of different copper
chalcogenides.*® In that report the highest and lowest charge were reported for CuzTe and
CuxSe, respectively, and the difference between the two copper chalcogenides was as
high as 17 C. In the case of iron sulfide and arsenide minerals tested by Al Bassam, the
highest rate was observed for marcasite, which is the orthorhombic structure of pyrite

(FeS2), and the lowest charge for loellingite (FeAsz) with a difference of 5 C.*’

In both these previous studies, it was assumed that differences in the electrochemical rate
were due to the diverse band gaps of the metal compounds. The hypothesis here lies on
the fact that the band gap of MOs will affect the ease of injection or extraction of electrons

from the bulk material and hence the rate of dissolution.
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In general, band gaps can be used as a tool to predict the conductivity and the
electrochemical reactivity of solid compounds. Figure 4.12 shows a schematic
representation of the band gap. A metal compound with a large band gap behaves as an
insulator, with the insulating properties coming from the fact that the excitation of the
valence electrons towards the conduction band is energetically difficult resulting in
compounds that are chemically inert. On the other side, metals are electrical conductors,
since the valence and conduction bands are overlapping. The intermediate compounds
called semiconductors show a lower band gap than the insulators, but the excitation of
the electrons from the valence band is not as energetically favoured as for the conductors.
The electrons move from the valence band (highest occupied molecular orbital-HOMO)
to the conduction band (lowest unoccupied molecular orbital-LUMO), but the ease of this
move is dependent upon the gap between the two orbitals, hence the band gap. When
voltage is applied to semiconducting materials, then the valence electrons are excited and
generate current, which would then result to the oxidation and dissolution of the material.

In Table 4.2 the band gap of the MOs is given. There are transition MOs that behave as
semiconductors such as FesOa, for which there are references of metallic behaviour with
very low band gap of 0.2 eV.*® In addition, Cu0 and CuO are well-known p-type
semiconductors, and the former was used in the first semiconductor material in storage

devices.*’*® On the other hand, metal oxides such as ZnO behaves as an insulator with a

wide band gap.*’
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Figure 4.12: Schematic representation of band gap
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However, there are transition MOs such as MnO, CoO and NiO with partially filled d-
shells which behave as Mott insulators.®® Mott insulators are materials that should be
conductors of electricity if considered using conventional band theory, due to an odd
number of electrons per unit cell, however in reality they behave as insulators, due to
correlation effects such as electron-electron repulsions and magnetic moments formed in
the solid.>! This was first observed and reported by de Boer and Verwey in 1937.4” Then
Mott justified this behaviour by interactions between electrons and the magnetic moments
that are formed in the solid from the attempt of electrons to avoid each other in order to
minimise their Coulomb repulsion.®? 3

Table 4.2: Band gap of metal oxides under investigation
Metal Oxide Band Gap (eV)

MnO2 1.33%
MnO 3.5%
Fe3Os4 0.2%
C0304 2.4%
CoO 3.3%
NiO 3.5
CuO 1.6%°
Cu20 2.2%
Zn0O 3.37°6
PbO 3.21%

As for the previous studies, the charge passed was correlated with the band gap of the
MOs, as illustrated in Figure 4.13. There is a general decrease in charge passed with
increasing band gap i.e. the more conducting oxides are more easily oxidised than the

more insulating oxides.
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Figure 4.13: Effect of the band gap of metal oxides on the charge passed during

chronocoulometry.
Most MOs comply to the downward trend, but the effect of the band gap is not as

noteworthy as in the case of copper chalcogenides studied by Bevan, even though the
difference in the band gap was maybe smaller for some compounds.'® This fact may
provide an extra support that the electrochemical dissolution of metal oxides in EG:ChCl
follows a similar mechanism, as it will be described later. The discrepancy may also be
in the band gap data as different methods and different samples will produce different

values.

4.3 Bulk anodic dissolution of MOs

Bulk electrolysis enables the concentration of metal dissolving in solution to be
quantified. It also enables experiments which demonstrate the ability to recover the metal
in a pure state. The idea of the paste casting of MOs on the WE was employed again with
a different configuration. In Chapter 2 (Figure 2.7) the cell of the electrochemical bulk
dissolution of MOs was presented. In this cell two iridium oxide coated titanium mesh
electrodes were used as the anode and cathode. The oxidative dissolution of a MO slurry
was examined by applying a constant voltage of 2.7 V between the two electrodes for 48
h at 50 °C and at the same solid: liquid ratio as for the chemical dissolution in Chapter 3

was used, in order to have direct comparison.
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Figure 4.14: Comparison of chemical and electrochemical dissolution of metal oxides
in EG:ChCIl. Conditions: Conditions for electrochemical dissolution: T =50 °C, t =
48h, L:S=30, and constant V = 2.7 V

In Figure 4.14, the concentrations of the dissolved MOs in EG:ChCI are shown and
compared with the chemical dissolution in the same solvent, which was discussed in
Chapter 3. It is clear that for most MOs, except from Cu20 and PbO, the electrochemical
solubilities are in most cases significantly higher than the chemical solubility. This shows
that in EG:ChCI, which as mentioned before is a poor solvent for MOs, enhancement of
the dissolution can occur by electrochemical oxidation. It should be noted that Chapter 3
shows that dissolution is mass transport limited and the experiments carried out in this
chapter are unstirred, which probably accounts for a lower possible electrochemical

dissolution of MOs.

This enhancement is extremely noticeable for Fe;O3, Fes04, Co304 and NiO, for which
the electrochemical dissolution provided 18510, 51800, 292 and 106 times higher
dissolution of the respective MOs in EG:ChCI than straight chemical dissolution. The
much higher electrochemical dissolution for Fe3O4 could be attributed to its low band gap

enabling higher electrical conductivity.

The oxidative dissolution of MOs in EG:ChCl is assumed to happen due to the oxidation
of oxide resulting in reactive superoxide species on the surface of the bulk MO. A

proposed reaction would be the one below Equation 4.2, for PbO for example.
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_ Equation 4.2
PbO + 4Cl~ — e™ - [PbCl4]* + [03]

The oxide (O%) can give one electron and be oxidised to the radical superoxide species
with the form of O2", in which the oxidation state is ~*/2, A second oxidation step could
be the oxidation of superoxide to oxygen gas (O2). The assumption that the driving force
of the electrochemical dissolution is the oxidation of the non-metal part of the MO can
be drawn because many of the metal oxides are either in their highest oxidation state or
do not have another oxidation state e.g. ZnO. The metal cannot lose any further electrons,
hence cannot be oxidised. In addition to that, Bevan and Al Bassam have also reported
the oxidation of sulfur to soluble polysulfides to be the driving force for the oxidative

dissolution of copper and iron sulfides.*® '

Superoxides have been mostly studied as the product of the oxygen reduction reaction,
where oxygen can take one electron and form a superoxide, as previously described.*?
The formation of the radical superoxide by the oxidation of the metal oxide is not that
widely studied or understood. One reason for the prevention of the study on superoxides
is that they are unstable in most solutions, especially in water, where the solvation is very
high and disproportionation occurs at a very fast rate (10" - 10'° M s) and also they are
only stable below 104 °C.*> %8 |t is reported and expected that superoxide radicals with
unpaired electrons are highly reactive in many solvents.*> However, it has a rather high
stability in some aprotic solvents like acetone and pyridine and it has lower reactivity in
isopropanol.®® To some extent the stability of the superoxide is not important if the metal-
oxygen bond is changed which enables the metal to be released into solution which is

clearly happening in bulk electrolysis.

There are several ways of generating superoxide in solution with the most common and
easiest method being the electrochemical reduction of oxygen. However, there are other
methods such as the dissolution of salts that include the superoxide like KO or NaO-, but
their affinity to dissolve is low in most organic solvents.® It is reported that the addition
of tetraalkylammonium salts can increase their solubility levels and the addition of
quaternary ammonium salts can increase the stability of electrochemically generated
superoxide and also increase its nucleophilicity.>® This is particular interesting in this
case, since EG:ChCI consists of choline chloride which is a quaternary ammonium salt
and hence it can stabilize the superoxide generated during the electrooxidation. As it was

shown previously in Figure 4.9, the solution of KO2 in EG:ChCl gave a peak in its UV-
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Vis spectra similar to the one expected from the literature in organic solvents, so a
superoxide can indeed be stable in a DES.

Another reported method to produce superoxide, is during charge transfer reactions
between oxygen and a surface either directly or photoinduced.*? The adsorption of oxygen
species at an oxide surfaces has been reported to be also catalytic for oxidation reactions
at solid-liquid interfaces.®! It was reported that insulating MgO doped with Co?* could
absorb oxygen resulting in species of Co®* O, whose formation had a reversible
behaviour.5! However, the electrochemical oxidation of the oxide to the superoxide was
not reported. It is proposed here that during the electrochemical oxidation of the MOs,
the oxidation of oxide to superoxide occurs, which renders the bonds at the surface of the
MO weaker and thus the metals can make complexes with CI" like during chemical
dissolution, but in this case the dissolution is much faster because there is an extra driving
force.

In Appendix (Figure 7.12 and Figure 7.13) the UV-Vis spectra and the coloured
solutions after anodic dissolution are presented and compared with the ones obtained from
chemical dissolution to investigate whether there were changes in the speciation of the
metal during the different processes. The change in the intensity of the colour of Fe30a,
Fe>Os3 and NiO is greatly noticeable after electrochemical dissolution, a fact that is in
agreement with the concentrations of the metals. For the rest of the MOs the colour turned
to darker blue in the case of Co304 and CoO and darker yellow for CuO and Cu20.

As for the speciation of the metals in solution, it is observed from the UV-Vis spectra that
the dissolution of MnO2, MnO, Co304, CoO, CuO, Cu20 and PbO resulted in tetrachloro
complexes, as discussed in Chapter 3 and the spectra after chemical and electrochemical
dissolution in EG:ChClI are essentially identical, with the exception of the Mn oxides for
which no peaks were obvious after chemical dissolution. However, the electrochemical
dissolution of NiO, as for the chemical dissolution, did not lead to tetrachloro complexes
but instead it resulted in the “green apple” coloured solution that Hartley analysed with

EXAFS and showed Ni(EG)s?* to be the main species present.?

In the case of FesOg, it is apparent that the solution after anodic dissolution does not show
the typical three peaks spectra of [FeCls]>. Instead it shows a peak at = 303 nm and the
colour is dark brown rather than yellow. The same peak has been reported by Al Bassam

for the solution formed from the anodic dissolution of pyrrhotite (Fei-xS) in EG:ChCI,
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for which it was suggested that Fe had formed complexes with the oxygen of the HBD
and also a same peak has already reported for an aqueous solution containing glycine after
oxidative dissolution of pyrrhotite.X” 8 In aqueous solution, it was reported that the
glycine was absorbed at the oxidised surface and formed a species with Fe3*. One possible
reason for that is the fact that Fe and Ni are highly oxophilic, so they are highly dependent
upon the HBD.% For Fe,03 no distinctive peaks are observed in the UV-Vis spectra, while

the colour of the solution is identical with the one of the anodically dissolved pyrrhotite.

From Figure 4.14 it is observed that the concentrations of dissolved Cu20 and PbO after
electrochemical dissolution were lower than after chemical dissolution and for CuO the
concentrations were at the same level. This happened because during the anodic
dissolution of these oxides Cu and Pb were deposited on the cathode. As seen in Appendix
(Figure 7.14) a thick grey deposit was formed during PbO anodic dissolution that was
consisted of 46 atomic % of Pb and 54 atomic % of oxygen and a typical brown colour
deposit for Cu0O with 71 atomic % of Cu and 23 atomic % of oxygen. Similar results
were obtained for CuO. This is an interesting result, because it means that from a solid
MO slurry Cu and Pb can be dissolved, form tetrachloro complexes and then directly
deposit in a metallic form as the SEM and EDX results suggested. In some repeated
experiments deposition of Mn from MnO- and MnO also occurred during electrochemical
oxidation, for which deposits the EDX analysis reported around 11 atomic % of Mn and
87 atomic % oxygen. This positive result was further investigated by employing another
type of cell, which will be discussed later.

What is worth mentioning as well is the lack of selectivity of this process. All MOs
dissolve to roughly the same concentration in EG:ChCI, reinforcing the statement that
their dissolution is driven by the reaction of oxide and not the metal and the slight
differences between them result from kinetic factors due probably to their conductivity.
To put a perspective on the actual efficiency of the electrochemical dissolution, the
comparison with the concentrations derived from the chemical dissolution in EG:ChCI
with 0.1 mol L TFSA was very crucial and given in Figure 4.15.
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Figure 4.15: Comparison of concentrations of dissolved metal oxides after chemical
dissolution in EG:ChCl with addition of 0.1 mol L™ TFSA and electrochemical
dissolution in EG:ChCI. Conditions for electrochemical dissolution: T=50°C, t =
48h, L:S=30, and constantV =2.7 V

It is observed that except for FesOs and CoO, all the rest of MOs show higher
concentrations after chemical dissolution in the acidic EG:ChCI. One possible reason for
that apart from the high affinity of MOs to dissolve in acidic environments, is the fact that
the anodic dissolution occurred under static conditions. Al Bassam has previously shown
that the anodic dissolution of mineral slurries in EG:ChCl is hindered due to passivation
of the surface when no stirring exists.!’ For that reason, another type of cell was designed
in which the anode was slowly stirred by placing the digestion cell on an orbital shaker
and maintain both of the electrodes at a fixed position.!” It was also suggested that the

kinetics of dissolution were diffusion controlled.

For that reason, kinetic studies of selected MOs, whose kinetics were studied also for their

chemical dissolution in EG:ChCl are presented in Figure 4.16.
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Figure 4.16: a) Kinetic studies of selected MOs after electrochemical dissolution
(dashed lines) and chemical dissolution (solid lines) in EG:ChCI (logarithmic scale).
b) Diffusion model plot of concentration depending on time. Conditions for
electrochemical dissolution: T =50 °C, L:S=30, and constantV = 2.7 V

For all MOs investigated the concentration rapidly increases in the first 10" h and then
very slowly increases until the 24™ h, after which only very small dissolution occurs due
to passivation of the electrode surface. The passivation is justified from the static

conditions of dissolution and so the results are in accordance for the ones of Al Bassam.!’
The diffusion model®® shown in Equation 4.3 was used on the kinetic data,

C=C,+ katl/z Equation 4.3

where C is the concentration of dissolved MO, t is the time of reaction, Kp is the reaction
rate constant (M s2),
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It is observed from Figure 4.16b, that for all MOs the R? of their trend is rather higher
close to 0.99 so it can be concluded that the electrochemical dissolution is diffusion

controlled.

4.4 Bulk anodic deposition

As mentioned in the previous section, the electrochemical dissolution of MOs provided
enhanced dissolution in EG:ChClI, with all metals, except Fe and Ni, forming tetrachloro
complexes. It was also observed that during the anodic dissolution of CuO, Cu20 and
PbO the metals were first dissolved and then deposited on the cathode. A separated cell
presented in Chapter 2 (Figure 2.8) was used. In the anodic compartment, the MOs are
dissolved electrochemically and the metal tetrachloro species or metal-glycolate species
diffuse through the filter paper to the cathodic compartment where they are
electrodeposited on a Ni plate. Al Bassam reported that the use of a filter paper hinders
the diffusion of the metal species, but this study is only a preliminary attempt to see if

such a cell would work on MOs and no optimisation has occurred.’

In Figure 4.17, the masses of the deposits on the Ni plate after the bulk electrolysis of the
different MOs are presented. As expected, CuO and Cu.0O showed the higher amount of
deposition, which relates well with the results obtained by Spathariotis for the
electrodeposition of Cu from the solution of CuCl, in EG:ChCI.%2 Copper has the most
positive reduction potential and does not passivate through reaction with the DES. Abbott
reported that Cu can be deposited easily and with high current efficiency, forming bright
deposits when the concentration of the Cu species are between 0.01-1 mol L, but when
the concentration is lower, then black deposits are formed.% With the rest of the MOs,
significantly less metal was recovered. This is due to the relatively low metal ion
concentration which makes electrodeposition inefficient particularly in unstirred systems.

32 Most of these metals also passivate particularly at low metal ion concentrations.®’
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Figure 4.17: Mass of deposit on Ni plate after bulk anodic electrolysis of metal oxides
in EG:ChCI. Conditions: T =50 °C, L:S=30, and constantV = 2.5V

In Appendix (Table 7.3), the plates after the anodic deposition of metals on a Ni plate are
presented. It is observed, that for CuO and Cu2O bright deposits are obtained, and EDX
analysis showed that pure copper is deposited with negligible amount of oxygen. These
results are in accordance with the report from Bevan who carried out analogous
experiments using CuS and Cu,S.*® For PbO and ZnO, pure metallic deposits were also
observed on the Ni plate with negligible amounts of oxygen due to the formation of an
oxide layer from the atmosphere, agreeing with the results previously obtained for PbS.16
Also, these results are in accordance with the reported data from Spathariotis, that
observed compact deposits of pure metals from the deposition of Cu and Pb from
solutions of their chlorides.®® It can be also observed that larger amounts of metal with
higher purity were obtained from the MOs that have the most ionic character and dissolve
better in EG:ChCI. For the rest of the MOs, poor quality, non-adherent, flaky and

sometimes cracked deposits are observed.*?

This investigation was not focused on the optimisation of the electrodeposition process,
since the recovery is not the aim of this thesis. However, the examination of the bulk
anodic electrolysis of MOs is a field that is relatively novel, and it was attempted to show
that even for MOs that are not as conductive as metal sulfides, the anodic dissolution and
subsequent deposition is possible. This method actually would be beneficial for the
processing of oxide mixtures and especially those with a high value. An interesting result

was obtained from Bevan, where the selective recovery of Cu from Fe from the mineral
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of chalcopyrite (CuFeS;) was obtained using the same logic but with a more sophisticated
designed cell in EG:ChCI.8

4.5 Conclusions

In this chapter the electrochemical dissolution of MOs was studied in DESs. The
enhancement of the rate of the dissolution in a poor lixiviant by employing anodic
dissolution of MOs is a novel field. It is shown that all ten metal oxides studied could be
electrochemically oxidised and it was postulated that like the metal sulfide, selenide and
telluride studies previously carried out in our group, dissolution occurred due to oxidation
of the chalcogenide. It was suggested that oxide could be oxidise to superoxide, but

further studies are required to fully understand the mechanism.

Firstly, the paint casting method was employed for the characterization of the reactivity
of the pastes of MOs in EG:ChCI and the investigation of their electrochemical response
during cyclic voltammetry. It was reported that the redox peaks of Fe'''/Fe!' from Fe,Os
and Fe3O4, Cu'"/Cu' and Cu'/CuP from CuO and Cu-O and also the Pb® and the stripping
peaks of Pb and Pb-Pt alloy were all observed during the CV of the pastes. For all the
other MOs, one common peak was observed as in the case of iron oxides as well, which
can be related to the redox peaks of O%/O;" species on the surface or the redox activity of
the DES catalysed by the Pt surface and the presence of the transition MOs. Of course,
more spectroscopic evaluation are needed like EPR for the investigation of the possible
generation of superoxide.

The method of paint casting was also used as a preliminary tool to examine whether the
MOs can be dissolved by applying 1.2 V for a fixed time in EG:ChCl and the rate of their
dissolution was correlated with their band gaps. It was reported that indeed a higher band
gap would lead to a lower dissolution and vice versa. However, the differences between
the values of charge passed between the MOs were rather small, meaning the effect of
band gap was not great, as in the case of copper and iron sulfides, previously reported.
The chronopotentiometry of MOs was also tested using the paint casting method and the
results obtained were in perfect agreement with the results from Chapter 3, in the sense
that the OCP of Cu20, PbO and ZnO was lower than from the rest of MOs and it was
decreasing over time, which meant that they had a higher affinity for chemical dissolution
in EG:ChCI as shown in Chapter 3. Thus, paint casting can actually work for the

electrochemical characterisation of MOs and different electrochemical techniques like
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CV, chronocoulometry and chronopotentiometry can provide with accurate results in
DESs.

One of the most interesting aspects of this chapter was the investigation of an alternative
way of dissolving MOs by employing an electrochemical anodic dissolution of MOs
slurries. It was reported that the dissolution in EG:ChClI, which in Chapter 3 was
concluded that it is a poor lixiviant and it can provide higher concentrations of dissolved
MOs only when its acidity is increased or with the addition of a complexing agent, could
be enhanced by applying a constant voltage of 2.7 V in the system. This enhancement
was for some oxides exceptionally great, for example for Fe2Os and FezOs it provided
more than 10000 times fold higher concentration of dissolved metals after
electrochemical dissolution compared to just chemical and for other like Coz04 and NiO
more than 100 times. The driving force of this dissolution could not be the oxidation of
the metal, since most metals were in their highest oxidation state so it was proposed that
the driving force was the oxidation of oxide resulting in the formation of superoxide
radical species that would be more reactive and could weaken the bond of the metal-
oxide. The rate of the dissolution was also proven to be diffusion limited. The
enhancement of the electrochemical dissolution was at the same levels as the
enhancement from the addition of 0.1 M TFSA, which was discussed in Chapter 3.
However, all MOs were dissolved in the same levels and no selectivity can be obtained
from this process, enhancing the conclusion that the anodic dissolution is not metal
dependent but instead it is driven by the reaction of the oxide.

Speciation studies showed that with the exception of iron oxides, the rest of them did not
show any difference speciation from that formed by chemical dissolution. For iron oxides
a specie of iron with oxygen from EG is proposed, which is in agreement with the

literature data.

Last but not least, bulk anodic electrolysis of a MO slurry in EG:ChCI enabled samples
of pure metal to be recovered on a Ni cathode. These preliminary results showed that this
process is feasible in DESs even for insulating MOs like ZnO or NiO and confirmed that

all most metal chalcogenides can be electrodissolved.
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5 Chapter

5.1 Introduction

Rare earth elements (REEs) contain the series of 15 lanthanides along with yttrium ()
and scandium (Sc), which all show similar chemical properties and ionic radii.* In reality,
the term “rare” is mistaken, as these metals are rather abundant in the Earth’s crust and
are no more rarer than the platinum group metals, as for example rhodium which is the
most rare metal in the Earth’s crust. The issue with the extraction of REEs lies on their
costly and complex mining, mainly due to their conjoint occurrence. Their very similar
chemical properties render their mining and their later metallurgical extraction processes
very intensive, in terms of chemicals and energy required. Thus, alternative sources are
needed to be investigated like EoL products, spent batteries or fluorescent lamps. As
shown in the Chapter 3, DESs can be selective for the extraction of some metals from
their oxides, for which aqueous acidic acids are not able to provide selectivity. Thus, in
this Chapter DESs are employed and specific interactions of the HBD is expected to

provide selectivity in the extraction of REEs from spent fluorescent lamp phosphors.

5.1.1 Rare earth elements and the importance of their recycling

REEs are divided into two categories. The light REEs (LREEs): lanthanum (La), cerium
(Ce), praseodymium (Pr), neodymium (Nd) and samarium (Sm), and the heavy REEs
(HREEsS): yttrium (), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu). The LREEsS
tend to be more abundant than the heavy REEs (HREES), as well as the REEs with even
atomic number Z (Oddo — Harkin’s rule).? More specifically Ce, La and Nd show the

highest crustal abundance while Eu, Th, Ho, Tm and Lu seem to be the scarcest REEs.?

Another problem related to the processing of their ores, apart from the fact that they are
co-found in geological deposits, is that they usually exist in non-exploitable
concentrations. They are identified in different minerals like silicates, phosphates,
carbonates, oxides etc., but never in a pure form.? In addition, due to very fast
technological changes, a “balance” problem occurs as the supply of individual REE:s is
not at the same level with the market demand, resulting in an even more complex
extraction.® Currently, for example, there is high demand for Pr but its extraction requires
the co-extraction of Ce and La, which are already abundant and so need to be stockpiled,

increasing the cost of mining.
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The main minerals of REEs are shown in Table 5.1. Monazite and bastnaesite are the

main minerals for LREEs as Ce, La and Nd, with bastnaesite being the main source of

Ce. There are also occasions where Ce has been substituted by Y in bastnaesite. Monazite

is also a significant source of Ce and La, but it consists of higher amounts of Nd, which

currently makes it more economically interesting. On the other hand, xenotime is the main
source of HREEs like Y, Eu, and Ho etc. As shown in the Table 5.1, Europe or UK are

definitely not in the mining and refining part of the REEs market, a fact that is more

visually clear from the Figure 5.1 showing the world production of REE oxides. The

main REEs producers are China and the USA, followed by other countries like India,

Australia, Russia and Malaysia.

Mineral

Xenotime

Monazite
Bastnaesite

Formula

YPOg4

(Ce, La, Nd, Th)PO4
(Ce, La) (CO3)F

REE
content %
61

65
75

Table 5.1: Main economically processed minerals of REES

Occurrence

Brazil, California, Malaysia,
Norway, Pakistan Sweden
Australia, Brazil, India, USA
Australia, Brazil, Canada,
China, USA
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Figure 5.1: World mine production of rare earth oxides from country, per year (1960-

2012).4

REEs are considered as strategical metals for countries that aim to build their future on

greener technologies, thus showing high demand.® Their employment in emerging low
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carbon technologies such as wind turbines, fluorescent lamps, NdFeB permanent
magnets, rechargeable NiMH batteries and catalysts, combined with their scarcity in
Europe, explains the reason why the European Commission has reported them in the
reports of 2011,° 2014,” and 20178 as the most critical raw materials, with the highest
supply risk. Moreover, the US Department of Energy (DoE) concluded that the five most
critical REEs are Nd, Eu, Th, Dy and Y in their report of 2011.° The projected criticality
matrix for the time period of 2015-2025, combining the supply risk and the importance
of technological metals, was also measured in the report of DoE and presented in Figure
5.2. It is clear that the most critical metals from this report are in complete agreement

with the reports of the European Commission.

Currently, the major producer of REEs is China, which possess the 40% of REES reserves
and holds the primacy of their production (> 90%), leading to Europe’s great vulnerability
to the price changes and embargos upon REEs.” ¥ The price of REEs is continuously

shifting and currently the most expensive REEs are Dy, Pr and Tb, followed by Eu.!
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Figure 5.2: Criticality Matrix for the time period 2015-2025.°

It is anticipated that demand for REEs will grow even more following the intensified need
for development of low carbon technologies. It has been projected that every year the
demand for REEs will be increasing by 10%, but this number is just an approximation
since the technological improvements cannot always forecasted accurately.'? As
mentioned before, with the exception of some Scandinavian countries that possess

deposits of REEs, UK and Europe are in definite need of seeking alternative sources of
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REEs. These sources can be metallurgical slags (e.g. slags from recycling of precious
metals from electronic scrap),*® landfilled residues containing high amounts of REEs (e.g.
bauxite residue by product of aluminium production)** or EoL products (e.g. fluorescent
lamps and NdFeB permanent magnets).*>® Although a high amount of materials that can
be identified as alternative sources of REEs exists, their recycling rate is still low due to
their low toxicity and due to difficulties in selective recycling, as they are usually present
in minor concentrations in very complex materials, as shown in Figure 5.3. Up until 2017,
only 6% of HREESs and 7% of LREESs were recycled from EoL products in Europe, which

is a very small number, considering their scarcity.
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Figure 5.3: Contribution of recycling of different technological metals in European
metal chain.®

This research work aims to examine the possibility of recycling REEs from EoL

fluorescent lamps wastes.

5.1.2 Fluorescent lamps and their recycling

Fluorescent lamps have been established many years in the lightning market and have
been promoted as a greener and more energy efficient replacement of the common
incandescent lamps. In Figure 5.4, the inner part of a fluorescent lamp is presented along
with its different constituents. Before their recycling, it is crucial to understand how these

lamps function.

A fluorescent lamp functions under low pressure and is filled with inert gas like Ar. It

simply works by applying a voltage between the two electrodes (cathodes) of the lamp,
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resulting in movement of electrons from one end of the lamp towards the other. This
electrical energy is transforming the liquid mercury into gaseous atoms, which then
collide with electrons or charged atoms inside the tube. These collisions transfer energy
to the mercury gas atoms, followed by excitement of their electrons to higher energy
levels. Once the mercury gas atoms return back to their stable energy levels, they release
energy in the form of light photons. These light photons fall in the ultraviolet wavelength
range, so they need to be transformed into light that the human eye can see. The phosphor
powder comes in at this stage to assist this transformation. The phosphors are substances
that when they are exposed to light, they fluoresce, and they give off light in the visible
range. So, when the ultraviolet light from the mercury gas atoms hits the phosphors, then
this energy excites their electrons and once they fall back to their original states, they
release visible light. Different manufacturers use different phosphors or ratio of

phosphors depending on the targeted colour and warmth of light.

Conducting Electrodes Mercury Vapor

in base Glass
P Stem press :

| Inert gas
Phosphor coating

Figure 5.4: Inner part of a fluorescent lamp and the individual constituents,
reproduced from reference

Currently, the market of fluorescent lamps is decreasing due to the development and
increased use of light emitting diodes (LEDSs) that show higher efficiency and lifetime
span compared with fluorescent lamps and do not contain mercury. This means that
replacement of vast amounts of fluorescent lamps is expected.®® It is also regulated for
many countries to gather fluorescent lamps for recycling, as their disposal generates

issues due to their mercury content.*®
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In addition, EoL fluorescent lamps incorporate heavy REEs as Y, Eu and Tb, which as
mentioned before belonging to the category of the most critical metals in Europe, leading
to the increase of their value and recycling interest. Recycling of these REEs may also
contribute to the metal chain closing and might be a solution to the “balance” problem.?°
Although, plenty of studies have focused on the extraction and recovery of REEs from
phosphor wastes, only = 1% was recycled in 2011, due to challenging development of an
environmentally friendly and economically viable strategy for recovery of highly pure

(>99.999%) REEs from complex mixtures.?

There are three approaches for the recycling of fluorescent lamps: 1) direct reuse of the
lamp phosphor powder into new fluorescent lamps, 2) physicochemical separation of the
individual phosphor fractions and their reuse into new lamps, and 3) chemical dissolution
of lamp phosphor waste for the extraction and recovery of individual REEs.?? The last
approach resembles the methods of chemical dissolution of REEs from their ores. Prior
to the recovery of REES, pre-treatment steps are required for the separation of other
components such as glass particles, electrodes, aluminium end caps and mercury.?
Usually crushing of the lamps occurs before any further process, leading to minimisation
of the volume of lamps, but also to contamination of the phosphor waste with glass
particles. Different routes for mercury removal have been developed and thermal
distillation at 800 °C is one of the most common approaches even though it is energy

intensive.®

Most lamp phosphor powders consist of certain fractions, whose chemical composition
along with the wt.% in the phosphor fraction and value are summarized in Table 5.2.%
Each lamp phosphor fraction has different economic value and dissolution proneness.
HALO has the lowest intrinsic value, since it includes no REEs and dissolves very easily
even in dilute acidic solutions at ambient conditions.?? YOX shows very high recycling
interest, as it consists only from Y and Eu and represents almost the 20 wt. % of a lamp
phosphor powder. It dissolves in mild conditions, but requires more elevated temperatures
in the range of 60-90 °C.?! The rest of the phosphors (BAM, CAT, and LAP) contain
different REEs and Sb. Their existence in very low wt.% in the phosphor powder along
with the harsh conditions required for their successful processing, renders the flowsheet
of their dissolution very complex, chemical and energy intensive and sometimes not

economically viable. Apart from the phosphor fractions, the lamp phosphor wastes
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contain significant amount of silica (SiO2), due to the glass parts, and alumina (Al.O3)
that exists in the barrier layer of the lamp.

Table 5.2: Typical phosphor fractions, their chemical composition, wt.% (with the
rest to be SiO2) and economic value.

Phosphor Chemical composition W1t.% in the Value
lamp phosphor
HALO (Sr, Ca)10(PO4)s(Cl, 40-50 low
F)2:Sb*", Mn?*
YOX Y03 Eu®? 20 high
LAP LaPO.:Ce** Th* 6-7 high
BAM BaMgAl10017:Eu?* 5 high

The extraction and recovery of REEs from phosphor wastes have been tested by different
hydrometallurgical and solvometallurgical approaches. The hydrometallurgical route
includes the steps of acidic leaching, precipitation and solvent extraction. Currently, the
recovery of REEs from lamp phosphor powder is accomplished with the use of different
dissolution steps. A direct dissolution step of REEs from lamp phosphors leads to the co-
dissolution of impurities like calcium, iron, silicon, zinc and phosphorus.?? Occasionally,
alkali conversion at 800 °C with NaOH contributes to the transformation of the stable

green phosphors to soluble oxides.?*

In Figure 5.5, the patented flowsheet of Siemens is shown, illustrating the different
dissolution steps for the extraction of metals from the different phosphor fractions.?® It is
clear that different steps are required for the selective processing of the different fractions
of the phosphors. However, the adoption of subsequent steps at different conditions does
not always result in fully selective processes. As will be reported later in this chapter, the
dissolution of YOX in dilute HCI at ambient conditions results in almost 10% loss of Y

and Eu in this first step.

The recovery of the REEs occurs in two steps of solvent extraction with extractants like
Cyanex 923% and tributyl phosphate?” and precipitation with the use of oxalic acid.?*
Then the REE oxalates are calcined and transformed into oxides, which can be reused in

the industry of fluorescent lamps.
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Example of industrial flowsheet (Siemens, 2012):

Mechanical separation and sieving

!
HALOQ dissolution in dilute HCI at ambient conditions

}
YOX dissolution in dilute HCI at 60 - 90 °C

|
LAP dissolution in concentrated H,SO, at 120 - 230 °C

|
BAM, CAT dissolution in 35% NaOH at 150 °C in autoclave

Figure 5.5: Industrial patented flowsheet for the selective processing of the different
phosphor fractions, adapted from ref 2°

Some solvometallurgical studies have focused on this area of REEs extraction, but none
of them has surpassed the lab scale. Selective extraction of Y and Eu using a
functionalized ionic liquid betainium bis(trifluoromethylsulfonyl)imide [Hbet][Tf.N] and
recovery by an acidic aqueous phase or generation of the red phosphor by precipitation
with oxalic acid and thermal calcination of the oxalate at 850 °C showed very promising
results.?® Dissolution of the green phosphor LAP with the use of concentrated
methanesulphonic acid resulted in high dissolution efficiencies for La, Ce and Tb in very
short time periods (= 1 h). Eventually, using two steps of recovery by solvent extraction
with di-(2-ethylhexyl)phosphoric acid (DEHPA) and precipitation using oxalic acid,
followed with the calcination of the precipitates, pure ThsO7, CeO, and La,Os were

formed.?®

The use of DESs for the recycling of REEs from fluorescent lamp wastes has not yet been
reported. However, preliminary processing of REE oxides in DESs has been carried out
by Stodd,*® in which EG:ChCl was employed for the dissolution of various REE oxides.
All of the REE oxides tested were found to be electrochemically active in EtGly:ChCl
and all showed similar response in their CVs justified by the redox couple of
oxide/superoxide rather than the redox behaviour of the metal. The anodic dissolution of
REE oxides was reported, which resulted in various solubilities for the different REEs, as
shown in Table 5.3. In addition, the dissolution of EoL NdFeB supermagnets by

electrochemical dissolution was also investigated and the results showed fast dissolution
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of all the components, but no selectivity was accomplished during the dissolution step.
The recovery of Nd and Dy from the pregnant leach solution was tested by
electrodeposition and oxalic acid precipitation, with the latter to show high selectivity
towards Nd and Dy against Fe.

Table 5.3: Solubility of REE oxides in EG:ChCl of 0.2 g of oxide in a paste at a
current density of 2 mA cm for 24 hours. (reproduced from Stodd*?)

Rare earth element oxide Solubility (ppm)
CeO2 4
Nd203 131
Sm20s3 176
Gd203 99
Pr20s 16
5.1.3 Aims

In this work, the possibility of extraction and recovery of REEs from lamp phosphor
powder wastes using DESs is investigated for the first time. The main aim is to show that
by employing DESs in a complex material as the fluorescent lamp phosphor powder,
selective extraction of REES can be achieved. It is also expected, according to the results
of Chapter 3, that the carboxylic acid based DESs will be able to extract more of REES
from their oxides, for example Y and Eu from Y20s:Eu*. The screening of different
DESs takes place on synthetic individual phosphor fractions, due to no previous study on
the recycling of lamp phosphors in DESs existing. Then, the most well behaved DES, in
terms of selectivity of extraction and highest dissolution affinity of YOX, is compared
with the pure HBD, meaning without the use of choline chloride, in order to investigate
if the use of a DES is indeed justified, as the purpose of this work is not to promote the
unreasonable use of DESs but to practically show that by employing a mixture of choline

chloride with a HBD results in higher or more selective extraction.

Afterwards, the dissolution parameters (temperature, water content and time) are
optimised. The optimised parameters are then validated on both synthetic and real lamp
phosphor waste. The recovery of the dissolved REEs is also studied by employing both

the methods of solvent extraction and precipitation with the use of oxalic acid.
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5.2 Extraction of REEs from spent fluorescent lamps using

solvometallurgy

In Chapter 1, the concept of solvometallurgy and its benefits were discussed. The main
advantage provided by the employment of molecular solvents, ILs or DESs is the
selective dissolution of metals from complex matrices, for which pyrometallurgy is
definitely not suitable and hydrometallurgy requires complicated and chemically
intensive flowsheets. This was shown in more detail in Chapter 3.

DESs have been used in the extraction of many industrial EoL materials as lithium ion
batteries (LIBs),%! lead acid batteries,®> NdFeB magnets® and semiconductors (GaAs).3*
To date, no previous research has been carried out on the extraction of REEs from spent

fluorescent lamps.

5.2.1 Selection of deep eutectic solvent for the extraction of REEs from phosphors

In this investigation, and as a continuity from the previous chapters, the DESs employed
are mixtures of ChCI with various HBDs, namely oxalic acid dihydrate, glycolic acid,
levulinic acid, ethylene glycol and urea.> As a starting point, the suitability of DESs as
lixiviants for REE phosphors was tested by measuring the solubility of the individual
phosphors (YOX, HALO, LAP and BAM) in a variety of DESs. For the phosphors LAP
and BAM, the solubility of metals was negligible in all DESs tested, so no other analysis

was conducted for these materials.

Table 5.4: Chemical composition of the synthetic YOX and HALO phosphors.

YOX phosphor
Y 70.93
Eu 4.23
HALO phosphor
Ca 38.06
Sr 0.06
Sh 1.05
Mn 1.06
PO4 55.71

* The inconsistency in the use of exactly the same DESs as in Chapter 3 or the use of different analytical techniques is because this work was part of a 3
months secondment at KU Leuven,
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The composition of the synthetic phosphors YOX and HALO was determined via
digestion in HCI at 60 °C for 24 h, followed by ICP-OES analysis and the composition is
presented in Table 5.4. Due to the identical dissolution behaviour of Y and Eu from the
YOX phosphor, all the following graphs present the extraction efficiency of Y. In respect
with HALO, the dissolution efficiencies presented in the graphs refer to Ca, because it
accounts for almost the 40 wt.% of the metal content, unless stated.

The screening of DESs included most of the widely used group of HBDs (carboxylic acid,
alcohol and amide). From the results of Chapter 3, the YOX phosphor, which is an oxide
of Y and Eu is expected to dissolve more in the carboxylic acid based DESs, as it was
described that both the acidity of the solvent, but most importantly the surface
complexation of the HBD lead to increased yield of dissolution. Fan et al.*® has also
reported that the low lattice energy of Y and Eu oxides resulted in high solubilities in the
water saturated IL betainium bis(trifluoromethylsulfonyl)imide [Hbet][Tf.N], same as

observed also in Chapter 3 for the d and p-block oxides in DESs.

In Figure 5.6, the solubility of YOX and HALO using different DESs are compared. The
addition of 10 vol.% of water was added to decrease the viscosity of the solvents. The
extraction of YOX in solution was found be negligible in all the DESs (<1%), except for
LevA:ChCl, in which was about 70 %.

Contrarily to what has been previously reported, carboxylic acid-based DESs did not
result in high amount of Y and Eu in solution, neither the amide-based nor polyol-based
DESs. The unexpected low solubility of YOX in GlyA:ChCl and OxA:ChCI compared
to Urea:ChCl and EG:ChCI will be discussed further. The extraction efficiency of HALO
was very low in all the DESs, independently of the HBD employed, except for OxA:ChCl
in which Ca was precipitated and 40% =+ 2.3 of Mn and 60% + 1.4 Sb were extracted,
under the same conditions. Thus, the employment of OxA:ChCI for the processing of

phosphor wastes would be justified if the targeted metals were Mn and Sb.

When YOX was leached with GlyA:ChCl and OxaA:ChCl, it was noticed that the volume
of solids after the dissolution was larger than at the beginning. The first hypothesis was
that the metals present in the phosphor were leached, and subsequently precipitated as

metal glycolates or oxalates, respectively.
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Figure 5.6: Effect of the hydrogen-bond donor type on the extraction efficiency of (a)
YOX and (b) HALO lamp phosphors. Conditions: H>O vol.% = 10; T=80°C; t = 48
h; L:S =10 and 500 rpm.

The *H NMR and *3C spectra of the OxaA:ChCl and the GlyA:ChCl were recorded before
and after the dissolution and presented in Appendix (Figure 7.15). The integration of the
spectra showed that 45 % of the glycolic acid and 41 % of the oxalic acid were lost during
the dissolution. These losses are higher than what could be expected for the full
transformation or the REEs into glycolates or oxalates (i.e. carboxylic acid/(Y, Eu) = 1.5).
The following carboxylic acid/REE ratio was obtained: glycolic acid/(Y, Eu) = 3 and
oxalic acid/(Y, Eu) = 2. This means that all the YOX was transformed into
oxalates/glycolates. This result is very interesting, as for example direct production of

yttrium oxalate is beneficial. However, during the dissolution of real lamp phosphor waste
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the newly formed compound would be mixed with the remaining residue (HALO,
silicates, LAP, and BAM) and the complex separation of the glycolates/oxalates from the
remaining residue would be required. The 'H NMR spectra of LevA:ChCl, after
extraction of YOX, was also recorded before and after the dissolution, presented in
Appendix (Figure 7.15) and it was observed that the DES was stable during the
dissolution process. Therefore, neither Y nor Eu precipitated as levulinates. The high
solubility of YOX in LevA:ChCl could be explained by ligation of the metal in a high
chloride medium or by complexation with levulinic acid, with the method described in
Chapter 3. In order to confirm either one of the two hypotheses, the dissolution of YOX

and HALO in pure levulinic acid followed.
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Figure 5.7: Comparison of YOX and HALO extraction efficiency in LevA:ChCl and
pure levulinic acid with the addition of 10 wt.% and 30 wt.% H20. Conditions: T =
80°C; t=48h; L:S=10and 500 rpm.

In Figure 5.7 the comparison of both YOX and HALO dissolved in LevA:ChCl and pure
levulinic acid (10 and 30 H20 vol.%) is presented. The extraction of YOX is similar in
both lixiviants suggesting that the chloride has negligible effect on metal solubility, i.e.
carboxylate complexes dominate speciation. As for HALO, its extraction efficiency is
almost negligible in both solvents. Therefore, the addition of another chemical to the
levulinic acid to form a DES might not be justified, from both an economic and
environmental point of view. To validate this assumption, subsequent studies compare
the dissolution with levulinic acid and LevA:ChCl, as well as the effect of both lixiviants

on the metal recovery step.
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5.2.2 Optimization of dissolution parameters

Upon the completion of the DES screening and its comparison with the pure HBD, the
DES LevA:ChCl and the pure levulinic acid were selected as promising lixiviants for the
selective extraction of Y and Eu, considering the negligible co-dissolution of HALO
phosphor. Subsequently, optimization of the following significant dissolution parameters

was carried out:

e Water content

e Time

e Temperature
Firstly, the effect of water content in both the DES and in levulinic acid was investigated.
In Figure 5.8, the effect of the water content on the extraction efficiency of YOX and
HALO is presented.
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Figure 5.8: Effect of the water content on the extraction efficiency of YOX and HALO
using levulinic acid (solid line) and LevA:ChCl (dotted line). Conditions: T = 80 °C, t
=48 h, L:S =10 and 500 rpm.

It is apparent that the impact of the water content is similar for both lixiviants: increasing
the water content significantly increases the solubility of YOX, while that of HALO is
barely affected. A possible reason is that the presence of water facilitates the proton
transfer between the carboxylic acid and the Y/Eu oxide to form the carboxylate complex.
The increase of the solubility of metal oxides as a function of the water content has been

previously reported for IL systems.*® Another possible explanation is that by increasing
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the water content, the viscosity of the solvent decreases, leading to enhanced mass

transport and thus augmented solubility.

Without addition of water, the solubility of YOX is remarkably higher using LevA:ChCl
(20%) than using levulinic acid (2.7%). This could be attributed to the higher water
content of the LevA:ChCl, due to the hygroscopicity of the ChCl, and to the esterification
reaction between ChCI and levulinic acid, which is enhanced by the high dissolution
temperatures (50-80 °C).%” The extraction efficiency of YOX for both lixiviants is more
than 90%, when the water content is 30 vol.%, thus this water content was used for
subsequent studies. Apart from the high extraction of Y and Eu with higher water content,
it is expected that the addition of water prevents the esterification, since it is a product of
this reaction. In fact, the degree of esterification after the dissolution with a water content
of 30 vol.%, calculated from Appendix (Figure 7.15c) (following a procedure previously

reported) only accounts for 2 mol%.%’
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Figure 5.9: Kinetics of the dissolution of YOX and HALO in levulinic acid (solid line)
and LevA:ChCl (dotted line). Conditions: T = 80 °C; L:S = 10; H0 vol.% = 30; and
500 rpm

Moreover, a higher water content would decrease the cost of the lixiviant. However, it
has been reported that for DESs, the transition from an ionic mixture to an aqueous
solution of its components is at around 40 H2O vol.%, and the speciation of solution is
expected to change as it has been previously mentioned in this thesis.®® In order to
compare the behaviour of the DES acting as a pseudo-component to that of levulinic acid,

the DES must be in the ionic mixture region, i.e. less than 40 H>O vol.%. Another reason
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to work at low water content is to keep the selectivity towards HALO.Next, the kinetics
of the extraction in both lixiviants using 30 vol.% H>O was investigated. The effect of the
dissolution time on the extraction efficiency of YOX and HALO are shown in Figure
5.9. The dissolution process was found to be relatively slow, independent of the lixiviant
used, as full dissolution of the YOX phosphor took 48 h. Although the dissolution times
are very long, they are in accordance to what has been previously reported in the literature

for the dissolution of YOX with mineral acids and 1Ls.?> 28

Last but not least, the effect of temperature on the extraction efficiency of YOX and
HALO using levulinic acid or LevA:ChClI was also examined. The results are shown in
Figure 5.10. For both lixiviants, increasing the temperature significantly increases the

extraction efficiency of YOX, while that of HALO is almost unaffected.
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Figure 5.10: Effect of the temperature on the extraction efficiency of YOX and HALO
using levulinic acid (solid line) and LevA:ChClI (dotted line). Conditions:
H20 vol.% = 30; t = 48h; L:S = 10; 500 rpm.

Therefore, higher temperatures would be preferred for this dissolution process. A
temperature of 80 °C seems appropriate since the thermal decomposition of LevA:ChCl
is 159 °C,%" 3% while that of levulinic acid is 134 °C.?” Also, the decomposition
temperature is higher than the maximum operational conditions (boiling point of water).
Although the presence of water inhibits the esterification, high dissolution temperatures
might reduce the extraction efficiency of the DES in the long term. As previously shown

in the literature, the temperature has a large effect on the esterification degree of
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carboxylic acid:ChCl DESs.?” The esterification reaction between the levulinic acid and
the ChClI will reduce the amount of available carboxyl groups for complexation, reducing

the extraction efficiency.

5.2.3 Dissolution of synthetic mixture of phosphors

As a next step, the investigation of the dissolution behaviour of a synthetic mixture of
HALO, YOX, LAP and BAM in both LevA:ChCl and levulinic acid was deemed
necessary before the dissolution of a real residue. A real phosphor mixture, as mentioned
before, consists of 40-50 wt.% HALO, 20 wt.% YOX, 5 wt.% BAM and 6-7wt.% LAP
and the remaining amount is composed of SiO as fine glass particles, and Al,03.% For
the synthetic mixture, the composition was chosen to mimic the composition of the real
lamp phosphor waste and included: 58 wt.% HALO, 26 wt.% YOX, 9 wt.% LAP and 6
wt.% BAM, but without impurities such as SiO2 or Al,Oz. The extraction efficiency as a
function of the dissolution time using LevA:ChCl and levulinic acid as lixiviants is shown

in Figure 5.11.
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Figure 5.11: Effect of the mixing time on the extraction efficiency of a synthetic lamp
phosphor mixture using levulinic acid (solid line) and LevA:ChCl (dotted line).
Conditions: H20 vol.% = 30; T =80 °C; L:S = 10; 500 rpm.

The dissolution of LAP and BAM was found to be below the detection limit of the ICP-
OES; therefore, the results were not included in the graph and will not be discussed. The
dissolution behaviour of the synthetic mixture is similar to that of the individual lamp
phosphors: high extraction efficiency of YOX and low extraction efficiency of HALO.

However, the extraction efficiency of YOX was found to be lower when leached in a
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mixture of lamp phosphors than when leached individually. The decrease in the YOX
solubility is much more noticeable for the LevA:ChCl than for the levulinic acid.
Furthermore, the selectivity over HALO is lower when using LevA:ChClI (almost 5% of

HALO is leached), which might explain the reduced extraction efficiency of YOX.

5.2.4 Dissolution of real lamp phosphor waste

In order to validate the obtained results, the performance of LevA:ChCl and levulinic acid
was tested on a real lamp phosphor waste. The real lamp phosphor waste was sieved, and
only the fraction <125 um was used. This fraction was selected to ensure the homogeneity
of the solid samples. In Appendix (Figure 7.16) the fractions of the phosphor powder that
have a particle size >125um include many contaminants like glass particles, Al,O3 and

possible other crushed parts of the lamps.

The composition of the waste was determined according to the procedure reported in the

Chapter 2 and is presented in Table 5.5.

Table 5.5: Composition of the lamp phosphor residue fraction <125 um

Element Composition (wt.%)

Y 10.1+0.7
Ca 7.9+0.7
Al 1.7+03
La 1.47 +0.08
Ba 1.47 +0.15
Ce 0.97 +0.03
Eu 0.67 +0.05
Tb 0.48+ 0.04
Sr 0.37 +0.04
Mg 0.19 + 0.02
Mn 0.172 +0.014
Sb 0.110 + 0.017
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The effect of the dissolution time on the extraction efficiency of the real lamp phosphor
residue using LevA:ChCl and levulinic acid is shown in Figure 5.12. Once again, the
concentration of metals present in LAP, BAM and CAT was found to be negligible. For
both lixiviants, the dissolution of YOX was lower than that obtained for the synthetic
mixture while the co-dissolution of calcium (associated to the HALO phosphor) was
found to be much higher. The higher calcium co-dissolution and its fast dissolution
suggest that the calcium in the real waste is present in a more accessible form than in the
synthetic mixture. Levulinic acid could leach more YOX in a more selective way than the
DES LevA:ChClI. With the DES, the maximum extraction efficiency of YOX was already
reached after 24 h, but for levulinic acid the maximum extraction efficiency was not
reached even after 48 h, so longer times were tested. Longer dissolution times improve

the extraction efficiency, but drastically decrease the selectivity against HALO.
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Figure 5.12: Effect of the dissolution time on the extraction efficiency of a real lamp
phosphor waste using levulinic acid (solid line) and LevA:ChCl (dotted line).
Conditions: H20 vol.% = 30; T =80 °C; L:S = 10; and 500 rpm.

The possible increase of the extraction efficiency of YOX was investigated by employing
higher L:S ratios and their effect on the dissolution behaviour of the real residue is shown
in Figure 5.13. For LevA:ChCl, the effect of the L:S on the extraction efficiency of YOX
and HALO is quite small. For levulinic acid, increasing the L:S significantly increased
the extraction efficiency of YOX, while the co-dissolution of HALO was almost
unaffected. With L:S = 20, around 90% of the YOX could be leached in 48 h, while with

L:S =30, all the YOX was leached in 48 h.
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Figure 5.13: Effect of the L:S ratio and dissolution time on the extraction efficiency of
a real lamp phosphor waste using (a) levulinic acid and (b) LevA:ChCl. Conditions:
H>0 vol.% = 30; T =80 °C; 500 rpm.

Based on the obtained results it became clear that the levulinic acid dissolution is
preferred over the LevA:ChCl leaching. Apart from higher dissolution efficiencies,
levulinic acid shows other benefits compared to the DES: (1) Levulinic acid can be
directly used without need of diluting in another organic solvent, which is cheaper and
greener. (2) Levulinic acid solution is less viscous than the corresponding DES, which
implies faster mass transfer and lower energy consumption. (3) Contrarily to carboxylic
acid:based DESs, levulinic acid is not decomposed by esterification. (4) Levulinic acid

is less corrosive than levulinic acid:ChCl because of the absence of chloride ions.
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Therefore, not only levulinic acid is greener, it also shows that the use of DESs over its

individual components it is sometimes not justified.

5.2.5 Comparison with other hydrometallurgical and solvometallurgical processes
To critically assess the performance of these lixiviants, the results were compared to other
solvometallurgical and hydrometallurgical methods. First the comparison with one of the
best behaving ILs in the literature was appropriate. It was reported that the dissolution
with the IL [Hbet][NTf2], could dissolve 100% YOX with a negligible co-dissolution of
HALO from a synthetic lamp phosphor mixture.?® So, this experiment was repeated on
the same sample of the real phosphor waste and the performance of the IL in its
dissolution was measured as a function of the L:S ratio and dissolution time, the results
of which are presented in Figure 5.14.
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Figure 5.14: Effect of the dissolution time and L:S ratio on the extraction efficiency of
real lamp phosphor waste using the ionic liquid [Hbet] [NTf.]. Conditions:H20 vol%
=5; T=280°C; 500 rpm

Similar to this investigation, the co-dissolution of calcium from the real waste is higher

than what would be expected based on results of the synthetic phosphor mixture.

The calcium co-extraction was 20 %, which is exactly the same value as for the
LevA:ChCl and for the pure levulinic acid. Full dissolution of YOX could be obtained
after 24 h, at L:S > 20. Similar results were obtained for [Hmim][HSO4]:H20 in which
nearly full dissolution of YOX was achieved at 80 °C, L:S =20 and 4 h. In this case the
extraction of calcium accounted for 25 %.C In conclusion, the IL-based dissolution is

faster than the levulinic acid leaching, but equally selective. However, ILs are much more
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than 100 times more expensive than levulinic acid. In addition, less water can be used for
the IL dissolution (due to its hydrophobicity), which translates into higher lixiviant

requirements and more difficult liquid-solid separation.
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Figure 5.15: Effect of the dissolution time and HCI concentration on the extraction
efficiency of real lamp phosphor waste using an aqueous solution of HCI. Conditions:
T=25°C; L:S=10; 500 rpm.

Afterwards, in order to illustrate the advantages of the solvometallurgical approaches in
terms of selectivity, the real lamp phosphor waste was leached with an aqueous solution
of hydrochloric acid. The dissolution efficiencies are shown in Figure 5.15. Contrary to
the levulinic acid-based lixiviants, the solubility of HALO is higher than that of YOX,
which was expected based on the results previously reported in the literature.?* 4!
Increasing the acid concentration increases the leachability of HALO, and to a lower
extent the leachability of YOX. Hydrometallurgy could be considered for the selective
recovery of HALO. However, it has been reported that even with careful pH control the
losses of Y and Eu were inevitable and accounted for 11% of the mass.*! In addition,
dissolution of HALO produces phosphoric acid that may react with Y and Eu to form
insoluble phosphates.

Therefore, even if hydrometallurgy is faster than solvometallurgy, it suffers from poor
selectivity. Furthermore, solvometallurgy prevents the corrosive working environment
caused by the evaporation of HCI from concentrated aqueous solutions because the DESs

and its chloro species are not volatile.*
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5.3 Recovery of REEs from lamp phosphor

After the investigation of the dissolution of YOX and HALO from both synthetic and the
real phosphor waste, the recovery of Y and Eu was followed. For that reason, two
different approaches were tested for the recovery of the metals from the pregnant leach

solution, namely: precipitation with oxalic acid and solvent extraction.

5.3.1 Recovery using precipitation with oxalic acid

Oxalic acid is widely used as a precipitant agent for REES, because it forms insoluble
oxalates with the REE ions (Equation 5.1), which can be calcined to produce REE
oxides.® In previous works it has been reported that a stoichiometric amount of oxalic

acid could recover 100% of the Y and Eu from an IL phase.?®
2(Y3* Eu3*) + 3H,C,0, — (Y,Eu);(C504); + 6H Equation 5.1

The addition of oxalic acid to precipitate Y and Eu from a PLS obtained from the
dissolution YOX using LevA:ChCl or levulinic acid with 30 vol.% H>0O was studied and

the results are shown in Figure 5.16.

For the levulinic acid-based system, a stoichiometric amount of oxalic acid was found to
be sufficient for the full precipitation of the REEs if sufficient mixing time and
temperature were applied, i.e. 20 min at 50 °C, or 15 min at 70 °C. For the LevA-ChCl
system, a stoichiometric amount of oxalic acid was insufficient for the full precipitation
of the REEs. Full recovery of REES was achieved only when 1.5 equivalents of oxalic
acid were used, either after 5 min of mixing at 50°C or 70°C, or after 15 min of mixing
at room temperature. Our first hypothesis was that, instead of forming oxalates with the
REEs, some oxalic acid would become part of the DES structure (forming a ternary DES).
However, in Appendix (Figure 7.17) the *3C NMR of LevA:ChCl after the addition of
the stoichiometric amount or 1.5 times the stoichiometric amount of oxalic acid are
presented, and it is clear that no signs of oxalic acid were detected in either spectrum.

This means that the oxalic acid had precipitated, but not in the form of a REE-oxalate.
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Figure 5.16: Stripping efficiency obtained by the addition of pure oxalic acid to (a)
levulinic acid and b) LevA:ChClI PLS, as a function of the amount of oxalic acid,
mixing temperature and time. Conditions: H.0 vol.% = 30; T=80°C; t =48 h;

L:S=10; 500 rpm

The analysis of the *H NMR, shown in Appendix (Figure 7.18) showed that the
LevA:ChCI ratio changed after oxalic acid addition. Originally, Xchci = 0.33, after
addition of stoichiometric amount of oxalic acid was xcnci = 0.3 and after addition of 1.5
equivalents was Xcnc1 = 0.27 (i.e., = 10 and 20 mol% of ChClI losses, respectively). Those
losses correspond to the formation (and precipitation) of oxalic acid:ChCl (xcnci = 0.3)

and oxalic acid:ChCl (xcnhci = 0.4), respectively. Those compositions are solids at the

temperatures used for the precipitation experiments.*
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Thus, it can be concluded that the recovery of REEs from DES-based PLSs using oxalic
acid precipitation is not a suitable option due to the partial precipitation of the lixiviant
and the contamination of the REE precipitate. Considering these results, levulinic acid

would be preferred as lixiviant, reinforcing the conclusions of the dissolution section.

It can be noticed that experiments shown in Figure 5.16 have much larger error bars
compared to the rest of the experiments of this work. This is due to the very large
concentration of REEs in the PLS when synthetic YOX is leached (Y = 74781 ppm and
Eu = 5867 ppm), which leads to a very large volume of newly formed oxalates compared
to the volume of the original liquid. Under those conditions, the mixing of the vial was
not optimal. Furthermore, the precipitation of the oxalates is very fast, and it might

continue to some extent during centrifugation.

The recovery of the REES via oxalic acid precipitation from the PLS obtained from the
levulinic acid dissolution of real lamp phosphor waste was also investigated and the

stripping efficiency is shown in Figure 5.17.
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Figure 5.17: Stripping efficiency via oxalic acid addition (stoichiometric amount) as
a function of time and temperature of a levulinic acid PLS obtained from the
dissolution of real lamp phosphor residue. Conditions: H20 vol.% = 30; T =80 °C; t
=48 h; L:S =10; and 500 rpm.

The composition of the PLS was: Y = 8772 ppm, Eu = 565 ppm and Ca = 1579 ppm.
Figure 5.17 shows that calcium is preferentially precipitated over yttrium and europium
(which are equally extracted). This is why even if a stoichiometric amount of oxalic acid
was added, not all the REEs were precipitated. Due to the calcium co-precipitation it is
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not possible to obtain a clean REE-oxalate precipitate from a real levulinic acid-PLS. The
precipitation from the PLS of the real waste is faster than from the PLS of the YOX
dissolution (Figure 5.16), i.e. full precipitation in 5 min. The lower metal content of the
real lamp phosphor residue PLS could explain this behaviour. Figure 5.17 also shows
that higher stripping efficiencies were obtained at lower temperatures (for both the
calcium and the REES). It has been previously reported that the co-precipitation of
calcium can be reduced by low pH and/or high temperatures.*® This method could be used
for the full stripping of the levulinic acid, so it can be reused in subsequent dissolution

steps. However, it is not suitable to produce a pure REEs oxalate residue.

5.3.2 Recovery using solvent extraction

Last but not least, the recovery of the metals from the PLS via solvent extraction was also
investigated. In this work all the metals were extracted by the extractant bis(2-
ethylhexyl)phosphoric acid (D2EHPA), which is a well-known extractant for REEs,* and
stripped to an aqueous acidic solution. HCI has been selected in this work, but H2SO4 and
HNOs have also been reported as suitable options for stripping of REEs from a D2EHPA
phase.*> 47

The extraction to a D2EHPA phase from a LevA:ChCl-based PLS and from a levulinic
acid-based PLS were investigated. In both cases, a third liquid phase formation was
observed if D2EHPA was used pure or diluted in aliphatic compounds, i.e. the aliphatic
diluent GS190 or n-dodecane, even in presence of a modifier (1-decanol, 10-30 vol.%).
When p-cymene was used as a diluent the third phase formation was noticeably reduced,
and by using toluene could be totally avoided. The addition of a modifier (1-decanol)
avoided the third phase formation of the p-cymene. The use of p-cymene is preferred over
toluene for safety reasons, i.e. higher flash point. Furthermore, p-cymene is can be
considered as a green aromatic solvent according to different criteria.*® Therefore, a
mixture of D2EHPA, p-cymene and 1-decanol was selected as the organic phase. The
effect of the D2EHPA concentration on the extraction efficiency was investigated for
both PLSs. The concentration of D2EHPA was varied from 20-60 vol.% and that of 1-
decanol was kept constant at 10 vol.%. Independently of the D2EHPA concentration,
quantitative extraction of all the metals was obtained. The *H NMR spectra of both the
D2EHPA phase and the depleted lixiviant phase were recorded and shown in Appendix
(Figure 7.19). The absence of lixiviant in the organic phase, and the absent of extractant

in the lixiviant phase were confirmed. The stripping of the metals to an aqueous HCI
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solution was investigated as a function of the HCI concentration, and it was found that
stripping with 6 mol L™ HCI (25 °C, 1 h mixing time, (aqueous / organic solution ratio=

1) was sufficient for the complete stripping of all the metals of the organic phase.

It should be mentioned that although a third phase formation was not observed when the
extraction with D2EHPA was performed on a small scale (2 mL), a thin white layer at the
interface was observed when the extraction was performed at a large scale (50 mL). This
means that 100% of the metals were extracted from the PLS to the D2EHPA phase, which
could be confirmed by ICP-OES measurement of the PLSs, but the concentration of
metals in the D2EHPA phase did not correspond to 100% extraction efficiency. Stripping
with 6 mol L™ HCI was quantitative. The third phase formation can be controlled by
modifying the composition of the organic phase in terms of extractant concentration, and
modifier type and composition. In this work, a proof-of-principle is provided on how all
the metals can be recovered without contamination of the lixiviant, which can be reused
in subsequent dissolution steps. Further optimisation of the extraction procedure will be
done in a future work, including direct separation of the metals from the PLS, instead of

transferring all the metals to an aqueous phase before separation.

5.4 Conclusions

For the first time DESs were employed for the extraction of REEs from spent fluorescent
lamp phosphors. After a screening of different DESs on individual synthetic phosphors
(YOX, HALO, LAP and BAM), the LevA:ChCl system showed the best dissolution
behaviour as it dissolved more than 70% of YOX with very high selectivity towards the
rest of the phosphors, especially HALO that is a contaminant. In order to confirm whether
the levulinic acid or its combination and synergistic effect with the ChCl are the reason
for this dissolution behaviour, both pure levulinic acid and LevA:ChCl were investigated.
Both lixiviants showed high solubility of YOX while low solubility of the HALO
phosphor. The similar results obtained for both lixiviants showed that the chloride coming
from the choline chloride was not responsible for the high extraction efficiency of REEs.
So, a first significant conclusion of this work is that if there is not critical point of view,

then the unjustified use of DESs or other mixtures of components, in general, is possible.

Next the parameters of the dissolution were optimised and with these conditions, both a
synthetic mixture and a real phosphor residue were leached in the selected lixiviants.

When dissolution a synthetic mixture instead of the individual phosphors, lower YOX
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dissolution efficiencies were obtained, but the dissolution was still selective. In the
dissolution of real lamp phosphor waste, a further decrease of the dissolution of YOX and
increase of co-dissolution of HALO was observed. This problem was overcome by
increasing the L:S ratio, as it increased the YOX dissolution from real lamp phosphor
waste. The obtained results were compared to that of the best-performing IL reported in
the literature ([Hbet][NTf.]) and similar results in terms of extraction efficiency and
selectivity were obtained, but both levulinic acid and LevA:ChCl are much cheaper
alternatives. A simple hydrometallurgical approach was tested using different
concentrations of HCI and full dissolution of HALO with a certain amount of YOX co-
dissolution was obtained. This comparison emphasises the selectivity of

solvometallurgical approaches.

Two recovery routes of REEs from the PLS were tested, the precipitation with oxalic acid
and solvent extraction. The recovery of the REES via oxalic acid addition is possible in
the levulinic acid-PLS, but when performed on a LevA:ChCI-PLS some ChCl
precipitated together with oxalic acid and the REEs. Furthermore, due to the co-
precipitation of calcium, this is not a suitable method for the direct recovery of REEs
from a real waste PLS. Thus, a second important conclusion for further research works in
the field of DESs, is that oxalic acid precipitation from a DES based PLS is not a suitable

method, due to the co precipitation of oxalic acid-ChCl.

The purification of the lixiviant could be achieved via solvent extraction, by extracting
all the metals to a D2EHPA phase and stripping them to an aqueous HCI solution, from
which they can be separated following existing methodologies. Throughout the entire
work, levulinic acid was found to be as equally suitable for the recovery of REEs from
lamp phosphor waste as the corresponding ChCl-based DES. However, levulinic acid can
be directly used without need of diluting in another organic solvent, which is cheaper and
greener. Moreover, levulinic acid is a green solvent that can be produced from renewable

resources.**->2

Overall, through this investigation it was shown that a green and relatively cheap solvent
such as levulinic acid can be utilised for the selective extraction of Y and Eu from spent
fluorescent lamps. The recovery of the REEs is possible with solvent extraction and

stripping in an aqueous acidic solution.
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6 Chapter

6.1 Conclusions

The aim of this study was to employ the relatively green media of DESs into the
processing of MOs, either with the use of chemical or electrochemical dissolution. The
importance of the MOs extraction is highlighted by the main years of research on this
topic with the use of either pyrometallurgy or hydrometallurgy. Due to environmental
issues of these former methods, alternatives such as DESs are important to be
investigated. A very strong advantage of DESs, which was also an aim of this thesis to

take advantage of, is their tuneability that can enhance the selectivity of processes.

Previous research on the processing of MOs in DESs had shown that DESs composed of
acidic HBDs could dissolve higher amounts of metals, due to the existence of H' in
solution that can act as oxygen acceptor. However, no extensive investigation on the
mechanism of MOs chemical dissolution was given. Hence, in Chapter 3 the chemical

dissolution of MOs was investigated in different systems.

First the dissolution in EG:ChCl, a DES with neutral pH and poorly complexing HBD, as
a baseline was investigated and it was observed that the solubilities of most MOs, with
the exception of CuxO, ZnO and PbO were generally low. For the MOs that were
exceptions the Cl” was the most important ligand. In general, the solubility of MOs in
DESs showed a dependency on their lattice energies and enthalpies of formation, with
higher lattice energies resulting in poorer MO solubility. The solubility products for these
MOs were also calculated, and the values found to be in a similar range as for aqueous

systems.

As a next system the addition of TFSA, a superacid with poor complexing abilities, in
EG:ChCl was aimed to show the dependency of MOs on the acidity. As expected, the
dissolution of MOs was highly dependent on the proton activity, with solutions of lower
pH generally resulting in higher MO solubility. For most MOs the experimental
solubilities were in accordance with the theoretically calculated for the amount of H in
solution, with the exception of Cu,0, ZnO and PbO for which the solubilities were always
above the theoretical line showing their higher affinity to dissolve in EG:ChCl due to the

complexation with CI".
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The addition of lactic acid in EG:ChCl was shown to give much higher enhancement of
solubilities for all MOs. This fact is justified by the surface complexation reaction. Once
the oxide is protonated, intermediate species form that can act as active sites for ligand
complexation, generally followed by ligand exchange for CI~ in the bulk solution.
Following this work, different HBDS were tested on the solubility of MOs and it was
shown that the acidity of the HBD and its complexation abilities are very important for
the dissolution of MOs, with the latter to have the highest influence. One major deviation
from this trend was seen in OxA:ChCl, where precipitation of metal complexes resulted
from the strong interaction of the metal with the oxalate anion. An interesting observation
was the selectivity of OxA:ChCl towards Co and Mn over Ni, which could be beneficial

in a process extracting metals from active materials of LIBs.

Dissolution rates were examined in four different systems and it was concluded that in
the acidic and more complexing DESs the rates of dissolution are faster than in EG:ChCl
alone. In the acidic EG:ChCI, dissolution was fast and stopped when all the H* had been
consumed. As longer times were required to reach the solubility levels in LevA:ChCl it
was concluded that the rate of dissolution was more dependent on effective mass
transport. For OxA:ChCl a more complex behaviour exists due to the precipitation of
metals, with a relatively high initial rate of dissolution.

The very important advantage of DESSs, in terms of the selectivity that they can provide
into the system was validated on the extraction of metals from a synthetic powder
LiINMC, widely used as an active material in LIBs, and from an industrially manufactured
cathode. The dissolution of these materials in OxA:ChCl showed that Co and Mn can be
dissolved fully from both materials, with negligible amount of Ni, so indeed selectivity
can be obtained. The addition of water into the DES showed that can change the
speciation in solution with Co to be precipitated, Mn to stay in solution together with Li

and Ni to stay undissolved.

In Chapter 4, the electrochemical dissolution was investigated as a tool to enhance the
rated of dissolution in poor lixiviants like EG:ChCI. First, the electrochemical properties
of MOs were investigated by using the paint casting method. Cyclic voltammetry of the
solid MOs showed that the redox couples of Fe>O3, Fe304, CuO, Cu20 and PbO can be
observed. For the rest of MOs, whose reversibility and reactivity is poor no redox couple
referring to the metal was observed, but instead another redox couple was present in all

of the MOs CVs. This redox peak was assumed to be either from the oxidation of the
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oxide part of the compound and the formation of a reactive specie of superoxide. Another
explanation could also be the catalytic electrooxidation of ethylene glycol or other organic
contaminants in EG:ChCI on the surface of the Pt WE with the presence of the transition

MOs as well.

Chronopotentiometric measurements of the solid MOs was in total agreement with the
results of the chemical dissolution, in the sense that the OCP of CuO, Cu20, ZnO and
PbO was decreasing over time and it was lower than the rest of MOs, while the OCP of
Fe304, Co304 and NiO were high and stable over time, showing their very low affinity to
dissolve in EG:ChCI chemically.

Chronocoulometric studies were aimed to investigate the rate of electrochemical
dissolution of MOs at a constant voltage of 1.2 VV vs Ag/AgCI. It was observed that the
band gap of MOs had an impact on their rate of dissolution, which is in agreement with
previous results on the electrochemical dissolution of Cu and Fe sulfides. Thus FeszOa,
together with MnO2 showed the higher rate of electrochemical dissolution due to their

lower band gap.

The interesting result of Chapter 4 was the employment of the anodic dissolution of MOs
in EG:ChCI. This method indeed enhanced the rate of dissolution, with the enhancement
to be exceptional as in the case of Fe,O3 and FezO4 for which it provided more than 10000
times fold higher concentration of dissolved metals after electrochemical dissolution
compared to just chemical and for other like Co3z04 and NiO more than 100 times. Of
course, during the oxidation of the MO the metal could not be further oxidised, since in
most of them the metals were in their highest oxidation states. Hence, it is assumed that
the driving force of this dissolution was the oxidation of oxide resulting in the formation
of superoxide radical species that would be more reactive and could weaken the bond of
the metal-oxide. Kinetic studies showed that the rate of the dissolution was diffusion
limited. The anodic dissolution of MOs showed also that the level of dissolution was the
same for all MOs and no selectivity could be achieved. This enhances further the
assumption that the mechanism of anodic dissolution is not dependent upon the metal but
instead from the oxide part. The enhancement of the electrochemical dissolution was at
the same levels as the enhancement from the addition of 0.1 M TFSA, which was
discussed in Chapter 3.
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In Chapter 5, last but not least, the application of DESs on the extraction of REEs from
spent fluorescent lamps was investigated for the first time. From all the DESs tested,
LevA:ChCl showed the best potential as it could dissolve the higher amount of Y and Eu
from their mixed oxide Y,03:Eu?* (YOX), with low co-dissolution of the contaminant
HALO, showing again the levels of selectivity that can be obtained with the used of DESs.
Very similar results were obtained if only the pure levulinic acid was employed, fact that
led to the conclusion that the CI” from the choline chloride was not responsible for the
high extraction efficiency of REEs. Both synthetic mixtures of phosphors and a real
residue were dissolved in the pure levulinic acid and in the DES. When leaching a
synthetic mixture instead of the individual phosphors, lower YOX extraction efficiencies
were obtained, but the leaching was still selective. In the leaching of real lamp phosphor
waste, a further decrease of the dissolution of YOX and increase of co-dissolution of
HALO was observed. Increasing the L:S ratio could increase the YOX dissolution from
real lamp phosphor waste. The obtained results were compared to that of the best-
performing IL reported in the literature ([Hbet][NTf.]) and similar results in terms of
leaching efficiency and selectivity were obtained, but both levulinic acid and LevA-ChCl
are much cheaper alternatives. A simple hydrometallurgical approach was tested using
different concentrations of HCI and full dissolution of HALO with certain YOX co-
dissolution was obtained. This comparison emphasises the selectivity of

solvometallurgical approaches.

The recovery of the REEs was also attempted, both with oxalic acid addition and solvent
extraction. The recovery via oxalic acid addition is possible in the levulinic acid-PLS, but
when performed on a LevA-ChCI-PLS some ChCI precipitated together with oxalic acid
and the REEs. Furthermore, due to the co-precipitation of calcium, this is not a suitable
method for the direct recovery of REEs from a real waste PLS. The purification of the
lixiviant could be achieved via solvent extraction, by extracting all the metals to a
D2EHPA phase and stripping them to an aqueous HCI solution, from which they can be
separated following existing methodologies. Throughout the entire work of this Chapter,
levulinic acid was found to be equally suitable for the recovery of REEs from lamp
phosphor waste than the corresponding ChCl-based DES. However, levulinic acid can be
directly used without need of diluting in another organic solvent, which is cheaper and
greener. This work shows that pure levulinic acid is a promising solvent for use in

solvometallurgy.
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Overall, in this thesis the mechanism of MOs dissolution in DESs was explained. Two
different EoL products were processed, a widely used cathode material of L1Bs and spent
fluorescent lamp phosphors and it was shown that for the first one the use of DESs helped
the extraction of Co and Mn, that could not be extracted in agueous oxalic acid solution.
However, the process of the second material showed that the use of the pure levulinic
acid and not the DES showed the same levels of extraction. Hence, a very important
message of this thesis, apart from the importance of speciation on the development of
selective processes, is that DESs should not be used recklessly and the simplest and

cheapest alternatives should be first attempted.

6.2 Suggestions for future work

The MOs dissolution in DESs, will be certainly an ongoing research due to the green
character of DESs and the existence of MOs in high end materials and in minerals. The
employment of different types of DESs or different HBAs and HBDs would be important,
in order to investigate more couples of MOs that can be show selective dissolution, as in
the case of MnO2 and Co304 and NiO in OxA:ChCl.

Actually, for the recycling of the cathode materials of LIBs, a flowsheet is developed
from the group for the selective extraction and then recovery of metals from the LINMC
powder coming from a real battery after its delamination. The optimization of the process,
in terms of the purity of the products during the different streams of the flowsheet and the
enhancement of the selectivity is going to be attempted. The use of a different HBA, other
than choline chloride could also be beneficial, in order to eliminate any esterification
reactions between the OH group of the choline chloride and the carboxylic acids serving
as the HBDs.

The flowsheet of the extraction of Y and Eu using levulinic acid is also going to be
attempted to be developed, with more optimised recovery process. The recyclability of

the solvent is also crucial to be investigated, in order to eliminate the cost of the process.

Definitely future work is needed for the understanding of the mechanism of the anodic
dissolution of MOs in DESs. The assumption that the oxidation of the oxide species to
form a more reactive species that weakens the bond of the MO needs to be proven with
the use of EPR, for example. This method of dissolution, which has been proven to work
for sulfide minerals, is novel for MOs and more work is needed to investigate its

potentials. The optimization of the cell is also a very crucial work, since the passivation
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of the electrode stops the dissolution of MOs, so a different configuration with enhanced
mass transport needs to be examined. Generally, due to the high cost, since electricity is
also used, this method is going to be mostly exploited in the extraction of PGMs from
their oxides or from mixtures of them. This method is definitely in its start and future

work will be attempted on this field.

211



Chapter 7: Appendix

A = T OSSR 213
7.1 Supplementary Information for Chapter 3. 213
7.2 Supplementary information for Chapter 4 ... 224
7.3 Supplementary information for Chapter 5 ... 227

212



7 Chapter

7.1 Supplementary Information for Chapter 3

Table 7.1: Calculation of solubility product constant K for metal oxides in EG:ChCl

at50°C
Metal mgL™? Concentration of Concentration of Ksp
oxide  of metal dissolved metal dissolved O*
(mol L?) (mol L?)

MnO:2 24 4.3 x10* 8.7 x 10* 1.63 x 1010
MnO 35 6.5 x 10 6.5 x 10 4.17 x 107
Fe2Os  0.13 2.4 x10° 3.7x10° 3.01 x 108
FesOa4 0.24 4.5 x 10 5.9 x10° 3.5x10%
Co304 3 1.4 x 10 1.8 x 10 2.60 x 1027
CoO 75 1.2 x 103 1.2x 103 1.37 x 10°®
NiO 13 2.3x10% 2.3x10% 5.22 x 108
CuO 251 4x10° 4x10° 1.57 x 10°
Cu0 1675 2.5 x 102 1.2 x 10 7.61 % 10°
ZnoO 578 8.8 x 1073 8.8 x 1073 7.81 % 10°
PbO 1670 8.1x10° 8.1x10%° 6.5 x 10°
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Table 7.2: Theoretical and experimental concentrations of dissolved metal oxides in the different solutions of EG:ChCl

Metal
oxide

MnOz2
MnO
Fe203
FesO4
C0304
CoO
NiO
CuO
Cu20
ZnO
PbO

0.1 mol L'TFSA
Th Exp
25x10?  38x 102
5x10% 42 x 102
1.6x10? 35x 102
12x102 35%107

4.5 x 102
5.1 x 1072
3.5x 107
5102 49%107
9.2 x 10?2
5.1 x 1072
3.1 %107

0.01 mol L- TFSA

Th Exp

2.5x%x 10 8 x 10
5x10°  2x103
1.6 x 103 7 x 10
12x100 X0
1.1 x 103

1x103

3x10*

5x108 9% 10°
2.1 %107

9x103

2 %1072

0.001 mol L'TFSA

Th Exp
2.5x 10" 8 x 10
5x10%  12x103
1.6 x 10 3 x 10°
1.2 x 10 7x10°
8 x 10
6 x 10
1x10*
5x10¢  3X107
1.7 x 10?2
7.7x10°3
8 x10°

0.0001 mol L'TFSA

Th Exp
25x10°  19x10%
5x10° 3.4 x 10
1.6 x 105 3x10°

-5
1.2 x 10 Lx10
8 x 10°
42 x 10
4% 10
5 x 10 7.7 x 10
5.2 x 107
3.4 x 107
5.5 x 107
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Figure 7.1: Difference in solutions colour of dissolved a)Fe203, b)Fe3z04, ¢)C030s4,
d)CoO, e)NiO, f)CuO and g)Cu-0 in different solutions of EG:ChCI with TFSA the
proposed metal species. pH 1, 2, 3 and 4 from left to right.
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€

Figure 7.2: Precipitates of a)MnO, b)CoO, ¢)CuO, d)ZnO and e)PbO in OxA:ChCl
(left) and aqueous solution of 1.8M oxalic acid (right).
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Figure 7.3: UV-Vis spectra of metal oxides and comparison of their coloured
solutions upon dissolution in different DESs.
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Figure 7.4: UV-Vis spectra of metal oxides and comparison of their coloured
solutions upon dissolution in different DESs. (continued)
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Figure 7.5: Mapping of initial cathode material using scanning electron microscopy.
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30 min

48 h

Figure 7.6: Industrial cathodes after dissolution in OxA:ChCl. Conditions:
Temperature=25 °C, L:S=30, no stirring

72 h

48 h "72h
Figure 7.7: Industrial cathodes after dissolution in OxA:ChCl. Conditions:
Temperature=80 °C, L:S=30, no stirring
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Metal Wt.% o Metal Wt.% o]
Ni 18.7 0.2 Ni 11.9 0.1
Co 10.7 0.1 Co 6.9 0.1
Mn 16.2 0.1 Mn 8.0 0.1
Al 0.4 0.0 Al 9.7 0.1
(0] 23.6 0.1 0 34.6 0.1
Point C

Metal Wit.% (o]

Ni 12.1 0.1

Co 6.9 0.1

Mn 6.5 0.1

Al 15.6 0.1

o] 53.6 0.2

Point D Area E

Metal Wt.% o Metal Wt.% (o]
Ni 16.9 0.1 Ni 16.7 0.2
Co 8.7 0.1 Co 8.6 0.1
Mn 9.4 0.1 Mn 8.5 0.1
Al 0.3 0.1 Al 4.1 0.0
(0] 2.1 0.0 0] 21.8 0.0

Figure 7.8: SEM image of the cathode after dissolution in OxA:ChCl at 25 °C for 30

mins
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Area A Point B
Metal Wit% o Metal Wt% o
Ni 9.9 0.1 Ni 9.6 0.1
Co 5.7 0.1 Co 5.3 0.1
Mn 6.4 0.1 Mn 6.0 0.1
Al 0.2 0.0 Al 13.0 0.1
0 16.2 0.1 0 33.7 0.1
Point C

Metal W1t% c

Ni 8.6 0.1

Co 4.8 0.1

Mn 5.2 0.1

Al 1.8 0.0

o] 7.4 0.1

Figure 7.9: SEM image of the cathode after dissolution in OxA:ChCl at 25 °C for 1 h

1 min

5 min

15 min

Figure 7.10: Industrial cathodes after ultrasound assisted dissolution in OxA:ChCl.
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Figure 7.11: SEM image of the cathode after ultrasound assisted dissolution in
OxA:ChCl after 1 min and 10 mins.
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7.2 Supplementary information for Chapter 4
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Figure 7.12 UV-Vis spectra of metal oxides in EG:ChCl after chemical and
electrochemical dissolution and coloured solutions obtained after chemical( left) and
electrochemical dissolution (right).
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Figure 7.13: UV-Vis spectra of metal oxides in EG:ChCl after chemical and
electrochemical dissolution and coloured solutions obtained after chemical( left) and
electrochemical dissolution (right). (continued)

Figure 7.14: Deposits on WE after electrochemical dissolution of Cu20 (left) and
PbO (right) in EG:ChCI.
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Table 7.3: Deposits of metal oxides on Ni plate after bulk electrolysis in EG:ChCl

MnO, MnO
F6203 Fe304
C03O4 CoO
2
CuO Cu,O

Zn0O PbO
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7.3 Supplementary information for Chapter 5
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Figure 7.15: a) *C NMR spectra of OxA:ChCl b) *H NMR spectra of GlyA:ChCl and
¢) *H NMR spectra of LevA:ChClI. Left-before dissolution, Right-after dissolution.
Conditions: T =80 °C; L:S =10; t = 48 h; H20 vol.% = 30; 500 rpm.
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Figure 7.16: Fractions after sieving the phosphor waste.
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Figure 7.17: *3C NMR of (a) LevA:ChClI pregnant leach solution, (b) LevA:ChCl

pregnant leach solution after addition of stoichiometric amount of oxalic acid and (c)
LevA:ChCI pregnant leach solution after excess addition of oxalic acid.
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Figure 7.18: 'H NMR of (a) LevA:ChCl pregnant leach solution, (b) LevA:ChClI
pregnant leach solution after addition of stoichiometric amount of oxalic acid and (c)
LevA:ChCl pregnant leach solution after excess addition of oxalic acid.
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Figure 7.19: 'H NMR after (a) solvent extraction in LevA:ChCl (2:1) PLS of (i)
DEHPA phase and (ii) LevA:ChCl (2:1) phase, and (b) solvent extraction in levulinic

acid PLS of (i) DEHPA phase and (ii) levulinic acid phase.
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The following published articles have been removed from the
electronic version of this thesis due to copyright restrictions:

- The effect of pH and hydrogen bond donor on the
dissolution of metal oxides in deep eutectic solvents, Green
Chem., 2020,22, 5476-5486, https://doi.org/10.1039/
D0GC02023K

- Recovery of yttrium and europium from spent fluorescent
lamps using pure levulinic acid and the deep eutectic solvent
levulinic acid-choline chloride, RSC Adv., 2020,10, 28879-28890,
https://doi.org/10.1039/DORA05508E
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