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Abstract

Electric and Electronic Equipment (EEE) has changed the world. A rapid development of technology and
increasing wealth makes the obsoletion of EEE faster than before. This has lead to a dramatic increase in
Waste Electric and Electronic Equipment (WEEE). In 2021 it is estimated that 52.2 million tonnes of WEEE
will be produced. WEEE is today the fastest growing waste stream, and if it is not handled properly, it is
hazardous to the environment.

Rare Earth Elements (REEs) are a group of elements vital for the function of electronics. One of the
REEs, neodymium (Nd), is extensively used in NdFeB magnets contained in speakers, electric motors and
wind turbines, to name a few. There is no lack of Nd in the earth’s crust, but as the richest ores deplete, the
environmental impact and price of REEs increases. The focus of this thesis is to give a better understanding
of the problems and possibilities, regarding the recovery of Nd from WEEE.

A literature study has been conducted, and the main processes of recycling WEEE today, pyro- and hy-
drometallurgy, have been investigated with regards to REEs. The study shows that REEs are generally not
recycled. Many processes are able to separate and recover REEs, but they have not yet been implemented.
Mechanical processes are used as a part of the recycling process, to separate metallic from non-metallic
fractions. Mechanical processes can be labour intensive and inefficient in terms of recovery rate. In py-
rometallurgy, very few processes can recover REEs in their metallic forms, but rather as oxides. An energy
intensive process in then needed to reduce the Rare Earth Oxides. Hydrometallurgy dissolves metals and
then separates them by precipitation. The chemical reagents can have a big environmental impact and have
a considerable cost.

Experiments conducted in this thesis investigates the possibility of utilizing a liquid aluminium bath to
recycle WEEE while up-concentrating/recovering REEs. Smartphones, Printed Circuit Boards (PCBs) and
NdFeB magnets have been submerged in aluminium, and the results have been analyzed in regards to Nd
concentration present in different phases. The phase observed with the highest Nd concentration was found
to have close to 20 mol% Nd. This was achieved by submerging NdFeB magnets for 36 minutes at 770 °C
with a total concentration of 5 mol% Nd in the system. From the experiment using smartphones, a phase
containing 2.40 mol% Nd has been observed, which is higher than the concentration of Nd in the system.
Experiments using PCBs has shown that the glass fiber found in some PCBs can pose a problem, as it
hinders more PCBs to be added to the melt.



Sammendrag

Elektriske og elektroniske apparater har forandret hvordan vi lever. Pa grunn av en rask teknologisk utvikling
og gkende gkonomisk handelekraft hos forbrukere, har levetiden til elektronikk og elektroniske apparater
blitt betraktelig kortere. Dette har fgrt til at elektrisk og elektronisk avfall har blitt den raskest voksende
avfallstypen i verden. I 2021 er det forventet at verden vil produsere 52.2 millioner tonn med elektrisk og
elektronisk avfall. Elektrisk og elektronisk avfall kan forurense miljget dersom det ikke blir tatt hand om pa
en forsvarlig mate.

Sjeldne jordarter er en gruppe grunnstoffer som har blitt en viktig del av var hverdag, i form av gkt bruk
i ny teknologi. En av de mest brukte sjeldne jordartene er neodym (Nd). Neodym er brukt i permanente
magneter, som er essensielle for blant annet hgytalere, elektriske motorer og vindturbiner, for & nevne noen
bruksomrader. Forekomsten av Nd i jordskorpen er relativt hgy, men pa grunn av at metallet ikke finnes
lokalt i hgye konsentrasjoner blir det utvunnet som et biprodukt av andre metaller. Denne studien vil prgve
a gi en bedre forstaelse av problemer og muligheter knyttet til gjenvinning av Nd fra elektronisk avfall.

Det er gjort en litteraturestudie pa prosesser brukt til resirkulering av elektronisk avfall. Av disse er
pyrometallurgi, hydrometallurgi og mekaniske metoder de mest brukte i dag. Sjeldne jordarter blir i dag
stort sett ikke resirkulert, selv om mange av prosessene tillater dette. Mekaniske prosesser blir brukt til a
pulverisere elektrisk avfall for sa a skille metaller fra ikke-metaller. Mekaniske prosesser blir ofte benyttet
som det fgrste steget i pyro- og hydrometallurgi. Pyrometalliske prosesser bruker varme og mye energi
til & gjennvinne de sjeldne jordartsmetallene. Selv om pyrometalliske prosesser bruker mye energi pa a
gjennvinne de sjeldne jordartsmetallene, er dette som regel som oksider. A redusere oksidene til metaller er
en energikrevende prosess. Hydrometallurgi bruker kjemikalier til & lgse opp metaller fra elektronisk avfall
og a separere de ved hjelpe av utfelling. Kjemikaliene brukt i hydrometallurgi kan ha en negativ effekt pa
miljget og de er kostbare.

I oppgaven er det utfort forsgk pa a resirkulere elektrisk og elektronisk avfall med flytende aluminium
(Al), og a oppkonsentrere/gjennvinne sjeldne jordartsmetaller. Smarttelefoner, kretskort og permanente
magneter har blitt lgst i flytende Al og resultatet har blitt analysert. En fase ble oppkonsentrert til 20
mol%, fra smeltens totale Nd-konsentrasjon pa 5 mol%. Dette ble oppnadd etter 36 minutter ved 770 °C.
En fase pa 2.40 mol% Nd ble funnet nar seks smarttelefoner ble lgst i Al. Dette er er en oppkonsentrering
av Nd fra smeltens totale Nd-konsentrasjon. Glassfiber kan gjgre resirkuleringen av kretskort vanskelig, da
glassfiberen flyter pa aluminiumsoverflaten og hindrer videre tilsatts av kretskort.
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Preface

You are about to read ” Utilizing a liquid aluminium bath to recycle waste electric and electronic equipment
while up-concentrating/recovering are earth elements. Fundamental testing”. This thesis gives an overview
of methods used for recycling of Waste electric and electronic equipment with focus on rare earth elements.
It also contains an experimental part where liquid aluminium is used to up-concentrate rare earth elements
from neodymium magnets and waste electric and electronic equipment.

The reasons for choosing this as our bachelor thesis comes from several places. The generation of waste
electric and electronic equipment is a dawning problem that society has not focused on solving. It is clear to
us that the world’s growing need for materials can not be sustained by the mining of new materials. Both
the generation of waste products, and the need for more materials is rising. How will this problem be solved?

The thesis was written to fulfill the graduation requirements of a bachelor’s degree in materials technol-
ogy at The Norwegian University of Science and Technology (NTNU). We have been engaged in researching
and writing this thesis from January to May 2019. Our research question was formulated together with our
supervisors, Dr. Robert Fritzsch and Prof. Ragnhild E. Aune. The research has been difficult, but extensive
work on the topic has allowed us to answer that question. Both our supervisors, Dr. Robert Fritzsch and
Prof. Ragnhild E. Aune, has been available and very helpful in this work.

A popular science article was written to fulfill the requirements of the bachelor thesis, the article is
available in appendix K.

We would like to thank our supervisors, Dr. Robert Fritzsch and Prof. Ragnhild E. Aune, for their time
and patience. Their knowledge, insight and experience has been crucial for completing the bachelor thesis.
We wish to thank the Department of Materials Science and Engineering, IMA, NTNU, for supporting our
work financially, as well as all the technical staff at the same department, allowing us to solve problems as
they arose. We also thank Hannes Zedel, for helping us with the results.

To our fellow students at NTNU. We would like to thank you for your wonderful cooperation, it was
always helpful to discuss ideas and problems concerning our research with you.

Ny A C/Zmiéﬁfo«

Eystein Vada Eskil Christensen
May 19, 2019 May 19, 2019
Trondheim, Norway Trondheim, Norway
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1 INTRODUCTION

1 Introduction

Waste Electrical and Electronic Equipment (WEEE) and e-waste are the two most frequently used terms
for discarded Electronic and Electronic Equipment (EEE). WEEE can be made out of over 1000 different
materials and substances [1], and the variation in the composition makes it difficult to recycle. The materials
and substances in WEEE can be separated into three main groups; metals, ceramics and organic materials.
Drastic technological advancements over a short period of time along with increased wealth, giving people the
opportunity to upgrade and buy the newest electronics, has made WEEE the fastest-growing waste stream in
the world. In 2016 the world produced 44,7 million tonnes of WEEE, this is expected to rise to 52,2 million
tonnes by 2021, Figure 1. One of the problems regarding WEEE, is that it has not received the attention it
deserves. Only 41 countries have an official e-waste statistics as of 2017, meaning that approximately only
20 % of the worlds WEEE are documented to be collected and recycled [2].

World totals
(M)
W
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SN own ks W = o

Figure 1: Production of WEEE in the world from 2014 to 2021. Values for 2017-2021 are estimates [2]

In the mid-1990s more than 90% of WEEE was landfilled, incinerated or recovered without pre-treatment
[3]. Today it is known that WEEE pollutes ground water, acidifies the soil, generates toxic fumes and gases,
if incinerated, and releases carcinogenic substances into the air [4]. The favoured option is to reduce the
amount of WEEE produced, which ends up in the waste chain. Nevertheless, as the world’s technological
demand grows, the EEE waste-stream also grows. One way to reduce the WEEE produced and still satisfy
the demand for EEE is to minimize the resources in every component, which is an easy answer that is
difficult to accomplish. The more realistic, but less favored option is to increase the lifetime, reuse and/or
recycle WEEE. Recycling is not the ideal way to handle WEEE, but because of the significant technological
improvements, the reuse of old electronics is a challenge. Burning of WEEE for energy recovery and disposal
at landfills is the least favorable way to handle WEEE [4].

Some of today’s recycling of WEEE happens due to laws prohibiting disposal of WEEE at landfills in
developed countries. This is quite contrary to less developed countries, where the lack of laws governing
waste disposal enables informal handling of WEEE. In less developed countries the value of the materials and
components recycled exceeds the labor expenses of disassembling the WEEE. While informal recycling is not
considered proper handling of WEEE, it at least enables reuse of components and recycling of some materials
[5]. While some of today’s recycling is done due to laws probithing disposal, WEEE is mainly recycled for
economic reasons, recovering the precious metals (PMs) such as as gold (Au) silver (Ag), platinum (Pt), and
palladium (Pd), mainly found in the Printed Circuit Boards (PCBs). Precious metals can make out as much
as 80% of the value of the materials in PCBs from computers and smartphones, and 50% of PCBs from
TVs and DVD-players [6]. Rare Earth Elements (REEs) contributes only to a small part of the material
value, due to the small quantities used in PCBs. PCBs contribute to the total amount of WEEE with only
3-5 wt%. PCBs contain a large amount of engineering plastics, if recycled, will add a higher economic and
environmental value to the process [7]. Different PCBs can use different laminates. PCBs marked with FR2,
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FR stands for Flame retardant, uses paper reinforced resin where as FR4 uses glass fiber reinforced resin [8].
Most of the used extraction processes applied today require crushed PCBs to extract the Precious Metals
(PMs), as this is the most economic profitable operation. PCBs can contain different toxic elements, such
as flame retardants and heavy metals. The Flame Retardants (FR) can generate toxic substances at high
temperatures, which is a challenging part of using pyrometallurgical methods to recycle the PCBs. The
heavy metals lead (Pb), chromium (Cr), mercury (Hg), arsenic (As) and cadmium (Cd) exhibits significant
effects on humans, such as reduced birth weight, lung function and other health issues|[9].

In industry, different metallurgical processes are used to recover metals from PCBs. Commonly used
processes for this can be summarized as the pyrometallurgical and hydrometallurgical routes. Both of these
routes have their advantages and disadvantages. Significant amounts of research on the recycling of WEEE
and mainly PCBs has been accomplished in the recent years. Some of this research is trying to improve
already existing processes,including their different stages, while some are trying to invent new processes.

REEs are a group of elements defined by International Union of Pure and Applied Chemistry (IUPAC)
as yttrium (Y), scandium (Sc) and the 15 lanthanides; lanthanum (La), cerium (Ce), praseodymium (Pr),
neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb),
dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbyium (Yb) and lutetium (Lu) [10].
Despite the name, there are many elements which are less abundant in the earth’s crust. For example, the
platinum group metals (PGMs) are much rarer in terms of how many parts per million (ppm) that occurs in
the earth’s crust [11]. The rarity of the REEs comes from their tendency to be finely dispersed in the earth’s
crust, and are only found in ores with low concentration. Unlike the rarer PGMs, which tends to be located
at concentrated deposits at very few locations. Therefore, REEs are mainly mined as a coproduct of other
metals. Production of heavy Rare Earth Oxides (REOs) is found to consume over 20 times more primary
energy compared to steel, and further processing from REO into REE will increase the energy consumption
even more [12]. Less than 1 % of end of life REEs are recycled [13], and the price for some of the REEs are
expected to have an annual price increase of up to 15%, due to the increasing demand and supply-shortage
[7]. One of the most used REE is Nd which is used for it’s magnetic abilities to create permanent magnets.

Permanent magnets are materials used to generate a magnetic field without the need for electric power.
This makes them a key material in high performance, minimization and high efficiency of appliances and
electronic apparatuses[14]. High performance magnets are replacing electromagnets and therefore the de-
mand for high performance magnets are expected to increase in the future. Permanent magnets can be
divided into two groups, REE permanent magnets, like NdFeB magnets and non-REE permanent magnets,
like ferrites and Fe-Ni[15].

It is estimated that 35% of NdFeB magnets are used in computers, 25% in audio systems, 15% in wind
turbines, 15% in automobiles, 5% in household appliances and 5% for MRI machines[16]. NdFeB magnets
from wind turbines, MRI machines and automobiles are easily recycled, because of their large size they
are easily separated. NdFeB magnets in computers, audio systems and household appliances are difficult
to extract, caused by the small amounts used in each product and it’s complex assemble. To reduce the
oxidation of NdFeB magnets there are added numerous dopant elements and a coating [17].

Globally, solid waste management costs are estimated to increase from 205.4 billion dollars annually in
2016 to 375.5 billion dollars in 2025 [18]. One way to reduce the cost is to recycle more of the solid waste,
where WEEE is the fastest-growing waste stream. Recycling of solid waste is by some referred to as urban
mining [19], [20], [21]. The concept of urban mining concerns all the activities and processes in the recycling
of materials, energy and components from products, buildings, infrastructure and, in particular, waste [19].
Most of the PMs and REEs in urban mines are found in WEEE and waste catalysts [9], making recycling
of WEEE a good source for PMs and REEs. In some waste streams the concentration of REEs, and some
PMs, are higher than in their primary ores. Therefore, WEEE represents an opportunity as secondary ores
with a high recovery value [19], [22]. Mining rates are at a historical maximum for most metals, but the
average ore grade has decreased [23]. The decreasing ore grade can lead to an imbalance between supply
and demand, making today’s practice unsustainable and increasing the importance of metal recovery.
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2 Objective

The general objective in the present work is to gather information about the processes concerning the recy-
cling of WEEE, as well as the possibilities to utilize a liquid aluminium bath to recover neodymium from
WEEE.

The project specific objectives are:

To identify the difficulties in utilizing an aluminium bath to melt/recycle WEEE.

e To examine what happens to PCBs and smartphones when submerged in molten aluminium.
e To examine the effect of an electromagnetic field on the submersion of PCBs in molten aluminium.

To investigate the possibility of selective phase separation in regards to Nd.
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3 Background

This chapter presents methods and processes used for today’s recycling of WEEE and will also include some
novel techniques.

3.1 Mechanical Methods

Different mechanical methods are used to separate WEEE into their components. Some of which includes
desoldering, disassembling and shredding [24]. There are different approaches for the disassembling of WEEE.
Either a selective approach, where WEEE is disassembled into it’s components for re-use, or a simultaneous
disassembly, where all the parts are disassembled simultaneously by heat to remove the soldering [25]. With
simultaneous disassembly, there is a risk that the components will no longer function as intended. However,
both simultaneous and selective dissasembly will make it easier to separate components containing hazardous
or precious materials [24].

3.1.1 Communition

Crushing and shredding, also known as communition, is done to liberate the metallic fraction from the non-
metallic fraction in PCBs, to prepare for further metallurgical processes. Communition is traditionally done
with a low speed and high torque shear shredder [26]. It can also be done by using a swing hammer mill
[27].

While being deemed necessary to process PCBs, the loss of material during communition is substantial,
with up to 40% of the PMs are lost. In addition to this, dangerous particles, gasses, small particles of
different metallic elements, Bromine Flame Retardants (BFR) and dioxins are released [4].

3.1.2 Separation Methods

To further separate metallic fractions from one another and from non-metallic fractions, techniques that
exploit certain material traits are used. Different fractions have different density, electric and magnetic
properties. In WEEE different fractions can consist of polymers (< 2,0g/cm?), light metals (~ 2,7g/cm?),
glass (~ 2,6g/cm?) and heavy metals (> 7g/em?). These fractions can be separated by the use of gravity
separation methods. There are several methods used for gravity separation, all of which exploit the different
densities of the fractions.

Separation of ferromagnetic metals from non-ferromagnetic metals can be done by magnetic separation
[28]. The attractive magnetic forces are different for ferromagnetic and non-ferromagnetic metals, making it
possible to separate the two fractions by balancing attractive magnetic forces with gravitational, frictional
or inertial forces.

A common method for separating materials is by the use of the differences in electric conductivity. There
are different techniques to do this, such as corona-electrostatic separation, triboelectric separation and by
using eddy currents.

The roll-type corona-electrostatic separator is a commonly used machine for separating metals and plastics
from WEEE. A grounded rotating roll electrode and other active electrodes are connected to a DC high
voltage supply. The granular mixture is fed on the surface of the rotating roll at a certain speed and pass
through the electric field that generates between the roll electrode and active electrodes. After an intense ion
bombardment, non-conductive particles are charged and pinned to the surface of the rotating roll electrode
by the electric image force while the conductive particles are charged by electrostatic induction and are
attracted towards the electrostatic electrode [29].

The triboelectric separator consists of two electrodes, one of them being grounded. The voltage of the
other electrode is in the order of 10* V. The electrodes may be covered by insulating material that prevents
the particles from recharging in case of direct contact with the electrodes. At the bottom of the device there
are several recycle bins used for collecting the different fractions [30].

Eddy currents uses electromagnetic forces to separate metals from non-metals. A voltage is induced in a
conductor if it is subjected to a time-varying magnetic flux. This results in currents flowing in the conductor,
called Eddy currents. Eddy currents will produce magnetic forces between any conducting material and the
magnet producing this current. This is used to separate metals from non-metals [31].
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3.1.3 Separation of Rare Earth Elements by Mechanical Methods

One example from the WEEE recycling industry used a two-step communition process to obtain a particle
size of < 20mm. Ferrous fractions were separated using magnetic separation. The non-ferrous fraction were
further separated using sieves, flotation and electrostatic separation. This resulted in 5 fractions:

e 1) Ferrous scrap, 50 wt%, destined for material recovery.
e 2) Dust fraction, 5-8 wt%, destined for landfill.

)
)
) Plastic materials, 30-35 wt%, destined for incineration
)
)

e 3
e 4) Copper grains, 3.5-6 wt%, destined for further refining.
e 5) Aluminium grains, 2.5-4 wt%, destined for further refining

Researchers studied the last four fractions more closely and found that almost all of the REEs are accumulated
in the dust, a fraction that ends up in a landfill. In addition to what is lost in the dust fraction, Figure 2
shows that almost all of the remaining REEs are accumulated in the plastic fraction, which is incinerated
and not refined further [32].

Cu grains Al grains m Plastic mDust

Aluminium
Cadmium
Copper
Nichel
Lead
Zinc
Gold
Silver
Palladium
Platinum
Cerium
Europium
Lanthanum
Neodymium
Yitrium

0 10 20 30 40 50 60 70 80 90 100

Figure 2: Which fraction of the mechanically separated WEEFE different elements accumulated. All fractions
except from ferrous scrap is represented here [32].

Along with losing close to 100% of the REEs in the communition process much of the PMs are also lost in
this process. Most of the Nd comes from NdFeB magnets which are brittle, when the magnets are shredded
they will tend to convert into small particles and dust [33]. Other studies have also found high losses of
REEs and PMs, one study conducted by Bacher et al. [34], on mobile phones, found that communition lost
60% Au, 80% Pd and over 70% of Nd when compared to hand dismantling. One recycling plant in Belgium
(Aparec) focusing on End of Life (EOL) LCD-TVs lost 74% of Au content of PCBs. A similar plant in Japan
(Hitachi) lost only 10% Au. One of the differences between these recycling plants is that in Japan the PCB
was dismantled from the TVs before communition, due to Japanese legislation|[35].

Duan et al. reported a method using a hammer mill with a water medium to crush PCBs and a gravity
separator to separate the metal. This process generated a metallic concentrate of 92.36 % and a metal
recovery of 97.12 % [36]. The study does not mention which metals were recovered, but with a high metal
recovery rate and water as medium, less was lost to the dust fraction.



3.2 Pyrometallurgy 3 BACKGROUND

3.2 Pyrometallurgy
3.2.1 Fundamental Understanding of Pyrometallurgical Methods

Pyrometallurgical methods such as incineration, smelting in plasma arc furnace or blast furnace, melting,
drossing, sintering and high temperature gas phase reactions are used in different steps of WEEE recycling.
Pyrometallurgical processes require energy in the form of heat, usually by combustion or electrical heating.
[37].

Incineration is the process of combustion of organic materials. This is done partially to reduce both
volume and mass of the waste and to recover energy from high calorific waste [38]. For WEEE, there are
two ways the concept of incineration can be applied.

e Low-tech process utilizing open combustion

Essentially an uncontrolled process with the intention to recover valuable metals from the waste. An
example is power cables, which are burned to remove the insulation and facilitate the recovery of copper.
PCBs are burned to liberate the metal rich electronic components (ECs), which releases toxins [39], [40].

e Temperature controlled incineration

PCBs start burning at relatively low temperatures (400°C). Nevertheless, due to release of CO the tem-
perature should be kept above 800°C [41]. At a pilot-scale incinerator in China, the remnants of disassembled
PCBs were burned at 800°C and then the gas from the burning was treated at 1100°C. In this experiment
most of the metal was enriched in the residue, but not all of it [42].

Smelting is the process used to convert ores into metals. Different chemicals are used as reducing agents,
however in the case of WEEE recycling, the plastic components of the WEEE, such as PCBs, casings and
insulation, are rich in carbon and can be utilized as a reducing agent, as is done at Umicore’s smelter in
Hoboken, Belgium [43]. The most common reducing agent used in industry is coke, which is almost pure
carbon. The reduction of metal oxide with carbon is shown in reactions (Rx.1) and (Rx.2)

MO +C = M +CO (Rx.1)
MO +CO = M + CO; (Rx.2)

In reaction (Rx.1) and (Rx.2) M is a metal and MO is the metal oxide. In these reactions metal oxide is
reduced into its metallic form, by use of carbon as the reducing agent. Reaction (Rx.2) can be broken down
into reaction (Rx.3) and (Rx.4)

1

1
502 +C=CO (Rx.4)

Not all reactions are spontaneous and some requires energy. The energy required can be calculated using
Gibbs equation, (1). Where AG® is the change in Gibbs free energy, AH® is the change in enthalpy, T is
temperature in kelvin and AS° is the change in entropy.

AG° = AH®° — TAS® (1)

In ordinary environmental temperatures AG*for reaction (Rx.3) is always positive, meaning the reaction
requires energy. AG °for reaction (Rx.4) will always be negative, thus a spontaneous reaction. The energy
released from reaction (Rx.4) may not be sufficient to drive reaction (Rx.3) at low temperatures [44]. The
energy required for reduction to metallic state differs between elements and is also temperature dependant,
as shown in Table (1).

A comprehensive diagram showing the stability of compounds over different temperatures was introduced
by Harold Ellingham in 1944. Figure 3 shows an Ellingham diagram for some elements.
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Table 1: Changes in Gibbs free energy for reduction of some selected metals and oxidation of carbon at 298K
and 2000K

Reaction AG°(298K)[kJmol~1] | AG°(2000K) [kJmol 1]
%AZQO;J, — %Al + 0o +1054 +691
2MgO — 2Mg + O- +1138 +643
%F€203 — %F@-FOQ +744 +314
SnOy — Sn+0q +520 +42
2HgO — 2Hg+0, +118 -381
2Ag:0 — 4Ag + O9 +22 -331
Formation of COy
C(s) + O2(g9) = COz(g) -394 -396
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Figure 3: Ellingham diagram, with change in Gibbs free energy as a function of temperature for some elements

[45]

The Ellingham diagram is helpful to understand the equilibrium in heterogeneous systems including
metal, its oxide, and gas phase. As can be seen from from figure 3, for some elements coke is sufficient as
reducing agent at low temperatures, but for iron (Fe) the temperature needed is about 900 °C. Other metals
require different reducing agents.
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3.2.2 Methods for the Separation of Rare Earth Elements from NdFeB Magnets

This chapter has until now discussed general methods for WEEE recycling, and the rest will contain pyro-
metallurgical methods especially used to separate REEs from NdFeB magnets contained in WEEE. Some
possible routes within pyro-metallurgical REE recyling of NdFeB magnets are suggested and can be divided
into 5 groups [46]:

e 1. Roasting processes

2. Liquid metal extraction

3. Molten salt extraction

e 4. Molten slag extraction

5. Direct melting

3.2.3 Roasting

The general aim of roasting is to change the state or form of REEs so that they can be more effectively
dissolved using hydrometallurgy. A commonly used roasting process is oxide roasting. Oxide roasting
converts all metallic compounds into it’s oxide form, which can then be treated by hydrometallurgical
leaching processes. The reason for using oxide roasting is to make the leaching process faster or more
selective [47].

One suggested method is chlorination roasting. This process uses molten metal halides, such as mag-
nesium chloride (Mg¢Clsy), ammonium chloride (NH4Cl) or chlorine (Cl3) to chlorinate the REEs at high
temperatures creating rare earth chlorides (RE — Cl3). The formed RE — Cl3 can then be separated from
the Fe residue in the magnets by high temperature distillation [48].

During sulfide roasting the aim is to react only the REEs with sulfates and leave Fe and metals as water
insoluble oxide. The magnetic material is dissolved using sulfuric acid (H250,). The resulting mixture is
then heated to a temperature where the rare earth sulfates (RE — SO,) are thermally stable but the iron
sulfide FeSOy is not. FeSO4 will then decompose into iron oxide (FeaOs3), which is less soluble in the
solution and will fall out as solid particles [49].

3.2.4 Liquid Metal Extraction

Some options for the recovery of REEs from NdFeB magnets have been identified by the use of molten metal
extraction [50]. In general this technique uses different metals in their liquid state to extrac Nd by diffusion.
Research has shown that Magnesium (Mg) and possibly the other alkaline earth metals calcium (Ca) and
Barium (Ba) can do this [51]. Using Mg as an extractant, Mg-REE alloys will form, leaving Fe and boron
(B) unreacted in its solid state. The Mg can then be separated from the REEs by distillation, as Mg is more
volatile than Nd. At 1300 K Nd has a vapor pressure of 1075 atm while Mg has 0.73 atm [50]. This method
has shown it’s best results with a holding time of up to 72 hours, therefore it is considered slow. Under
optimal conditions an extraction rate of 99 % was achieved [50]. However, the optimal conditions require a
greater amount of Mg, as is seen in Figure 4.

Ag can also be used in a similar fashion. With Ag as the extractant Takeda et. al [52] reported a Ag-Nd
alloy containing about 50 mass% Nd in a temperature range of 1000-1300 °C using a mixture from NdFeB
magnets. Nd could then be separated from Ag by oxidizing the melt with air. Neodymium oxide (Nd203)
would form and separate from the Ag, which stayed liquid. This yielded a 90 % extraction of Nd from the
magnet scrap. One problem this study encountered was the wettability of Ag with Nd>O3 , which made it
harder to separate Nd from Ag.
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Figure 4: The extraction rate of Nd improves with increasing Mg to scrap ratio. The initial value of Nd
concentration in scrap is the concentration of Nd in the NdFeB magnets used in this specific trial [50]

3.2.5 Molten Salt Extraction

Another study conducted by Hua et al. [53] reported a process using molten chloride salts (MgCly — KCI)
to selectively dissolve REEs from magnet scraps, leaving both the Fe and B. A recovery rate of 90 % was
observed at temperature ranges from 700-1000 °C. RECl3 would form and could then together with the
salt mixture be processed by electrolysis to a Mg-Nd alloy. The Mg-Nd alloy can be used in a distillation
processes similar to the one discussed in subsubsection 3.2.4.

Hua et. al [53] also suggested a method for recovering REOs by use of fluorides. The idea is to recover
the REOs from the magnet, using molten fluorides. Molten fluorides will react with the REOs and form
RE-fluorides (REF3). REF5 can then be used in molten salt electrolysis, to form REE. The non-oxidized
NdFeB magnet scrap can then be used to create new magnets.

3.2.6 Molten Slag Extraction

Two methods using slag as a measure of extraction have been reported by Yang et. al [46]. In the glass slag
method boron oxide (B203) was used to selectively oxidize and dissolve the REEs found in NdFeB magnets
to form NdsOs — B2Os slag. The slag can then be leached using hydrometallurgical methods to separate Nd
as neodymium hydroxide (Nd(OH)3). The study of this possibility showed that glass slag extraction of Nd
using B3 is possible, but that the extraction of Nd from the slag was at the time not economically viable.

The other proposed method is with CaO — Si0s — AlsO3 or CaO — CaF5 fluxes to extract the REEs from
from the magnet scrap at 1500 °C. This process enables the separation of a phase with a high concentration
of REEs and a phase with a high concentration of Fe, and shows a recovery rate of 99 %. The REEs are
concentrated in the slag and needs to be hydrometallurgically treated. The Fe-rich phase can be utilized as
scrap in steelmaking.

3.2.7 Direct Melting

In a study conducted by Jakobsson et. al [54], REE-rich ferrous scrap, containing 6500 ppm Nd, was directly
melted to see if REEs from NdFeB magnets could be collected as REOs. REOs have a high thermal stability
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and tends to end up in the slag phase. This was melted under a protective argon (Ar) atmosphere and held
at 1600 °C for one hour. 2.5 wt% of the material ended up in the slag phase, while the rest stayed in it’s
metallic form. REO made up 33 wt% of the slag phase, while the metallic phase only contained between 16.5
and 2.6 ppm. The slag contained 10 000-50 000 higher concentration than the metallic phase. The study also
showed that certain phases in the slag had a higher REO content than others, and it suggested that further
physical separation of the slag could improve the concentration of REOs. A different direct melting method
was researched Bian et. al [55], it used a combination of processes: Vacuum induction smelting (VIM)
and hydrolysis and magnetic separation process (HMS). This was named VIM-HMS. In this process NdFeB
magnets were smelted in a graphite crucible by induction furnace under vacuum (1 Pa). This saturated the
mix with carbon creating a NdFeBC,,; alloy. By rinsing this in de-ionized water the REE carbides were
hydrolyzed. Further separation of the REEs from the iron in the magnet were done by magnetic separation.
This yielded a 99.7 % pure REE hydroxide, with a recovery efficiency of 93 %.
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3.3 Hydrometallurgy

This chapter presents different hydrometallurgical methods for the leaching of metals from PCBs, focusing
on the different reagents used and their efficiency.

3.3.1 General Hydrometallurgy

The term hydrometallurgy covers reactions which takes place in water or organic solvents with the aim to
produce metals or compounds [64]. There are three stages to hydrometallurgy;

e 1. The metal of interest must be leached from a solid into a aqueous solution
e 2. The condition of this metal-bearing solution must be concentrated and purified
e 3. The recovery of metal from the purified aqueous solution and to reuse the solution in stage 1

Traditional leaching methods employ cyanide based chemicals or mineral acids [65]. Cyanide based chemicals
are mostly used for the recovery of PMs, while mineral acids have been used for both PMs and base metals.
In general, a leaching process driven by is required for effective extraction of PMs and base metals [66].
PCBs are covered with plastic or a chemical coating [67] which makes it harder to leach metal from the
PCBs without any type of pre-treatment to expose metals to the leaching reagent [66]. Hydrometallurgy can
be used to pre-treat PCB, as shown in an experiment conducted by Tuncuk et al. [66] which used sodium
hydroxide (NaOH) to pre-treat PCBs to remove the chemical coating. The pre-treatment with NaOH led to
a dissolution of aluminium (Al), zinc (zn), tin (Sn), Fe, Pb, Cu, nickel (Ni) as shown in Table 3.

Table 3: The loss of metals when removing the chemical coating from PCB with NaOH. No dissolution of
Ag, Au or Pd was observed [68]

Metals | Losses [ug/g] | Insecurity
Al 911 +0.85
Zn 27 +0.10
Sn 21 +0.04
Fe 10 +0.37
Pb 4 +0.02
Cu 0.43 +0.00
Ni 0.11 +0.00

3.3.2 Mineral Acid Leaching

Mineral acid, also called organic acids, is derived from an inorganic compound including H5SOy, hydrochloric
acid (HCI) and nitric acid (HNOs3). It has a low cost, is well investigated and are flexible in process control
and up-scaling. Generally, base metals like Zn, Fe, Sn and Al can be dissolved in dilute mineral acid. Cu
and precious metals are only significantly dissolved in oxidizing or non-oxidizing acids in the presence of
oxidants [65].

3.3.3 Cyanide-Based Leaching

Cyanide-based leaching is mostly used for the leaching of PMs. Although cyanide is highly toxic, it’s high
efficiency and low cost makes it a preferred leaching agent by the industry. In some regions of the world, a
license for cyanide processing for new gold projects is rather unlikely as cyanide pose a environmental threat
because of its toxicity [69]. There are many studies trying to find substitutes such as; thiosulfate (S203")
[70], [71], [72], [73], Thiourea (SC(N Hs)2) [74], [75], [76], aqua regia (HN O3+ HCI) [77] and iodine leaching
(I7) [78]. Table 4 compares the leaching rates, environmental impacts, research standards and economic
feasibility of various different leaching reagents and bioleaching.

12
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Table 4: Comparative assessment of leaching rates, environmental impacts, research standards and economic
feasibility of various leaching reagents. Scaled from 0 to 5, where 0 is bad and 5 is excellent. [79]

Reagent Economic feasibility Environmental impact | Research standard
Leaching rate | Reagent cost | Corrosive Toxicity Reliability

Cyanide 3 5 5 0 5
Aqua regia 4 4 0 3 5
Thiourea 4 4 4 4 4
Thiosulfate 2 2 5 4 2
Chloride 5 4 0 3 4
Bromide 5 2 2 3 2
Todide 5 3 5 5 3
Bioleaching 3 2 0 0 3

It is assumed that the formation of gold cyanide ion (Au(C'N~)2) is the main cause for gold dissolution
[80]. The process of dissolution of gold with oxygen reduction is shown in reaction (Rx.5). This process can
take 1-2 days, but with adding 500-1000g/ton of hydrogen peroxide (H203) the duration can be reduced to
2-4 hours[80], the reaction with H2O3 is shown in (Rx.6).

2Au+4NaCN + 2H20 + O3 — 2NaAu(CN)g + 2NaOH + Hy04 (Rx.5)
2Au+4NaCN + 2H203 — 2NaAu(CN)y + 2NaOH (Rx.6)

3.3.4 Multi-Stage Leaching

By leaching in multiple steps whit change to the acid or environment its possible to get better effect and
to leach metals selectively. A study conducted by Silvas et al. [81] showed that by leaching shredded PCBs
with 1 M H5S0, in a ratio of 1:10 at 75 °C; 90 wt% Al, 8.6 wt% Sn, and 40 wt% Zn and 0 wt% Cu, Fe,
Ni, Pb were extracted. Then with 1 M H2S0, in a ratio of 1:10 and with H2Os as an oxidative agent at 75
°C; 10 wt% Al, 100 wt% Cu, 40 wt% Zn and 0 wt% Fe, Ni, Pb and Sn were extracted. By removing most
of the impurities found in Cu by leaching with H2SO, first and in the second step add H>O5 to leach the
Cu, Silvas et al. managed to selective leach Cu and get a higher concentration of Cu in the solvent.

3.3.5 Leaching of NdFeB Magnets

Nd-metal dissolves in diluted acids and will form neodymium-ions (Nd3*) along with hydrogen gas (H?)

[82]. This is similar to other leaching processes, as that for Fe and B as shown by the reaction (Rx.7)-(Rx.9)
Nd(s) + H" X (aq) — Nd**(aq) + Ha(g) + X (aq) (Rx.7)

Fe(s) + H" X (aq) — Fe*T(aq) + Hy(g9) + X (aq) (Rx.8)

B(s) + H* X~ (aq) — B*(aq) + Ha(g) + X~ (aq) (Rx.9)

Where X is the acid. Separating Nd3T from other metal ions in a leaching solution by ionic exchange,
electrolysis and replacement has proven difficult, and none of those methods provided a solution with a
consecration of Nd. The solution presented by Lee et al. [82] was to leach NdFeB magnets with H2SO, and
raise the pH in the solution to 0.6. This allows the Nd to precipitate completely. Fe barely precipitate at
this pH, as shown in Figure 5. The precipitation product of Nd appered as NAOOH and Nd(OH )s,and the
finished product contained 75.41 wt% Nd

13
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Figure 5: The effect on precipitation of Nd, Fe and B in H3SO4. The main Figure shows pH from 1-13 and
the minor graph shows pH from 0.1-1. Nd starts to precipitate at pH 0.1 and with a pH at 1, 95 % of the
Nd has precipitated [82].

Behera et al. [83] used microwave and ultrasonic to increase the efficiency of leaching with acetic acids
(CH3COOH). With ultrasound assisted leaching, 99.9 % of the Nd was leached with 90 W ultrasound
power, 1 % pulp density, particle size 106-150 pym, 0.4 M CH3COOH at 303 K.
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3.4 Biohydrometallurgy

This chapter presents biohydrometallurgy as an alternative to leaching, focusing on the different microor-
ganisms and parameters which influence the efficiency.

3.4.1 General Biohydrometallurgy

Biohydrometallurgy, also known as bioleaching, uses living organisms to help with the dissolution of metals.
Bacteria and fungi are used for a series of leaching and oxidation processes to recover certain elements, which
enhances the dissolution [88]. Bioleaching sees increased interest, due to its low environmental impact,
potentially low operational cost and low energy consumption [25]. Bioleaching can be conducted under
mild conditions, with low to no use of toxic chemicals, where chemical leaching can create environmental
problems. The method has been reported to be effective in terms of recovery rate. However, the process
is slow compared to pyrometallurgical methods [89], [90]. One more issue for bioleaching is that these
microorganisms are sensitive to contamination of other bacteria or fungi as well as metals that are toxic to
them. The toxicity of PCBs was considered a major limitation to bioleaching of Cu.
Bioleaching can be divided into three different leaching methods [91]:

e Direct leaching/contact leaching: Physical contact between the bacterial cell and the mineral surface.

e Indirect bacterial leaching: A lixiviant which chemically oxidizes the mineral is generated by the
bacteria.

e A combination of contact leaching and indirect leaching

Bacteria and fungi used in bioleaching are found in mine waste, mine water, cold sulfur springs, and soil
[92]. The bacteria and fungi is cultivated under ideal conditions to reach desired concentration. Marra et
al.[93] grew A. thioozidans in a mineral medium containing (N Hy)2S0y, MgSOy x TH20O, KoHPOy4, KCI
and Sulfur (S) for 10 days prior to the leaching. A. thiooxidans cells were enumerated using the spread plate
method with (NH4)QSO4, MgSO4 X 7H20, CCLOZQ, KHQPO4, F@SO4 and N(ZQSQOg for 7-10 days. The
incubation and growth of bacteria and fungi is a complex and slow process. The time needed to set up and
implement the process could take years to a decade [94].

A. ferooridans helps with the bio-oxidation of metals with the oxidation of ferrous (Fe?t) to ferric
(Fe3t), as is shown in (Rx.10). The ferric oxidizes the metal as shown in reaction (Rx.11) and (Rx.12)
[95][96]. Where as A. thioozidans helps with the bio-oxidation by the oxidation of sulphur(S), (Rx.13). The
H350, oxidizes the metal as shown in reaction (Rx.14) [93].

AFe®t 4+ Oy + AHT 229150 4 pedt 4 91,0 (Rx.10)
2Fe3T + M — M*T 4 2Fe*T (Rx.11)
3Fe3t + M — M3 4 3Fe*T (Rx.12)

2 acteria
S+ H20 + 50, bacteria, 11,504 (Rx.13)

1
HSO4+ M + 505 — M?** + 8O3~ + H,O (Rx.14)

3.4.2 Parameters Affecting Bioleaching

The efficiency of bioleaching depends on the efficiency of the microorganism and the leaching substrate, but
there are some external parameters which influence the efficiency [96], [91]:

e pH
e Nutrients

e The concentration of Oz, carbon dioxide (CO3) and heavy metals
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e Temperature
e Particle size

e Surface area

The ratio of leaching substrate and leaching agent can also have a big impact on the efficiency, as shown in
Figure 6 [97].
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Figure 6: Leaching rate of Cu with different dosage of PCB-powder (g/L). After 16 days the percentage

extracted Cu was 95 %, 93 %, 86 %, 67 %, 64 % and 62 % for 10 g/L, 20 g/L, 30 g/L 40 g/L, 50 g/L and
20-cell free, respectively[97]

3.4.3 Bioleaching of Copper from Printed Circuit Boards

Choi et al. [98] used A.ferroozidans to leach Cu from shredded PCBs resulting in a extraction of 37 % and
81 % with citric acid (CsHsO~7). As well as reporting a rise in the pH after a time, giving rise to the idea
that Cu also is leached out with the formation of hydroxide (OH ~) as shown in reaction (Rx.15).

2Cu + 2H50 + Oy — 2Cu*t + 40H~ (Rx.15)

3.4.4 Bioleaching of Rare Earth Elements from Printed Circuit Boards

Marra et al.[93] leached PCB-dust from shredding. 92.6 % of the dust compromised of particles smaller then
0.5 mm. Using A. thioozidans (DSM 9463) they managed to leach Ce > 99 %, Eu > 99%, Nd > 99 %, La
~ 80 %, Y ~ 80 %. The lowest pulp density was expected to have the highest leaching rate, but the highest
leaching rate was reported to happen at a pulp density of 1 % (w/v).
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Table 6: Overview of different bioleaching processes.

Bioleaching
Microorganism Time | Leaching Ratio | Background and

rate referances

Acidithiobacillus Ferrooxidans | 3 days | Cu 98,6 % 15 g/L | consumption, metal
Zn 83.8 % recovery and kinetics
A175.4 % [96]

Acidithiobacillus thiooxidans 8 days | Cd 100 % 10g/L | Investigate the po-
Ni 100 % tential application of
Zn 100 % bioleaching for the
Al 100 % extraction of base
Cu ~78 % metals, precious met-
Fe ~100 % als and REEs from
Ce > 99 % WEEE shredding dust
Eu > 99% [93].
Nd > 99 %
La ~ 80 %
Y ~ 80 %

Acidophilic chemolithotrophs | 10 days | Co 15.1 % - Leaching of Rare
Ni 37.8 % Earth Elements from
Cu 54.3 % Coal Ashes and effects
7Zn 51.8 % of temperature, pH
Sc 52.0 % and ratio has on the
Y 52.6 % recovery [99].
La 59.5 %
Nd 22.1 %
Sm 26.5 %
Gd 27.6 %
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3.5 Chelation Technology

Chelation is defined as the formation of stable metal-ligand complexes which are soluble in water [100],
this means it can be classified as a form of hydrometallurgy. Chelating agents may either be organic or
inorganic compounds. It is considered a green process since the chelating agent can be recovered at a high
efficiency and reused [101]. Chelation already sees use in the extraction of metals, however little research
has been done using chelation to recover metals from WEEE as moste of the research on chelation concerns
purifying contaminated soils and water. Although, the following flowchart in Figure 7 has been proposed.
The flowchart proposes dismantling as well as communition prior to the actual chelation step. This is followed
by precipitation using acid and then filtering out a metal-salt solution. The recovered chelating agent can be
reused after washing and drying. Jadhao et al. [18] reported a recovery of more than 96 % of the chelating
agent but, reported a decrease in the efficiency of recycled chelating agents, shown in Figure 8.
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Figure 7: Proposed flowchart for WEEE recycling by use of chelation [25].
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Figure 8: Shows the rate of recovery for different chelating agent recocery cycles. Fresh EDTA achieved
an extraction rate of 83.8%, one recovery cycle later the extraction rate is 79.6%. Stirring speed=700 rpm,
particle size=150 pm, pH=8, 0.5M EDTA, reaction temperature=100 °C and reaction time=3 hours.

EDTA (ethylenediaminetetraacetic acid), DTPA (diethylenetriaminepentaacetic acid), HEDTA ((hy-
droxyethyl)ethylenediaminetriacetic acid) and S,S-EDDS (S,S-ethylenediaminedisuccinic acid) are commonly
used chelation agents. EDTA, DPTA and HEDTA are non-biodegradable in standard test [102], however
S,S-EDDS is biodegradable [103]. For the chelating agent EDTA, the Cu-extraction increases with increasing
reaction temperature, which can could be related to the enhanced reaction kinetics [18]. At higher temper-
atures molecules collide more frequently, which may lead to increased a higher extraction rate. For EDTA
Jadhao et al. [18] considered 100 °C, 3 hours and a rotation speed of 700 rpm for optimal for Cu extraction
with EDTA as the chelating agent. A 10 % increase in Cu extraction was achieved when the stirring speed
was increased from 100 to 700 rpm. It is believed that a high concentration of chelating agent drives the
reaction in a forward direction due to the reversible nature of the reaction [18], [104]. Page et al. [103] found
a method for removing radioactive Thorium (Th) from REE ore. This was achieved by using a chelating
agent more selective towards Th. Another example, is using a chelating agent selective to REEs to remove
dilute REEs from geothermal water [105].
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3.6 Ionic Liquids

Tonic liquids (ILs) are mixtures of organic and inorganic salts that are liquid at, or beneath room temperature.
ILs are powerful solvents, but is still considered a green technology as the chemicals used are generally less
harmful [106]. ILs possess unique and interesting characteristics, such as their eco-friendliness and diversity,
which could prove valuable and interesting for future research in REE recycling processes, and to metallurgy
as a whole. As molten salts, ILs consists of at least two components that can be varied, the cation and the
anion. This means that the ILs can be tailored to solve specific compounds or elements. In general one or
both of the ions in ILs are large, and the cation often has a low degree of symmetry. This affects the lattice
strength and is what makes it liquid at room temperature [107]. A large amount of work and research is
required, but several researchers have demonstrated that ILs can extract REEs [108], [109], [110], [111].

21



3.7 The Umicore Process 3 BACKGROUND

3.7 The Umicore Process

Umicore’s Integrated Metals Smelter and Refinery in Belgium is one of Europe’s largest WEEE recyclers.
Umicore is a specialty materials group with expertise in material science, chemistry and metallurgy. They
recover and sell platinum group metals (PGMs), special metals, such as selenium (Se), tellurium (Te), indium
(In), secondary special metals, such as antimony (Sb), Sn, As, bismuth (Bi) and base metals.

Umicore gets it’s waste from industrial waste, byproducts from the non-ferrous industry (drosses, matte,
speiss, anode slimes etc.), precious metal sweeps and bullions, spent industrial catalysts, and WEEE from
consumer recyclables such as PCBs and electrical components. Annually around 250,000 tonnes of waste is
treated at Umicore’s plant in Hoboken, Belgium.

3.7.1 Process Overview

First, samples of the waste are taken and analyzed with regards to metal content, so that it is known what it
contains, to handle it more efficiently. Then, the process is divided into two parts, Precious Metal Operations
(PMO) and Base Metal Operations (BMO). In Figure 9, the different routes elements take as they undergo
processing are shown, and a short description of the process follows.
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Figure 9: Flowchart of the different processes, inputs and outputs at Umicore’s smelter. The inputs are the
large arrows at the top.

The PMO uses Pb, Cu and Ni as collectors of metal. The process can roughly be divided into three
steps: smelter, Cu leaching and electrowinning. The first step is using an IsaSmelt copper furnace, marked
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in Figure 9 as Cu-smelter. Oxygen-rich air along with fuel is injected into the furnace through a gas lance.
Coke, along with polymers from waste, is added as a reducing agent and fuel. The PMs are collected in a
copper bullion, while most of the other metals end up in the Pb slag. This Pb slag is processed further in the
BMO. The Cu present the copper bullion is leached out in a leaching and electrowinning plant. The residue
from the bullion contains the PMs and is further refined using cupellation and silver refinery. Cupellation
is a process of melting and heating where the base metals, such as Pb, forms oxides, while the PM remain
molten [112], this separates and extracts the PMs from the base metals.

The BMO can also roughly be divided into three steps: lead blast furnace, lead refinery and special metals
refinery, shown in Figure 9. The lead blast furnace reduces the Pb slag from PMO along with third party
high Pb containing materials. This transforms the feed to impure lead bullions, nickel speiss, copper matte
and depleted slag. The lead bullion contains the most metals and the Harris process is used to separate the
bullion into three fractions: pure Pb, sodium antimonate (NaSbOs3) and special metals [113]. The special
metals refinery then extracts and separates most of the metals, while Bi and Sn goes to a third party refiner.
The Ni is leached out of the nickel speiss and processed into nickel sulphate (NiS0y), the remnants of the
speiss is sent back to the PMO for processing. The copper matte is also reprocessed and enters the stream
at the IsaSmelter copper furnace. The depleted slag, which contains the REEs, is physically calibrated and
used as a filler in concrete.

3.7.2 Environmental Impact

Umicore applies several techniques to minimize the environmental impact of it’s operations. The S contents
of the waste is converted into sulphur dioxide (SO3) and further to H2SOy, this is then sold. Sprinklers
are installed and spray water around the facility to prevent dust from flying off. Sensors are installed in
the stack to monitor SOs and nitrous oxides (NO,,) emissions so that the operators can react to it. All the
water from the plant is processed, this includes process water, rainwater and sprinkling water [43].
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4 Theory

4.1 FactSage

CALculation of PHAse Diagrams (CALPHAD) is a method which takes thermodynamical data and lets the
user create phase diagrams and survey phase equilibriums. Phase diagrams are used in materials research and
engineering to understand the interrelationship between composition, microstructure and process conditions.
In complex systems, computational methods such as CALPHAD are employed to model thermodynamic
properties for each phase and simulate multicomponent phase behavior [114]. Initially phase diagrams were
created graphically with data collected from experiments. After many years of experimental trials and
data collection large databases containing thermodynamical data has evolved. These are then applied in
commercial software, such as FactSage. FactSage is the fusion of two well known software packages in the
computational thermochemistry, Fact-Win and ChemSage [115]. FactSage contains several databases and
using the correct database ensures that the calculations done apply to the specific system. ILe. FactPS
contains pure substances, FactOxid contains all pure oxides and oxide solutions and FactLite contains light
alloy systems with focus on Mg and Al alloys [116]. Factsage shows only the phases at equilibrium, but not
the different phases from start to equilibrium. The time to achieve equilibrium may be couple of hours to
years in slow systems.

Typical phase rule violations for binary systems are shown in Figure 10, the explanation of the errors [117]
is below the figure. The phase diagrams are thermodynamically assessed and experimentally determined,
giving rise to the possibilities that some of the phase diagram can have contradictions and errors.

N PP (I 1 S PP N e

Temperature

A Atomic percent B B

Figure 10: Typical phase rule violations. The explanation of the errors is below the figure[117]

A: A two-phase field cannot be extended to become part of a pure element side of a phase diagram at
zero solute. In example A, the liquidus and the solidus must meet at the melting point of the pure element.

B: Two liquidus curves must meet at one composition at a eutectic temperature.

C: A tie line must terminate at a phase boundary.

D: Two solvus boundaries (or two liquidus, or two solidus, or a solidus and a solvus) of the same phase
must meet (i.e., intersect) at one composition at an invariant temperature. (There should not be two
solubility values for a phase boundary at one temperature.)

E: A phase boundary must extrapolate into a two-phase field after crossing an invariant point. The
validity of this feature, and similar features related to invariant temperatures, is easily demonstrated by
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constructing hypothetical free energy diagrams slightly below and slightly above the invariant temperature
and by observing the relative positions of the relevant tangent points to the free energy curves. After
intersection, such boundaries can also be extrapolated into metastable regions of thephase diagram. Such
extrapolations are sometimes indicated by dashed or dotted lines.

F: A phase boundary cannot cross the 0 at.% line except at a phase transition (melting, allotropic
transformation, etc.) point of the element A.

G: The highest point of the v phase must touch the invariant reaction line.

H: In a binary system, an invariant temperature line should involve equilibrium among three phases.

I: There should be a two-phase field between two single-phase fields. (Two single phases cannot touch
except at a point. However, second-order and higher-order transformations may be exceptions to this rule.)
J: When two-phase boundaries touch at a point, they should touch at an extremity of temperature.

K: A touching liquidus and solidus (or any two touching boundaries) must have a horizontal common
tangent at the congruent point. In this case, the solidus at the melting point is too “sharp” and appears to
be discontinuous.

L: A local minimum point in the lower part of a single-phase field (in this case the liquid) cannot be
drawn without an additional boundary in contact with it. (In this case, a horizontal monotectic line is most
likely missing.)

M: A local maximum point in the lower part of a single-phase field cannot be drawn without a monotectic,
monotectoid, syntectic, or syntectoid reaction occurring below it at a lower temperature. Alternatively, a
solidus curve must be drawn to touch the liquidus at point M.

N: The temperature of an invariant reaction in a binary system must be constant. (The reaction line
must be horizontal.)

O: A phase boundary cannot terminate within a phase field. (Termination due to lack of data is, of
course, often shown in phase diagrams, but this is recognized to be artificial.)

P: The liquidus should not have a sharp peak with discontinuous slope at the melting point of a compound.
(This rule is not applicable if the liquid retains the molecular state of the compound, i.e., in case of a strong
association.)

Q: The compositions of all three phases at an invariant reaction must be different.

R: Initial slopes of the liquidus and solidus must have the same sign (both up or down).

S: A four-phase equilibrium is not allowed in a binary system.

T: Two separate phase boundaries that create a two-phase field between two phases in equilibrium should
not cross one another.

4.1.1 Laves_C15

All Al;RE have the laves_Cl15-structure Ao B , prototype CusMg [118]. The AlyNd is a ferromagnet and
a very stable intermetallic. It has a melting temperature of 1733 K [119] and a curie temperature of 65 K
[120]. The laves_C15 crystal structure is a cubic structure, shown in Figure 11. The dark atoms in the figure
is the Al atoms and the R is the Nd atoms.
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Figure 11: The crystal unit cell of the laves_C15 crystal where R is the Nd atoms and Al is the Al atoms
[121].
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4.2 Diffusion

When pure solid Fe comes in contact with pure liquid Al two intermetallic phases are formed. Near the Al,
FeAls forms and close to the Fe, FeyAls forms [122]. The growth rate is generally high for a stationary
system, but for a dynamic system the growth is dependent on the dissolution of the Fe and its saturation of
Fe [123].

The interaction between solid Ni and molten Al is the formation of Al3/Ni. The intermetallic, Al3Ni,
breaks off and disperses into the molten Al [6]. Kyriakopous et al. [6] reported that a piece of Al>O3 blocked
the reaction between Al and Ni, and locally slowed down the dissolution process, as shown in Figure 12.

00000

Figure 12: Interaction of solid nickel in molten Al after 30 seconds at 700 °C. The AlaOs particle blocks the
reaction between Al and Ni [6].

4.2.1 Dissolution

Additives with a higher melting point than the bath temperature, are dissolved by mass transfer trough the
bondary layer between the melt and the alloying additives. The mass balance could be written as: Mol of X
removed from the additive = Flow of the additive trough the boundary layer [124]. Equation (2) explains
the mass balance mathematically.

dr
—%Apm = kA(CM — CMb)

—drpm = k(ear — ea,dt

pm(R - T)

t =
k(em — CMy)

(2)
Where %A is the volume of a spherical shell and A is the contact area, R is the radius of the additive added
in and 1 is the radius of the additive after a time t, p,, is the number of mol additives in kmol/m?3, k is the
mass transfer coefficient, cp; is the concentration of the additives in the melt at equilibrium with the pure
solid in kmol/m3, cpy, is the concentration of X in the bulk melt. To achieve full dissolution of the additives
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the radius r of the additive, and the concentration of the additives in the bulk, cps,, must be equal to 0.
With this, equation (2) can be rewritten to equation (3) [124].

_ Pmlt
7]<JXCM

tq

3)
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4.3 Electromagnetism

Placing the liquid Al inside a electromagnetic coil will have two known effects.

First, it will induce eddy-currents within the material, which generates heat due to ohmic loss, also known
as induction heating.

Secondly, it will generate Lorentz forces, pushing the melt towards areas with lower field strength, [125].

Because of the high surface tension of liquid Al, PCBs will float on top of the liquid Al, and the metallic
fraction of the PCBs will oxidize. It is a working hypothesis by R. Fritzsch [126], where the electromagnetic
field of a single phase, low frequency, induction coil influences the wetting behaviour of Al. The electro-
magnetic field, and the induced Lorentz forces, hereby disturbs the surface tension and generate a pressure
within the metal which pushes the metal towards the not wetted surface. This should improve the ability of
the Al to submerge PCBs and other recyclable materials

4.3.1 Lorentz Forces

Lorentz force is the principle behind electromagnetic movement, such as generators. Lorentz force is acting
on the liquid as a reactive force, inducing a velocity in the liquid. When a liquid metal is crossing magnetic
field lines, flux variation occurs, which leads to local electromotive forces [127]. The induced electric current
that arises can be calculated as shown in equation 4.

J* =0o(u x B) (4)

o is the electric conductivity [S/m] of the liquid, u is the local velocity [m/s] of the liquid and B is the
magnetic flux density [T].

Lorentz force can then be calculated as the cross product of the induced electric current J* and the
magnetic flux density B, shown in equation 5. The induced Lorentz forces will stir the melt and help with
the mixing.

F, = (J* x B) (5)

4.3.2 The Electromagnetic Coil

Measurements of the magnetic field strength were done in four different places without a crucible. Figure 13
shows where the measurements were taken, and table 7 shows the magnetic field strength in different height
at different places inside the coil.
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Figure 13: Owverview of where the field was measured. X1 was measured in the center, Xo and X3 was
measured on the inner wall of the isolation and X4 was measured in the gap between the isolation and the
coil. Results in Table 7
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Table 7: Measurements of the magnetic field strength inside the coil in militesla [mT]. Measurements are
done with a gaussmeter. X4 measures the peak value of the magnetic field inside the coil.

Spot | Bottom Center Top
X 28,8 33,7 31,5
Xo 35,2 34 27,5
X3 34,2 34,5 27,6
Xy 50,0

Figure 14 shows the coil used in most of the experiments.

Figure 14: The electromagnetic coil seen from above. The inside of the coil is isolated for preventing the Al
to solidify too fast.

4.3.3 Calculations of Magnetic Fields

Equation (6) gives the peak of the magnetic flux density in an ideal system. Ideal system means that the
geometry of the coil, the material and the current is optimal.
MOI’[”I‘N cIc (6)
le
Where B, is the magnetic flux density [T] of the infinite coil looking at a finite length I. [m], N, is the
number of turns of the coil, I, is the current in the coil [A], p is the permeability of free space [£] and
Ly = ﬁ, where g is the permeability of the material inside the coil [%]
If there is a electric conductive material inside the coil the material will induce a magnetic field to oppose
the magnetic field from the coil. This effect will reduce the magnetic flux density in the coil and around the
work piece [128]. The electromagnetic penetration depth [m] into the coil and the work piece is given by:

bo= ] —2L
Tpofr f ™
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Where p is the electronic resistivity of the material and f is the frequency of the current in the coil. The
resistivity changes with the temperature of the material and its physical state [128].

Equation 7 gives a correlation between penetration depth and frequency, which is the only parameter
that can easily be changed.
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4.4 Magnetic Separation

Separating particles from a conducting liquid with the use of magnetic fields, is possible if the particle has
a lower electric conductivity (o) than the melt (o7). The concept is shown in figure 15. The particles move
trough the melt in the opposite direction of the lorentz forces, because of a pressure gradient created by
the Lorentz forces. The particles will accumulate in depths roughly corresponding to the hydrodynamic
boundary layer and the penetration depth of the magnetic field [129]. A mathematical description for
magnetic separation was made by Leenov and Kolin [130].
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Figure 15: The Lorentz forces (Fr,) and the reaction force (F,.) acting on a non-conducting particle in a curl
free magnetic field [129].

In a magnetic field with curls, the end effect will produce electromagnetic, or Magneto-Hydro-Dynamic,
stirring. This stirring effect results in fast separation of particles towards the wall of the crucible. The end
effect also occurs at the ends of the work piece, Figure 16 shows the end effect in a coil with a work piece.
The risk of re-entrainment of collected particles is significant [129]

Coil end effect Coil regular area

Figure 16: The end effect in coils [131].
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5 Experiments

5.1 Introduction

In all experiments conducted the aim has been to dissolve and up-concentrate Nd in certain phases within
molten Al. The principle concept has been:

o If it would mix

e At what rate it would mix

e If Nd could be up concentrated in certain phases
o Identify what governed this process

These questions has lead to the development of six trails. Figure 17 is a flowchart of the process that lead
to the different trials.

WEEE Recycling

Ideal Trials Real life Trials
. 2 Trial 5: l Trial 6:
NeodymiumOxide S

4L
L Trial 1: Trial 2: l Trial 3: Triala:
Initial Dissolution 5 mol% Fe 35 mol% Fe Neodymium oxide

Figure 17: Flowchart describing how the different trials were designed.

NdFeB magnets were submerged in liquid Al. The melt was held at elevated temperatures over different
periods of time, with and without stirring, creating a fundamental understanding of the kinetics.

PCBs extracted from computer motherboards were investigated in a similar manner to that of the NdFeB
magnets. Tests on PCBs are more closely linked to reality, than using pure NdFeB magnets. Challenges met
in this experiment would resemble what can be expected in the real world.

Due to a much lower average radius of particles than the NdFeB magnets, powdered neodymium oxide
(Nd2O3) was interesting to experiment with. Would it dissolve in liquid Al and how fast would it dissolve?

Smartphones of different kinds were submerged in liquid Al, to investigate the kinetics and the general
ability to dissolve, without any sort of pre-treatment.

A risk assesment was conducted for the experimental work. This is included in appendix A.
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5.2 Materials

Table 8 summarizes all the materials used in the experiments. Table 9 summarizes all the equipment used
in the experiments. Following is a description of where the materials and equipment were obtained and a
short description of how they are used.

Table 8: This table presents the materials used in the experiments. * The purity of the Fe was not ensured,
but was marked "pure”. ** No datasheet was provided for Zn-coated NdFeB magnets, they were assumed
to be of similar composition as magnets from supermagnete.de. The composition is available in appendir B.
*** Model list is available in the text following this table.

Materials Purity Usage Provided by

Al 99.99% All materials are submerged in Al | Norsk Hydro AS
Fe Pure* Adjust composition IMA

Nd 99.1% Adjust composition Alfa Aesar

Nd>O3 99% Trial 4 Alfa Aesar
Ni-coated NdFeB magnets | See appendix B | Trial 1, 2 and 3 Supermagnete.de
Zn-coated NdFeB magnets | ** Trial 1, 2 and 3 Clas Ohlson
PCBs - Trial 5 IMA

Smartphones ook Trial 6 Friends and family

Table 9: This table presents the equipment used in the experiments. * Two different types of crucibles were
used. For experiments conducted in the muffle furnace the crucible measured h=185 mm and d=130 mm.
For crucibles used in the induction furnace, the crucible graphite had a outer shell, the crucible measured
dimensions h=265 mm and d=95 mm. ** Provider not available.

Equipment Type/Model Usage Provided by
Muffle furnace 3.5 kW, flap door Melting Al Nabertherm
Induction Furnace T5kW /IF75 High temperature experiments | Inductotherm
Electromagnetic coil | Induction coil Provide stirring IMA
Mechanical stirrer Metal rod with 4 arms Provide stirring IMA
Crucibles Refractory ceramic crucible* Experiment vessel IMA

Argon gas Instrument argon 5.0/99.999% | Protective atmosphere AGA AS
Thermocouple K-type Temperature measurements ek

Fume hood Steel cover connected to pipe Provide better ventilation NTNU

Boron Nitride ZYP Coating Non-stick coating Pyrotek

The Al used, was provided by Hydro Aluminium AS facilities in Karmgy, Norway, with a purity of 99.99
%. Tt was cut into appropriate size to fit the different crucibles, as well as the correct amounts for the trails.
NdFeB magnets came from two different sources. Supermagnete’s Ni-coated magnets (article no. Q-08-
08-04-N) and Clas Ohlson’s Zn-coated neodymium magnets (article no.s :31-566 & 31-1467). Magnets were
demagnetized prior to tests by heating to the stated curie temperature of 310°C. Magnets obtained from Clas
Ohlson had to be dismantled from a steel plate. Ni-coated magnets had previously been chemically analyzed
and Zn-coated magnets were assumed to be of similar composition, see appendix B for chemical analysis
of Ni-coated magnets. PCBs from computer motherboards were of different specifications, all components
directly fastened to the PCBs were not removed. The PCBs had to be cut to fit the crucible, and measured
roughly 5x5 cm. 6 smartphones were obtained from friends and family for the experiments. These were
of the following models: Apple iPhone 7, Samsung Galaxy S5, Samsung Galaxy S3, Samsung Galaxy S
Advance GT-i9070, Sony Xperia Z2 and Sony Xperia Z3. Nothing was removed or added to any phone. The
Ndy0O3 powder was supplied by Alfa Aesar. The NdyOsz powder was packaged in Al foil, with roughly 10
g in each package. Lumps of metallic neodymium were used in experiments adjust the molar concentration
of the elements. This was provided by Alfa Aesar. Pure Fe had the same application as the metallic Nd,
this was provided by the institute and it’s origin is not known. As a heat source for the experiments two
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types of furnaces were used. Nabertherm muflle furnace capable of delivering 3.5 kW effect and an induction
furnace capable of delivering 75 kW effect, the latter will be referred to as IF75. Lorentz forces created by
the electromagnetic coil was used to stir the melt. In experiments where electromagnetic stirring was not
used, a mechanical stirrer was used instead. Different crucibles were used in the experiments, for experiments
conducted in the muffle furnace refractory ceramic crucibles with dimensions h=185 mm and d=130 mm
were used. The crucibles were coated with boron nitride, the boron nitride was supplied by Pyrotek, and
made by ZYP Coatings. The boron nitride coating was supplied by Pyrotek, For experiments conducted
in the IF75 induction furnace refractory ceramic crucibles with a graphite outer shell were used, these had
dimensions h=265 mm and d=95 mm. To adequately ventilate fumes generated from trails on PCBs and
smart phones a fume hood was built. The fume hood consisted of a cover connected to a 60 cm long pipe,
all in stainless steel. Argon gas was provided by AGA, and had a purity of 99.999 %, the gas was used to
purge the atmosphere in which the trails took place, to prevent oxygen in the system. A gas lance was used
to inject the gas. Thermocouples were used to measure temperature during the trails. For experiments in
the muffle furnace a handheld device was used. For experiments conducted in the IF75 the thermocouple
was connected to a computer which logged the temperature. Quartz tubes connected to a rubber pipette
filler was used to collect samples of molten metal during the trails.
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5.3 Experimental Setup and Procedure

The different parameters in each experiment did not allow the use of the same setup every time. The tem-
perature requirements forced experiments to be conducted in two separate laboratories. All of the different
changes in parameters are summarized in Table 10. Schematic overviews of the setups used can be seen in
Figure 18 and 19.

5.3.1 Experiments Conducted in the Muffle Furnace

This general procedure was followed for experiments conducted in the muffle furnace. Pure Al was put
into a refractory ceramic crucible crucible with the dimensions h=185 mm and d=130 mm. The crucible
was inserted into a muffle furnace (A, B and C in Figure 18), which during the experiments was heated
to between 750 °C and 1000 °C before the material to be submerged was added. During each experiment
samples were collected using a quartz tube connected to a rubber pipette (F and G in Figure 18). The
quartz tube was lowered approximately 2 cm into the liquid and a sample was extracted by suction from the
pipette filler. The samples were collected from the centre of the of the melt in various time intervals. The
homogeneity of the melt was secured by either using a mechanical stirrer (E in Figure 18) or an induction
coil (K in Figure 18). For experiments with induction coil mixing that would produce fumes a fume hood
was used (I in Figure 18). When a protective atmosphere was used the gas was injected by a gas lance (D
and J in Figure 18) Temperature was measured using a thermocouple connected to a hand held multimeter.
A schematic drawing of the overall experimental setup is presented in Figure 18, and the details of each
experimental run is summarized in Table 10.
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Figure 18: Setup used for experiments conducted in the muffie furnace. A: molten Al, B: refractory ceramic
crucible, C: Nabertherm muffle furnace, D: gas lance, E: mechanical stirrer, F: rubber pipette filler, G: quartz
tube, H: refractory ceramic crucible, I: fume hood, J: gas lance K: induction coil and L: Ca-wool insulation

5.3.2 Experiments Conducted in the Induction Furnace

This general procedure was followed for experiments conducted in the induction furnace. Pure Al was put
into a refractory ceramic crucible crucible clad with graphite with the dimensions h=265 mm and d=95
mm (B in Figure 19). The crucible was inserted into an induction furnace (A in Figure 19), which during
the experiments was heated to between 900°C and 1400 °C before the material to be submerged was added.
During each experiment samples were retrieved using the quertz tube. The homogeneity of the melt was
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secured by Lorentz’ forces from the induction furnace. A fume hood was placed over the top of the furnace,
as can be seen in Figure 19. A protective atmosphere was used, and the gas was injected by a gas lance
(D in Figure 19). Temperature was logged using a thermocouple connected to a computer. A schematic
drawing of the overall experimental set-up is presented in Figure 19, and the details of each experimental
run is summarized in Table 10.

C

Figure 19: Setup used for experiments conducted in the induction furnace. A: induction furnace, B: graphite
clad refractory ceramic crucible, C: molten Al, D: gas lance, E: fume hood, F: thermocouple, G: rubber pipette
filler and H: quartz tube

Table 10: Different parameters used in trials. From left to right: Amount of aluminium used in each trail.
What material was submerged into the molten aluminium. How long this was held and at which temperature.
Injection of argon gas into the crucible. Which oven was used; here MF is Nabertherm muffle furnace and
IF75 is induction furnace. Which mechanism was used to miz. The last row is if a fume hood was used or
not.

Parameters of experiments
Al (g) | Material Time [h] | Temp. [C] | Ar [L/min] | Oven | Mixing | Fume hood

Trial 1 531.0 143.2 g Nd-Fe-B 0.6 770-645 0.1-0.5 MF Coil -

49.2 ¢ Nd-Fe-B
Trial 2 | 300.5 6 800 0.3 MF Rod -

& 75.2 g Nd

. 409,7 ¢ Nd-Fe-B*

Trail 3 300.3 2.2 900-1400 0.5 IF75 | - Yes

& 8.4 g Nd
Trial 4 | 300.0 NdsOs3 0.5 800-900* 0.4 MF Rod -
Trial 5.1 | 2046.0 | 5 PCBs <0.25 800 0.1-0.5 MF Coil Yes
Trial 5.2 | 2008.0 | 3 PCBs <0.25 800 0.1-0.5 MF - Yes
Trail 6 1221.0 | 6 Smartphones 0.5 800-950 0.5 IF75 - Yes
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5.4 Analysis

Scanning Electron Microscopy (SEM) (ultra 55 limited edition, LVFESEM, Zeiss) with an Energy-Dispersive
X-ray Spectroscopy (EDS) (Octane pro-a, EDAX, AMETEK) was used to study the microstructure, size
and shape of the intermetallic phases, as well as for securing the chemical characterization of the produced
samples. The highest resolution in the SEM was achieved by secondary electron (SE) images obtained at
ultra-high-resolution mode with 15 kV accelerating voltage. Light Optical Microscopy (LOM) (Axio AX10,
inverted light microscope, Zeiss) was used to give some indication to which areas of a sample that would be
interesting to investigate further. Images from SEM and have been used for segmentation by computer, to
tell at what level the different phases were present. EDS analysis was used to calculate the total contents of
certain samples.
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6 Result and Discussion

6.1 Processes

The first part of this thesis takes a closer look at processes for the recovery of REEs from WEEE. Some of
the processes described are already in use and some have the potential to see use in the future.

6.1.1 Mechanical Methods

Most existing recycling routes utilizes some level of manual disassembly, to remove hazardous parts. Manual
disassembly is a major cost element, but also a step that upgrades the value of the waste. Not much
information was found concerning REE recovery with mechanical methods. It could be that the price of
REESs are not yet at the point where, for example, manual dissasembly of NdFeB magnets is economically
viable. However REE prices has seen large fluctuations in both directions [7], so this could change in the
future. After disassembly, communition is used to easier separate the different fractions within the WEEE,
one example showed the loss of close to all REEs to the dust fraction [32]. Mechanical methods can certainly
separate different waste fractions, however, today there is no viable mechanical path to separate REEs from
WEEE. REEs mostly end up in the dust fraction after communition and no further mechanical methods
are used to separate REEs. The dust fraction can be called upconcentrated in the sense of REEs, as
the content is more concentrated in REEs, and therefore a preferred material in other steps of recycling
of REEs. Mechanical methods show almost a complete loss of REEs to the dust fraction, with that in
mind, communition should be avoided. However, there is done research on using water as a medium during
communition, this has shown a metal recovery of 97 % [36]. With concerns to REE recovery, methods like
this should be more widely researched to see if REEs could more efficiently be recovered. Close to every
example of WEEE recycling covered in literature utilized some form of communition or separation as a step
in the process. This creates dust, which leads to a considerable loss in concern to REEs, which is not taken
into the calculation of the recovery rate. All of the processes benefit from a more concentrated material,
and the dust created from communition could prove a good feed material for further processing. Dust has a
large surface-to-volume ratio, which in turn makes it an ideal material for all processes that aims to dissolve
metals in the dust fraction.

6.1.2 Pyrometallurgical Methods

Conventional pyrometallurgical methods used to treat WEEE does not focus on REE recovery. For the
most part REEs end up in low concentrations in the slag phase after pyrometallurgical processing. This
slag phase can be used as a filler in concrete, which makes the recovery of these REEs difficult. Potential
pyrometallurgical methods for REE recovery has been looked into, many of these methods are efficient, giving
a yield close to 100 %. Of these, most processes does not produce metallic REE, but rather as REOs. For
most uses of REE, it has to be converted from oxide to metallic, which is a highly energy intensive process
[132].

However, liquid metal extraction, using Mg to extract Nd from NdFeB magnets, is capable of producing
metallic Nd. The method has been reproduced several times and shows similar results [50], [59], [51].
The only material used in liquid metal extraction with Mg is NdFeB magnets. Having a waste stream of
only NdFeB magnets in the recycling of WEEE is hard to achieve, as there are no good mechanical way
to separate NdFeB magnets from the other components. The process is, on the other hand, a promising
recovery method for the discarded NdFeB magnets and scrap from factories. With a disassembly focused on
extracting magnets, this could be possible, however, this is not an economically viable option today.

6.1.3 Hydrometallurgical Methods

Hydrometallurgy sees use today in recovery of metals. Compared to pyrometallurgical methods, hydromet-
allurgy is a slow process, and can today not be a continuous process to treat WEEE.

The proportion between leaching reagent and WEEE scrap is connected to the leaching efficiency. This
makes the leaching reagent a big expense for a recovery plant, which utilizes leaching as the method to
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recover metal from WEEE. This could shift the focus from recovering all metals to only focusing on the
PMs. Making leaching a unsuited process for the entire WEEE recycling process.

6.1.4 Biohydrometallurgical Methods

Bioleaching is closely related to leaching, but the amount of chemical reagents used is lower as bacteria recycle
the chemical reactants. This makes bioleaching more economical viable than ordinary leaching, which uses
more leaching reagents. Bioleaching is generally slower than leaching, but if the incubation time for the
bacteria is included in the bioleaching process, the process would be much slower than leaching

Fungi and bacteria are living organisms, they are susceptible to toxic elements and changing conditions.
With the heterogeneity of WEEE in terms of composition this might prove problematic as elements toxic to
these organisms may be introduced. The time needed to implement the process is long [94], with varying
metal prices, this could be an economical risk.

6.1.5 Ionic Liquids and Chelation

Both ILs and chelation are relatively new methods, which are promising in regards to environmental friend-
liness and cost. ILs resembles hydrometallurgy, but without the use of acids, and the danger to the envi-
ronment acids introduce. Chelation requires acids to de-chelate the metal ions, so in that regard, chelation
is less preferred. As both of these methods aims to dissolve metals, they would require the same type of
pre-treatment as hydrometallurgy. Communition will increase the surface-to-volume ratio of the WEEE,
making the dissolution time shorter. Mechanical separation would be used to lower the need for reagents,
as the fractions unsuited for the process would be removed. ILs and chelation both possess the interesting
ability to be tailored to fit one metal or compound, to selectively leach it. This mean ILs and chelation could
be implemented in any stage of the recycling process, to isolate certain elements at the most efficient stage
of the process.

The future is likely to see more strict laws governing the emissions from the WEEE recycling industry,
if those laws prohibit certain processes used today, ILs and chelation might see more use.

However, more research is required to make ILs and chelation an option in WEEE recycling.

6.1.6 Recycling of WEEE with Liquid Aluminium

Recycling WEEE with liquid Al may prove useful in several areas. By submerging waste into liquid Al,
the organic fraction is removed, in addition to this, melting of the metals may improve the homogeneity.
This may aid recycling, as furnaces able to melt Al are more available than furnaces able to melt Cu. An
option could be a decentralized process step with molten Al, where the volume and heterogeneity of the
WEEE is lowered, making the transport to a more advanced central facility for further separation easier.
The toxicity of samples and gases created in these experiments has not been evaluated, and should be taken
into consideration as the health impact of combustion of PCBs is large. This could make it difficult to have
decentralized processing plants as it would require an advanced emission control.
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6.2 Phase Diagrams

Factsage has been used to model 5 phase diagrams of the Al-Nd-Fe-system. The phase diagrams are binary
with a constant mol% of Fe, temperatures ranging from 400 K to 1500 K and 0-20 mol% Nd, Figure 20-26.
The phase diagrams show the phases at equilibrium, but the time to reach equilibrium is not calculated,
so the samples from the different trials are not necessary at equilibrium. Gases and gaseous phases have
not been accounted for in the modelling, which can alter the phase diagrams. Trace elements in the NdFeB
magnets or their coating are not included in the phase diagrams.
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Figure 20: Phase diagram for the Al-Nd-Fe-system with the concentration of Nd ranging from 0-20 mol%
with a constant concentration of 5 mol% Fe, temperatures ranging from 400-1500 K.
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Figure 21: Phase diagram for the Al-Nd-Fe-system with the concentration of Nd ranging from 0-20 mol%
with a constant concentration of 10 mol% Fe, temperatures ranging from 400-1500 K.
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Figure 22: Phase diagram for the Al-Nd-Fe-system with the concentration of Nd ranging from 0-20 mol%
with a constant concentration of 15 mol% Fe, temperatures ranging from 400-1500 K.
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Figure 23: Phase diagram for the Al-Nd-Fe-system with the concentration of Nd ranging from 0-20 mol%
with a constant concentration of 20 mol% Fe, temperatures ranging from 400-1500 K.
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Figure 24: Phase diagram for the Al-Nd-Fe-system with the concentration of Nd ranging from 0-20 mol%
with a constant concentration of 25 mol% Fe, temperatures ranging from 400-1500 K.
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Figure 25: Phase diagram for the Al-Nd-Fe-system with the concentration of Nd ranging from 0-20 mol%
with a constant concentration of 30 mol% Fe, temperatures ranging from 400-1500 K.
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Figure 26: Phase diagram for the Al-Nd-Fe-system with the concentration of Nd ranging from 0-20 mol%
with a constant concentration of 35 mol% Fe, temperatures ranging from 400-1500 K.

There are some areas in the phase diagrams which violates the rules according to Okomoto et al. [117],
but as his rules are for binary two-component phase diagrams, the same rules can not be applied on binary
three-component phase diagrams. Still, it is advised to be skeptical to the phase diagrams in Figures 20-26.

The phase diagrams seem to change drastically with a 5 mol% increase of Fe. It looks like an increase in
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Fe concentration decreases the need for a high Nd concenctration to form Nd-rich phases. In Figure 20 the
phase with the highest Nd concentration, is the NdAls phase which forms when there is at least 17 mol%
Nd. This is a lot when comparing to the amount Nd found in a smart phone. Some of the Nd is lost to less
Nd-rich phases, NdFegAllo and ngAlll.

The phase diagram with 10 mol% Fe, Figure 21, shows that to achieve the same phases, NdAls,
NdFeyAlyg and NdsAlj1, the concentration of Nd does not need to be higher than 12.5 mol%, which is
a significant decrease comparing to the phase diagram with 5 mol% Fe, Figure 20. At 14 mol% Nd a new
phase is formed, the Laves_C15 structure. The Laves_C15 structure has a high concentration of Nd, as it
has a 2 to 1 ratio Al to Nd. Additional to the Laves_C15 structure, there are formed two phases containing
Nd. However, at a higher Nd concentration less of these phases are formed.

In the phase diagram with 15 mol% Fe, Figure 22, the Laves_C15 structure is formed when there is less
then 9 mol% Nd present. In addition to the Laves_C15 structure there is formed a phase containing Nd.

The phase diagram with 20 mol% Fe, Figure 23, the Laves_C15 structure is formed with 5 mol% Nd
present, and at 10 mol% Nd present there are no other phases containing Nd.

In the phase diagram with 25 mol% Fe, Figure 24, the Nd concentration required to form the Laves_C15
structure has decreased compared to previous phase diagrams. It is only required roughly 4 mol% Nd to
form the the Laves_C15 structure without any other phases containing Nd.

At 30 mol% Fe, Figure 25, the Laves_C15 structure is formed without any additional phases containing
Nd. This means all the Nd present in the system directly forms the Laves_C15 phase.

The increase to 35 mol% Fe has no effect on the formation of the Laves_C15, as shown in Figure 26.

There is, according the phase diagrams, not a concern if the melt has a high Fe concentration, as the
Fe seems to enable the formation of Nd-rich phases at low Nd concentration. It would rather seem that
the desired Fe concentration would be between 30-35 mol% Fe for the formation of Nd-rich phases and the
Laves_C15 structure.

To the authors’ knowledge no research has been done on how the Nd-Al Laves_C15 structure might be
leached, but according to Jin et al. [119], the Laves_C15 structure is a very stable intermetallic, which could
be of interest if the next step is to recover the Nd by leaching. It is therefore believed that it is possible to
up-concentrate Nd with Al as Nd-Al Laves_C15 and recover it.
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6.3 Trial 1: Dissolution of NdFeB Magnets

The goal for this trial was to see if the NdFeB magnets would dissolve in molten Al. If to calculate the
dissolution of NdFeB magnets, it would contain too many assumptions, as there was not enough information
available.

In the initial tests the magnets didn’t completely dissolve, but it made it possible to see the process of
magnets dissolving.

6.3.1 Sample 1.K

Figure 27 shows a magnet that is not dissolved. The light gray area in the picture is the magnet, the magnet’s
coating is the bright boundary around the magnet and the dark gray is the Al matrix.

The thickness of the Ni coating is between 8 pm and 12 pum. Figure 27 shows that the corner is affected
more than the rest of the magnet. In Figure 27, the Ni-coating is intact except for at one point, where the
Al is in contact with the NdFeB magnet beneath the Ni-coating. This may be caused by a defect in the
coating, which in turn can speed up the dissolution process of the NdFeB magnet.

IErm EHT =15.00kv  Signal A =SE2 Date :22 Mar 2019 E NTNU

WD =114 mm Mag= 49X Innovation and Creativity

Figure 27: The light gray area in the picture is the magnet, the magnet’s coating is the bright boundary
around the magnet and the dark gray is the Al matriz. The picture is taken at 49x magnification with SEM
SE.

The analysis has shown 3 different phases present in 1K, as seen in Figure 28, their composition is
presented in Table 11.
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Figure 28: Phases present in sample 1.K. The Fe-rich phase is the dark gray intermetallic, the matrix is the
darkest phase and the Nd-rich phase is the brightest.

Table 11: The composition of the 8 phases and intermetallics present in sample 1.K, Figure 28. All numbers
are in mol%. The EDS report is found in appendiz C.

Element | Fe-rich phase | Matrix | Nd-rich phase
Al 77.97 % 99.80 % 76.23 %
Pr 0.01 % 0.01 % 1.84 %
Nd 0.03 % 0.02 % 6.36 %
Fe 20.62 % 0.08 % 12.80 %
Ni 1.18 % 0.04 % 2.34 %
Cu 0.19 % 0.05 % 0.44 %

The phases and intermetallics seen in Figure 28 contain Nd, Fe and Pr, which is found on the inside
of the Ni-coating. This indicates that some of the NdFeB magnets have dissolved, creating intermetallics,
which have floated away due to stirring, created by the magnetic field from the electromagnetic coil. The
magnets in this trail was submerged for 0.6 hours and that is not enough time to fully dissolve the NdFeB

magnets at 800 °C when the magnet is coated with Ni.
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6.4 Trial 2: 5 mol% Iron

The goal for this trial was to see if the electromagnetic field of the coil would influence the particles in the
molten Al, making it possible to use electromagnetic separation to separate Nd-rich particles from the Al
matrix. It also aims to confirm the phase diagrams, indicating that increasing Fe concentration enables the
formation of the Laves_C15 structure. This trial will be compared to the trial using 35 mol% Fe.

6.4.1 Sample 2.1 and 2.2

The time after the last metallic Nd was added to the melt, to the melt started to solidify, was measured
to be 3 hours and 51 minutes. After the samples were cut into pieces it was discovered that the metallic
Nd had not completely dissolved, as shown by Figure 29. This made the Nd concentration lower than the
calculated 5 mol% Nd, while increasing the Fe concentration slightly.

Figure 29: A piece of metallic Nd not completely dissolved during the trial, close to the bottom of the sample.

Figure 30 shows the microstructure of sample 2.1, which was collected before the crucible was moved to
the electromagnetic coil. Figure 31 shows the microstructure of sample 2.2, which was collected 1.5 minutes
after the crucible was moved to the electromagnetic coil. The temperature of the melt when collecting sample
2.1 was 800 °C, while the temperature when collecting sample 2.2 was already down to 760 °C. According
to the phase diagram, Figure 20, this should not form any new or different phases. The same four phases
and intermetallics, with very similar compositions, are found in both samples. Table 12 and 13 shows the
composition of the phases.
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Figure 30: The microstructure of sample 2.1, taken at 800x magnification with SEM SE
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Figure 31: The microstructure of sample 2.2, taken at 800x magnification with SEM SE

Figure 32 shows where the different EDS, point and area, analysis were conducted, in sample 2.1. The
different phases mainly compose of Al, trace amounts of Pr, with varying content of Nd and Fe. The
composition is presented in table 12.
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Figure 32: Area used for the EDS analysis of sample 2.1. The figure shows where the different EDS, point
and area, analysis were conducted.

Table 12: The composition of the different phases found in sample 2.1. All numbers are in mol%. The
EDS report is found in appendix D.

Element | Spot 1 | Spot 2 | Spot 3 | Spot 4 | Spot 5 | Spot 6
Al 78.62 78.72 98.59 81.99 83.40 96.80
Pr 0.24 0.21 0.08 0.63 0.61 0.13
Nd 7.08 7.06 0.87 16.95 15.63 2.86

Fe 14.06 14.01 0.46 0.43 0.36 0.22

In sample 2.2 there are four phases and intermetallics as shown in Figure 33. The different phases mainly
composes of Al with trace of Pr, and the Nd and Fe concentration varies as shown in Table 13.
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Figure 33: Area used for the EDS analysis of sample 2.2. The figure shows where the different point and
area analysis were done.

Table 13: The composition of the different phases found in sample 2.2. All numbers are in mol%. The
EDS report is found in appendiz E.

Element | Area 1 | Area 2 | Spot 1 | Spot 2 | Spot 3
Al 79,25 78,34 87,04 79,42 79,08
Pr 0,77 0,33 0,32 0,81 0,84
Nd 19,77 7,36 4,58 19,44 19,86
Fe 0,20 13,96 8,06 0,33 0,21

Spot 1 and 2 in Figure 32, is the same phase as area 2 in figure 33. According to Table 12 and 13 the
compositions of the phase is similar in both samples. This phase is rich in Fe and according to the EDS
analysis Fe is mainly contained in this phase. The phase contains roughly 7 mol% Nd, but in sample 2.2,
the Nd concentration is slightly higher in this phase compared to sample 2.1. This is within the margin of
error, and is not believed to be an effect of the electromagnetic field of the coil.

EDS analysis of spot 3 in Figure 32, Table 12, shows a high Al concentration and the presence of the
other elements is low. This is the matrix. However, EDS analysis of the matrix, spot 3 Figure 33, should
show a similar composition, but it is showing the same composition as area 1 from Figure 33. This might
be an error caused by the resolution of the EDS analysis, as spot 3 shows the same composition as the
intermetallic in area 1, Figure 33.

Spot 4 and 5 in Figure 32 have roughly the same concentration, Table 12, as area 1 and spot 2, Table 13,
in Figure 33. In sample 2.1 the phase has a slightly higher Al concentration and a lower Nd concentration
than the same phase in sample 2.2. The difference in composition is within the margin of error, and is not
believed to be caused by the electromagnetic field of the coil.

EDS analysis of spot 6 in Figure 32 indicates that this phase has approximately the same composition
as the Al matrix, but with a higher concentration of Nd. The Nd concentration is believed to be higher and
the Al concentration is believed to be lower, as the physical dimension of the phase is small and the spot
analysis might include some of the Al matrix.

Spot 1 in Figure 33 has a lower concentration of Fe and Nd, but a higher concentration of Al, than the
phase surrounding it. The spot is brighter compared to the phase around it, but from the composition it
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should appear darker than heavier phases. The spot can appear brighter if the spot is elevated from the
rest of the sample, it is therefore believed that this spot is a part of the matrix which has detached from the

sample.

6.4.2 Sample 2K

The remaining melt was cooled and solidified inside the electromagnetic field of the coil. In the picture taken
of the solidified melt, Figure 34, a colour difference between the outer and inner areas of the dross can be
observed. Close to the edge, the dross has a darker gray colour, than in the center, where the dross is bright

gray.

Figure 34: Picture of the remaining melt, after cooling inside the electromagnetic field of the coil. The picture
is taken from above. The dross has a different colour closer to the edge than towards the center.

Sample 2.K was cut from the solidified piece and there were found four different phases. The composition
of the phases found in sample 2K are shown in Table 14. The Fe-rich phase is only observed within the
Fe-poor phase, as seen in the middle of Figure 37.

Table 14: The composition of the different phases found in sample 2K. All numbers are in mol%. The EDS
report is found in appendiz F.

Element | Nd-rich phase | Fe-rich phase | Fe-poor phase | Matrix
0] 11.35 10.70 12.79 8.64
Al 71.22 70.80 79.92 91.08
Pr 0.77 0.17 0.32 0.06
Nd 16.57 2.46 4.73 0.12
Fe 0.09 15.87 2.24 0.10

Figure 35 shows where the SEM pictures in Figures 36-39 of sample 2K were taken. There is a clear
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G

Figure 35: An overview of where the pictures in Figure 36-39 were taken on sample 2K. The picture in
Figure 36 was taken in area A, Figure 87 was taken in area B, Figure 38 was taken in area C and Figure
39 was taken in area D. Line E represents the dross, line F is close to the center of the solidified melt and
line G is where the sample was in contact with the crucible.

variation in the amount of different phases present in Figures 36-39.

Figure 36 shows the microstructure of sample 2K, close to the dross. There are some Fe-poor and Nd-rich
phases, but mostly Al-rich matrix.

Figure 37 displays the microstructure of sample 2K in the middle of the sample. The amount of phases
present in area B is higher than in area A, which is closer to the top of the sample. Figure 38 displays the
microstructure of sample 2K in area C, close to the bottom of the sample. The amount of phases present
here is higher than in area A and B. It seems that there is an increase in Fe-rich and Fe-poor phases.

Figure 39 shows the microstructure of sample 2K in area D, close to were the melt was in contact with
the crucible. The amount of phases is higher than in A and B, and is roughly the same as area C.
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100 pm EHT =15.00kV  Signal A = SE2 Date 7 May 2019 E NTNU
—

WD =10.9 mm Mag= 100X Innovation and Creativity

Figure 36: SEM, SE image of sample 2K in area A, close to the top of the sample. 100x magnification

100 pm EHT =15.00kV  Signal A = SE2 Date 7 May 2019 E NTNU
—

WD = 9.7 mm Mag= 100X Innovation and Creativity

Figure 37: SEM, SE image of sample 2K in area B, close to the middle of the sample. 100x magnification
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100 pm EHT =15.00kV  Signal A = SE2 Date 7 May 2019 @ NTNU
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WD =12.3 mm Mag= 100X Innovation and Creativity

Figure 38: SEM, SE image of sample 2K in area C, close to the bottom of the sample. 100x magnification

100 pm EHT =15.00kV  Signal A = SE2 Date 7 May 2019 @ NTNU
—

WD = 9.9 mm Mag= 100X Innovation and Creativity

Figure 39: SEM, SE image of sample 2K in area D, close to the crucible wall of the sample. 100z magnifi-
cation

The amount of phases is higher close to the edge of the sample. If the amount of phases was related to
the cooling of the sample, there should be a difference in the amount of phases present in areas A and B
from Figure 35. The amount of phases present in area A would be more similar to area C and D. There are
some possibilities to why this happens:

Gravitational forces may be the cause of the higher amount of Fe-rich and Fe-poor phases close to the
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bottom and edge. The Fe-poor and Fe-rich phases settle at the bottom of the crucible and the induced
Lorentz forces may not be strong enough to stir the melt homogeneous.

The phase formation could be affected by the crucible wall, making the formation of the Fe-rich and
Fe-poor phases easier in that area.

Magnetic separation could be a possible explanation. The Fe-rich and Fe-poor phase may have a lower
conductivity than the rest of the melt, resulting in a magnetic separation of the melt. The microstructure
in sample 2.1 and 2.2 is similar to the microstructure found in the middle of sample 2K. Figure 30 and 31
are at a different magnification and may not representable for the sampled area.

Because of this, a conclusion about the effect the electromagnetic field of the coil has on the melt can
not be drawn.
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6.5 Trial 3: 35 mol% Iron

This trial aims to confirm the phase diagrams, Figures 20-26, indicating that increasing Fe concentration
enables the formation of the Laves_C15 structure at a low concentration of Nd. The comparison of trial 2:
5 mol% Fe and trial 3: 35 mol% Fe, will be done and discussed in this section.

In this trial the IF75 was used, because the muffle furnaces can not reach the required temperature of
>1000 °C, to keep the metal liquid when the concentration of Fe is significantly increased. According to the
phase diagram, Figure 26, the required temperature should not be higher than approximately 1150 °C. In
this trial the temperature had to be increased to more than 1400 °C to keep it molten. The mushy zone
extended from below 1000 °C up to 1400 °C. The phase diagram does not include all the trace elements,
and the NdFeB magnets bought from Clas Ohlson can have a different composition when comparing to the
earlier used NdFeB magnets, supplied by Supermagnete. It is possible that the trace elements can increase
the melting temperature and form additional phases. Another explanation can be found from the equilibrium
requirements of the calculated phase diagrams. If the melt is not at equilibrium, the melting temperature
can be higher. It is also considered possible that there are unknown formations of intermetallic phases with
high melting temperatures.

6.5.1 Sample 3.1 and 3.2

Sample 3.1 was collected when the temperature of the melt was approximately 1350 °C, 10 minutes prior
from when sample 3.2 was collected and the metal was cast. The metal was cast into a copper mold. Sample
3.1 and 3.2 were taken at different times, but the microstructure is the same for both samples, as shown
by Figure 40 and 41. There were no signs of NdFeB magnets or metallic Nd when the cast was cut into
pieces. Its therefore believed that the Nd and the NdFeB magnets were fully dissolved in the Al and that
the concentration of Fe and Nd reached respectively 35 mol% and 5 mol%.

20 um EHT =10.00kV  Signal A=SE2 Date :29 Apr 2019 E NTNU
—

WD =10.3 mm Mag= 800X Innovation and Creativity

Figure 40: SEM, SE image of sample 3.1. 800z magnification.
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Figure 41: SEM, SE image of sample 3.2. 800x magnification.

Four different phases and intermetallic phases were found in sample 3.1 and 3.2, as well as some particles.
The Nd-rich phase is the brightest phase, the Fe-rich phase is the larger grey phase, the matrix is the dark
grey area and the rest is the script phase, small white lines within the matrix. All four phases are visible
in Figure 40 and41. The composition of the four phases found in sample 3.1 are given in Table 15 and the
composition of sample 3.2 are given in Table 16.

Table 15: The composition of the different phases found in sample 3.1. All numbers are in mol%. The EDS
report is found in appendiz G.

Element | Nd-rich phase | Fe-rich phase | Matrix | Script phase
(@) 2,01 - - -
Al 59,45 66,48 71,17 68,75
Pr 5,53 1,46 - 0,16
Nd 16,77 5,49 - 0,55
Fe 16,24 26,57 28,83 30,54

The concentration of Nd, Fe and Pr in the script phase, observed in sample 3.1 and 3.2 are expected to
have a deviation from the actual concentration, shown in table 15 and 16, because of the size of the phase.
The measured EDS spot utilizes an area larger than the script phases and probably that the EDS scan also
measure some of the matrix surrounding the script phase, hereby increasing the Al concentration.

Table 16: The composition of the different phases found in sample 3.2. All numbers are in mol%. The EDS
report is found in appendiz H.

Element | Nd-rich phase | Fe-rich phase | Matrix | Script phase
Al 57,46 65,25 70,86 68,91
Pr 5,30 1,54 - 0,90
Nd 15,63 5,92 - 2,13
Fe 21,61 27,30 29,14 28,07
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6.5.2 Sample 3.3

Sample 3.3 is the dross removed before sample 3.1 and 3.2 were collected. Figure 42 shows that the size of
the intermetallics and phases found in sample 3.1 and 3.2 are larger close to the dross layer.

et L Sl
100 pm EHT =15.00kV  Signal A = SE2 Date 7 May 2019 @ NTNU

WD =10.2 mm Mag= 84X Innovation and Creativity

Figure 42: SEM, SE image of sample 3.3 close to the dross layer. 84x magnification.

Three different phases were found in sample 3.3, a Nd-rich phase, a Fe-rich phase and the matrix. Their
composition is given in table 17. The Nd-rich phase is the only phase containing B. The concentration of B
is high in this area of the the melt and it is possible that B is accumulating close to the dross layer.

Table 17: The composition of the different phases found in sample 3.3. All numbers are in mol%. The EDS
report is found in appendiz I.

Element | Nd-rich phase | Fe-rich phase | Matrix
B 85,44 - -
(@) 4,73 9,41 6,67
Al 2,22 62,49 71,90
Pr 1,56 1,07 -
Nd 4,65 4,89 -
Fe 1,41 22,14 21,44

6.5.3 3K

Sample 3K is a sample of the cast metal, cooled at room temperature. Sample 3K is very brittle and there
are cracks and holes, which were filed with epoxy during sample preparation, as shown in Figure 43. The
epoxy appears dark and shiny as the epoxy does not conduct current and therefore gets charged by the

electron beam of the SEM.
There is a bright phase which mainly consists of O, Al, Nd and Pr, as shown in Table 18. The bright phase

is mainly oxides which do not conduct electricity, explaining the charging of the phase. The composition
of the bright phase is different from the composition of the dross layer in sample 3.3, and any other phases

close to the slag phase.
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Figure 43: SEM SE image of sample 3K at 37z magnification. The dark and shine areas are holes filled with
epoxy. The bright phase in the middle of the picture is a O-, Nd- and Pr-rich phase.

Table 18: The composition of the different phases found in sample 3.3. All numbers are in mol%. The EDS
report is found in appendiz J.

Element | Oxide phase | Matrix | Fe phase
(0] 58,18 - -
Al 23,18 70,82 65,59
Pr 3,96 - 1,41
Nd 14,33 - 5,84
Fe 0,35 29,18 27,16

There is the possibility that it could be an already existing phase that has oxidized, but if the oxygen
is excluded from the composition, Table 19, the phases has not the composition of the other phases found
in trial 3. The phase has a high concentration of Nd and Pr, which are up-concentrated as oxides, together
with oxidized Al

Table 19: The composition of the oxide phase, when oxygen is excluded from the EDS analysis.

Elements | mol%
Al 55.41
Pr 9.48
Nd 34.26
Fe 0.85

6.5.4 Comparison of trial 2: 5 mol% Fe and trial 3: 35 mol% Fe

There was found no trace of the Laves_C15 structure, in either trial 2 or 3. This could be due to that the
required time to reach equilibrium was not met, not giving the Laves_C15 structure enough time at elevated
temperatures to form.
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The main difference in the composition of the phases found in sample 2.1 and 2.2 from the phases found
in 3.1 is the Fe content of the phases, and the presence of O. It seems that the samples collected at higher
temperatures have oxidized more, which is to be expected. The Nd-rich phase in 2.1 has a Fe Concentration of
0.43 mol%, but in sample 3.1 the Fe concentration of the Nd-rich phase is 16.24 mol%. The Nd concentration
in sample 2.1 and 3.1 is 16.95 mol% and 16.77 mol% respectively. This can be explained by the much higher
Fe concentration in trial 3. The phase with the highest Nd concentration was found in sample 2.2, with a
concentration of 19.86 mol%

In sample 3K, a Nd-rich oxide phase was found. This phase is not found in sample 2.1, 2.2, 2K, 3.1, 3.2
or 3.3, only in sample 3K. If the oxygen is excluded from the composition, the phase does not match any of
the other phases found in sample 2.1, 2.2, 2K, 3.1, 3.2 or 3.3.
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6.6 Trial 4: Dissolution of Neodymium Oxide

The goal for this trial was to see if the Ndy0O3 would dissolve in the molten Al and if there was a possibility
to substitute the magnets with the oxide powder.

The Nd2O3 packages did not submerge in the melt, and when they were pressed down into the melt they
burst open. The Nd2O3 floating on the top did not seem to react with the Al at 800 °C. The temperature
was then raised to 1000 °C, which did not cause any reaction. This could mean that Nd can not be recovered
when it oxidizes by use of an Al bath. This makes it especially important to use a protective gas and to make
sure that the added Nd is fully submerged before the Nd can oxidize. Nd-magnets are coated and there are
added dopants to reduce the oxidation [17], meaning that oxidation is a problem with the magnets. If the
magnets are broken or the coating is damaged there is a risk that some amount of the Nd in the magnets
have been oxidized. The amount Nd that has oxidized could be considered as small, but oxidation will still
impact the recovery rate of Nd negatively. If the Nd is recovered as Nd>Os, energy intensive processes are
required to produce metallic Nd.

The magnets used in previous trials were coated with Zn or Ni. When trying to dissolve the magnets,
the Ni coating was protecting the magnets which slowed down the dissolution process. Magnets used with
7Zn was not used in low temperature trials, but Zn has a low melting point and should not be as difficult to
dissolve in Al at 800 °C. NdFeB magnets have a high melting point and are mechanically hard alloys which
are not easily dissolved in Al.

The magnets was pre-treated at 350 °C to demagnetize them. According to Kyriakopous et al. [6] a piece
of Al oxide blocked the dissolution process. If Ni oxide has the same effect on the dissolution process as Al
oxide, the pre-treatment of the magnets could have increased the dissolution time significantly. As shown
in Figure 44 there is some oxygen present around the Ni coating which indicates that the Ni coating has
oxidized.
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Figure 44: EDS line scan of a NdFeB magnet which has not dissolved in the Al. On the right is the magnet
and on the left is the Al matriz. The border in between the magnet and the Al is the Ni coating. The area
around the coating contains oxygen which indicates that the Ni has oxidized.

Either way, the Ni coating has some big disadvantages if Nd-magnets are recycled with molten Al, and
if there are no big drawbacks by coating the Nd-magnets with Zn this should be done instead, as the Ni
coating increase the dissolution time. An increase in dissolution time would increase the amount of energy
the process need and in turn would give this process a higher COs footprint.
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6.7 Trial 5: Printed Circuit Boards

One of the main components in WEEE are the PCBs. Seeing how they behave when they are submerged
in molten Al is critical for further testing with PCBs. It is also to see if the electromagnetic field of the coil
had any effect on the submerging of PCB.

6.7.1 Trials with and without a Fume Hood

Two different trials were done with the submerging of PCBs in molten Al. One trial was with a fume hood
in a protective atmosphere and the melt was in the electromagnetic field of the coil. The other trial was
conducted without the fume hood, Ar and the electromagnetic field. The only difference between the trials
was the amount of PCBs added. In the trial without the fume hood, the temperature fell quicker and the
melt solidified before all of the PCB pieces could be added.

In both trials the PCBs were incinerated the instance they came in contact with the molten Al. The
oxygen concentration was high enough to allow the PCBs to incinerate and the surface tension of the Al
made the PCBs float on top of the melt. When pushed down in the melt, the PCBs floated back to the top
and started burning again. There was observed no difference in the behavior of the PCBs with or without
the electromagnetic field of the coil.

6.7.2 Submerging of Printed Circuit Boards

The amount of metal dissolved in the melt, compared to the amount of metal oxidized is not known, but
it is believed that the oxidation of metal is a major problem. To reduce the amount of metal oxidized the
PCBs should be submerged in the Al as quickly as possible, making the contact time with oxygen as short as
possible. One of the difficulties found with submerging the PCBs in addition to the high the surface tension,
was the generation of a thick oxide layer after the first PCBs were added. The oxide layer can come from
the oxidation of metals, but it can also come from the pre-existing oxides found in the PCBs. About 30 % of
the PCB is ceramics [9]. Either way, the thick oxide layer may be of some concern if there are to be added
a lot of PCB into a small amount of Al, or if the surface of the crucible is small, compared to amount of
PCB added. Another problem encountered when submerging the PCBs was that the glass fiber, found in
some types of PCBs, accumulated beneath the oxide layer. This made it even more difficult to submerge
the PCBs. Figure 45 and 46 shows the fiberglass found in the crucible. The Al has done limited damage to
the glass fibers.
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Figure 45: Sample of glass fiber taken from the top of the crucible. The glass fiber is unharmed and there is
little Al stuck to the glass fiber. The picture is taken with light microscope with 5z zoom.

Figure 46: Removed PCB from the second trial. The glass fiber is unharmed and there is little Al stuck to
the glass fiber. The picture is taken with light microscope with 10x zoom.

6.7.3 Dissolution of Metals

At 700 °C, the glass fibers do not dissolve or break down, but stay intact. The Cu found between the
fiberglass is then protected from the Al, making the dissolution of the Cu difficult if the PCB pieces are too
large. In Figure 47 there is visible Cu trapped in between the fiberglass layers.
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Figure 47: Cross section of a solidified sample with a PCB trapped in the Al. There is visible Cu between
the fiberglass layers that has not dissolved because of the glass fibers.

Most of the ECs has detached from the PCB or dissolved into the Al. Figure 48 shows a EC which has
not detached or dissolved. The Al has been able to penetrate the EC, but not fully dissolved the EC. There
is as well traces of organic materials trapped in the EC.

Figure 48: Cross section of a solid sample containing a EC still connected to the PCB. There are traces of
organic residue inside the EC.

The melt was not held at high temperatures for a long time, giving only the metals with a lower melting
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point then 700 °C time to dissolve. Metals with a higher temperature would need longer time to dissolve as
the dissolution is governed by diffusion.

This paper doesn’t go into the priming of Al or the reduction in the surface tension when it’s affected by
a magnetic field, but the 35 mT magnetic field generated by the coil in this trial is not sufficient enough to
reduce the surface tension to such extent that the PCB sinks in the molten Al.
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6.8 Trial 6: Smartphones

The goal of this trial was to see how smartphones behaved when they were submerged into molten Al, and
to see if any phases contained a relatively high Nd concentration.

When the phones were submerged into the molten Al at 950 °C, the phones started to burn in a combustion
reaction. When the fume hood was placed on the crucible, and Ar was used as a cover gas, there was no
oxygen and the combustion reaction was replaced by pyrolysis decomposing of the organic material.

Some parts of the smartphones were stuck to the zirconia ceramic filter, Figure 49. It is mostly covers,
screens and PCB remains, such as glass fiber, that are stuck to the zirconia ceramic filter. Most of the EC,
organic material and metals are gone. This can explain why there are no glass fibers found in the samples,
as was a problem in trial 5.

—

Figure 49: The zirconia ceramic filter with remains of the smartphone and Al.

In sample 6.K, Nd was found in a needle shaped phase, measuring ~ 10um by ~ 0, 5um, as seen in Figure
50. EDS analysis of the phase shows that 95% of the phase composes of C, O, Bromine (Br) and Al, Table
20. The amount of Br in the phase is highly questionable as the EDS peak of Al and Br overlap each other.
This means that the amount of Al could be higher than what is presented in Table 20. The phase contains
2.40 mol% Nd and 0.69 mol% Pr, which is a high concentration compared to the amount of Nd and Pr found
in smartphones. The relatively high concentration of Nd and Pr present in the needle shaped phase, show
that it is possible to up-concentrate Nd and Pr in molten Al, without any pre-treatment of the smartphones.
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Figure 50: SEM picture showing needle shaped phases highlighted in red

Table 20: Composition of the needle shaped phase. The EDS report is found in appendiz K.

Element | mol%
C 29.33
O 26.07
Br 19.60
Al 20.03
Si 6.47
Sn 1.32
Pr 0.69
Nd 2.40
Ni 2.40
Cu 4.61
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7 Conclusion

According to the phase diagrams, Fe works as a catalyst for the formation of the Laves_C15 structure at
low Nd concentrations. This is could not be confirmed by these trials, as there were found no Laves_C15
structure when the Fe concentration was increased.

It is possible to up-concentrate 5 mol% Nd into a phase with a concentration of 19.86 mol% Nd with
liquid Al. A phase has also been found containing a high concentration of Nd and Pr oxides with low Fe
concentration.

In the phase close to the dross is the only place B has been found.

A conclusion can not be drawn that the 35 mT electromagnetic field from the coil had any effect on the
melt. There is a higher concentration of Fe-rich phases along the crucible wall, but it can not ensured that
the concentration difference is caused by the electromagnetic field.

The 35 mT electromagnetic field is not strong enough to decrease the surface tension of Al sufficiently to
submerge PCBs. This leads to oxidation of the PCBs when attempting to submerge PCBs into liquid Al.

The glass fiber found in some PCBs, can pose a problem to this method as the glass fiber accumulates
on top of the melt, making the submerging of additional PCBs difficult.

The processes used for recycling of WEEE is today not suited for the recycling of REEs, as their primary
focus is to extract PM and Cu. High REE concentrated fractions are treated as waste instead of a resource.
The focus on REE recovery must increase.
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8 Future Work

Many different adaptions and tests have been left for future work due to lack of time. If the author’s had
more time they would focus on these points.

It could be interesting and necessary to calculate the dissolution time of the NdFeB magnets in liquid
Al. To look at the dissolution of the magnets coated with Ni and Zinc, and compare the two coatings to
examine if the coating has a substantial impact on the dissolution time.

Calculating the time the system would need to reach equilibrium. This could confirm if the formation of
Laves_C15 structure is a viable alternative for up-concentrating Nd, and other REEs, in molten Al. If the
time to reach equilibrium is a viable option, conduct the trials with varying Fe concentration to see if it is
possible to form the Laves_C15 structure at low Nd concentration.

As all REEs will form the Laves_C15 structure with Al it could be interesting to look at the effect different
acids used in leaching has on the crystal. If the crystals are stable in acids it could be the way to separate
the REEs from the matrix.

As it was not possible to confirm or deny the effect the electromagnetic field from the coil had on the
melt, it would be necessary to recreate trial 2: 5 mol% Fe. Let the Al cool without the electromagnetic field
from the coil to see if the amount of Fe-rich phases is higher along the crucible wall compared to the center
of the sample.

It would be interesting to use a stronger electromagnetic field when submerging PCBs into liquid Al, to
see if a stronger field can affect the surface tension.

As the next step in trying to develop a process utilizing liquid Al, it would be beneficial to see if it is

possible to recycle materials which is more abundant and expensive in the PCB, like Cu and the PMs. If
molten Al can not be used to recycle Cu and PMs it can not be the main process for recycling.
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Using electromagnetic coil Robert insulation superviser Take it slow, no need to rush
protective glasses, Helmet,
safety trousers,
9 safety jacket,
safety shoes, gloves, shoe
Eskil covers, using a steinless steel
Puting printed circuit boards into molten|Eystein lid on the crucible that is Done under supervision
aluminium Robert connected to the fume hood |of superviser. Available gas masks with filters
10 protective glasses, Helmet, HSE round before use,
safety trousers, Allways one person
Eskil safety jacket, watchin water
Eystein safety shoes, gloves, shoe temperature and water
Using the IF75 Robert covers, preasure Done under supervison by supervisor

IT
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11

Adding iron and Nd magnets to molten
aluminium in the IF75. Temperatures
up to 1673 K.

Eskil
Eystein
Robert

protective glasses, Helmet,
safety trousers,

safety jacket,

safety shoes, gloves, shoe
covers, using a steinless steel
lid on the crucible that's
conectet to the fume extractor

HSE round before use,
Allways one person
watching water
temperature and water
pressure

Done under Supervison by superviser,
all material is added with tongs

12

Adding phones to molten aluminium in
the IF75. Temperatures up to 1673K

Eskil
Eystein
Robert

protective glasses, Helmet,
safety trousers,

safety jacket,

safety shoes, gloves, shoe
covers, using a steinless steel
lid on the crucible that is
connected to the fume
extractor, phones taped to a
Zirconia ceramic filter to
prevent aluminium to splash
outside of the crucible and
allow gases to pass through

Done under Supervison by supervisor

13

Casting Aluminium alloy at 1673 K

Eskil
Eystein
Robert

protective glasses, Helmet,
safety trousers,

safety jacket,

safety shoes, gloves, shoe,
aluminium covers

Done under Supervison by supervisor.
Cleaning the space before casting.

14

Quenching samples in water

Eskil
Eystein

protective glasses, Helmet,
safety trousers,

safety jacket,

safety shoes, gloves, shoe,
aluminium covers

Cup of water is placed inside a casting
mould to prevent fire and leakage.

I11
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NTNU

HMS /KS

Risk assessment

Prepared by |Nummer Date

HSE section |HMSRV2603 ]04.02.2011

Approved by |Page Replaces ‘
The Rector 09.02.2010

Unit: (Institute)
Line manager:
Participants in the identification process (incl. function)
(supervisor, student, co-supervisor, others)
Risk assessment of:

Date:

Bachelor project for student Eystein Vada & Eskil Christensen. Project title

. . . Students
Signatures: Responsible supervisor: )
Likeli- 7
. .. |Potential hood: Consequence: Risk Comments/status
Activity from the identification ; - - value
ID nr. rocess form undesirable Human Enviromen | Economy/ ) Suggested
p incident/strain (1-5) (AE) t material measures
(A-E) (A-E)

1
Cuting Aluminium and samples Cut, bruise 1 A A A Al

2 Melting of Aluminium and adding Burns, splashing of
material in the melt aluminium 1 B A A B1

3 Burns, splashing of
Taking samples with quartz glass tube |aluminium 2 A A A A2

4 Burns, splashing of
Casting of aluminium below 1000 K aluminium 2 A A A A2

5 Contact with dangerous
Molding the samples with epoxy substances 1 A A A Al

6
poleshing the samples Bruises 2 A A A A2

v
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Done in pars, looking
7 after one aother, Bether
Using electromagnetic coil Electric shock B3 electric isolated.
8 Burns, splashing of
Transporting crucible with molten metal [aluminium A3
9 Puting printed circuit cards into molten |Burns, splashing of
aluminium aluminium, explosions A3
10 It has an automatic
Using IF75 Explosions B1 shutdown
Adding iron and Nd magnets to molten
11 aluminium in the IF75. Temperatures  Burns, splashing of
up to 1673 K. aluminium B2
Two "lids", closed system
with the steel lid on top.
12 To reduce the
Burns, splashing og consequence gas mask
Adding phones to molten aluminium in |aluminium explosions, should be available to
the IF75. Temperatures up to 1673K toxic gas B4 everyone
Full protective gir is used,
13 Burns, splashing of but more experience
Casting Aluminium alloy at 1673 K aluminium c2 would help
Cuts, burns, splashing of
14 aluminium, splintering of Very small amounts, full
Quenching samples in water quartz glass B2 protective gear is used




B NDFEB MAGNETS COMPOSITION

27\ Less Common Metals - a subsidiary of
F (TR

L c v Great Western

\Z/ 4 MINERALS GROUP

Certificate of Confermance

Customer: Dept of Materials Science & Engineering NTNU
Order: E-mail dated 12/02/2014
LCM Job/Batch No. J7283 !/ FP9290
Description: NdFeB Alloy broken lump
SPECIFICATION RESULTS
Method
Neodymium Neodymium 28.03% ICP-OES
Praseodymium Praseodymium 0.04% ICP-OES
Boron Boron 1.08% ICP-OES
Gallium Gallium 0.28% ICP-OES
Aluminium : Aluminium 0.08% ICP-OES
Niobium Niobium 0.29% ICP-0OES
Iron Iron Balance
Impurities:
Cobalt < 0.002% ICP-CES
Chromium 0.005% ICP-OES
Copper 0.010% ICP-OES
Magnesium < 0.001% ICP-QES
Manganese 0.032% ICP-OES
Silicon 0.030% ICP-OES
Carbon 0.017% FUSION GAS ANALYSIS
Oxygen 0.015% FUSION GAS ANALYSIS
Nitrogen < 0.001% FUSION GAS ANALYSIS

Comments:

Certified that the materials described abave comply with the requirements of the stated order:

Signed: — : Date: 0804 lo 124

VI



C EDS REPORT SAMPLE 2.1

EDAX TEAM Pagel
Author: student
Creation: 03/22/2019 9:39:03 AM
Sample Name: Test 2
Area 9

)

-

Notes:

VII



C EDS REPORT SAMPLE 2.1

EDAX TEAM Fage2
EDS Spot 1
kv: 15 Mag:585 Takeoff: 30.7 Live Time(s): 17.6 Amp Time(us):1.92  Resolution:(eV)127.3
EDS Spot 1-Det 1
Al
117K
104K
91K
78K
65K
52K
39K Pe
Fe
Cu
26K Ni
13K Nd Fe
PrNd e Ni Cu
%00 1.00 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00
Lsec: 17.6 2.473K Cnts 1.190 keV Det: Octane Pro A
eZAF Smart Quant Results
Element Weight % Atomic % Net Int. Error % Kratio z A F
AK 55.99 80.17 53755.50 5.80 0.3510 1.1159 0.5611 1.0014
NdL 19.31 517 2982.42 3.58 0.1514 0.7494 1.0396 1.0065
NiK 2.75 1.81 491.43 9.14 0.0261 0.9681 0.9607 1.0215

VIII



C EDS REPORT SAMPLE 2.1

EDAX TEAM Fage3
EDS Spot 2
kv: 15 Mag:585 Takeoff: 30.7 Live Time(s): 17.6 Amp Time(us):1.92  Resolution:(eV)127.3
EDS Spot 2 - Det 1
130K Al
117K
104K
91K|
78K|
65K|
52K
30K Pr
Fe Cu
26K| Ni
13K| Nd PrNd Fe Ni ci
05.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Lsec:17.6 2.488K Cnts 1.190 keV Det: Octane Pro A

eZAF Smart Quant Results

Element Weight % Atomic % Net Int. Error % Kratio z A F
AK 57.99 81.34 55856.78 5.66 0.3703 1.1095 0.5748 1.0014
NdL 18.27 4.79 2762.81 3.77 0.1424 0.7444 1.0402 1.0065
NiK 2.88 1.85 503.62 8.88 0.0272 0.9612 0.9628 1.0221




C EDS REPORT SAMPLE 2.1

EDAX TEAM Fages
EDS Spot 3
kv: 15 Mag:585 Takeoff: 30.7 Live Time(s): 17.2 Amp Time(us):1.92  Resolution:(eV)127.3
EDS Spot 3-Det 1
Al

144K

128K

112K

96K|

80K

64K

48K] Fe

32K Prey

Ni
16K Nd PrNd K Ni Cu
%00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Lsec:17.2 1.650K Cnts 1.190 keV Det: Octane Pro A

eZAF Smart Quant Results

Element Weight % Atomic % Net Int. Error % Kratio z A F
AK 62.94 77.97 69822.90 458 0.4524 1.0542 0.6813 1.0007
NdL 0.13 0.03 19.45 58.86 0.0010 0.7017 1.0524 1.0226

NiK 2,07 118 353.20 10.70 0.0186 0.9024 0.9744 1.0238




C EDS REPORT SAMPLE 2.1

Page5
EDAX TEAM e
EDS Spot 4
kv: 15 Mag:585 Takeoff: 30.7 Live Time(s): 13.1 Amp Time(us):1.92  Resolution:(eV)127.3

EDS Spot 4 - Det 1

270K]| Al
243K
216K|
189K
162K
135K

108K

81K

54K| Fe Cu
Ni
Pr Nd PrNd Fe Ni Cu

-

%00 1.00 200 3.00 400 5.00 6.00 7.00 800 9.00

27K

Lsec:13.1 1.863K Cnts 1.190 keV Det: Octane Pro A

eZAF Smart Quant Results

Element Weight % Atomic % Net Int. Error % Kratio z A F
AK 99.47 99.80 159396.80 1.44 0.9882 1.0010 0.9924 1.0000
NdL 0.13 0.02 18.21 64.24 0.0009 0.6616 1.0491 0.9988
NiK 0.09 0.04 16.27 70.63 0.0008 0.8482 1.0005 1.1084

XI



C EDS REPORT SAMPLE 2.1

EDAX TEAM Fageo
EDS Spot 5
kv: 15 Mag:585 Takeoff: 30.7 Live Time(s): 17.6 Amp Time(us):1.92  Resolution:(eV)127.3
EDS Spot 5-Det 1
Al
99K
88K
77K
66K|
55K]|
4K Pr
33K Fe Cu
22K] Ni
Nd Nd Fe
11K]| Pr Ni -
0&00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Lsec:17.6 2.628K Cnts 1.190 keV Det: Octane Pro A

eZAF Smart Quant Results

Element Weight % Atomic % Net Int. Error % Kratio z A F
AK 50.01 76.23 46226.71 6.18 0.2975 1.1343 0.5236 1.0016
NdL 22.30 6.36 3556.37 3.38 0.1780 0.7636 1.0380 1.0066
NiK 3.33 2.34 611.67 7.71 0.0321 0.9879 0.9550 1.0196

XI1



D EDS REPORT SAMPLE 2.2

EDAX TEAM Pagel
| e
Author: guest
Creation: 04/15/2019 7:56:30 PM
Sample Name: 6
Area 1

EDS Spot 3

Ee - G

Notes:

XIIT



D EDS REPORT SAMPLE 2.2

P 2
EDAX TEAM aoe
EDS Spot 1
kv: 20 Mag: 1971 Takeoff: 28.2 Live Time(s): 28.1 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 1 -Det1

17.0K Al
15.3K
13.6K
119K

10.2K|

Nd

34K Pr Nd
Fe Nd Nd F

17K Pr N

[ PrprNd Fe

0% 13 26 39 52 65 78 91 104 117 130

Lsec: 28.1 156 Cnts 6.660 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 53.55 78.62 4429.84 7.27 0.2383 1.1109 0.4000 1.0016
NdL 25.78 7.08 712.56 3.81 0.2167 0.7857 1.0625 1.0069

XIvV



D EDS REPORT SAMPLE 2.2

P 3
EDAX TEAM aoe
EDS Spot 2
kv: 20 Mag: 1971 Takeoff: 28.2 Live Time(s): 28.1 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 2 - Det 1

17.0K
153K
13.6K
11.9K

10.2K

5.1K] Nd

Pr
Fe Nd Nd Nd o Fe

17K Pr N pd  PreiNd Fe

0% 13 26 39 52 65 78 91 104 117 130

Lsec: 28.1 153 Cnts 6.660 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 53.71 78.72 4444.96 7.25 0.2396 1.1104 0.4011 1.0016
NdL 25.76 7.06 710.35 3.82 0.2164 0.7853 1.0626 1.0069

XV



D EDS REPORT SAMPLE 2.2

EDAX TEAM

Page 4

EDS Spot 3

kv: 20 Mag: 1971 Takeoff: 28.2 Live Time(s): 27.4 Amp Time(us): 1.92 Resolution:(eV) 127.3
EDS Spot 3 - Det 1
Al
53.1K
47.2K
413K
35.4K
295K
236K
17.7K
11.8K Nd
sok Nd Pr PrNd
Fe Pr N Nd PrPrNd Fe Fe
005 13 26 39 S2 65 7.8 91 104 117 130
Lsec:27.4  55Cnts  6.660keV  Det: Octane Pro A
€ZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
AIK 94.25 98.59 15890.21 2.58 0.8152 1.0147 0.8521 1.0003
NdL 4.44 0.87 116.73 11.39 0.0339 0.7095 1.0742 0.9994

XVI



D EDS REPORT SAMPLE 2.2

P 5
EDAX TEAM aoe
EDS Spot 4
kv: 20 Mag: 1971 Takeoff: 28.2 Live Time(s): 28 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 4 - Det 1

12.0K| Al

10.8K

9.6K|

8.4K|

7.2K

6.0K]

4.8K

3.6K]

24K

1.2K

0% 13 26 39 52 65 78 91 104 117 130
Lsec: 28.0 254 Cnts 6.660 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 46.39 81.99 3178.69 8.20 0.1717 1.1770 0.3138 1.0023
NdL 51.25 16.95 1460.40 2.56 0.4459 0.8383 1.0385 0.9995

XVII



D EDS REPORT SAMPLE 2.2

EDAX TEAM Page 6
EDS Spot 5
kv: 20 Mag: 1971 Takeoff: 28.2 Live Time(s): 28.1 Amp Time(us): 1.92 Resolution:(eV) 127.3
EDS Spot 5 - Det 1
12.0K Al
10.8K
9.6K
8.4K
7.2K
6.0K
48K
Pr
3.6K Nd
Nd Nd
2.4K N Nd
1.2 N oll PN e
004 13 26 39 52 65 78 91 104 117 130
Lsec: 28.1 251 Cnts 6.660 keV Det: Octane Pro A
€ZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
AIK 48.81 83.40 3226.25 8.08 0.1861 1.1678 0.3258 1.0022
NdL 48.89 15.63 1295.15 2.66 0.4223 0.8311 1.0402 0.9994

XVIII



D EDS REPORT SAMPLE 2.2

EDAX TEAM

Page 7

EDS Spot 6

kv: 20 Mag: 1971 Takeoff: 28.2 Live Time(s): 27.8 Amp Time(us): 1.92 Resolution:(eV) 127.3
EDS Spot 6 - Det 1

41.0K] Al

36.9K

32.8K
28.7K]
24.6K
20.5K]

164K

12.3K

8.2K Pr Nd

Nd prNd
41K FePr N Nd prorNdFe  Fe
- > . S
0% 13 26 39 52 65 7.8 91 104 117 130
Lsec: 27.8 118 Cnts 6.660 keV Det: Octane Pro A
€ZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
AIK 85.51 96.80 10996.16 4.42 0.5986 1.0420 0.6713 1.0008
NdL 13.51 2.86 342.27 5.91 0.1053 0.7313 1.0672 0.9988

XIX



E EDS REPORT SAMPLE 2K

EDAX TEAM Pagel
Author: guest
Creation: 04/30/2019 7:53:38 PM
Sample Name: 8K
Area 2

EDS Spot J)lected Area 1)

Notes:

XX



E EDS REPORT SAMPLE 2K

EDAX TEAM Page2
Selected Area 1
kv: 15 Mag: 1000 Takeoff: 30.5 Live Time(s): 30.3 Amp Time(ps): 1.92 Resolution:(eV) 127.3

Selected Area1-Det1

130K]

117K]

104K

91K|

78K

65K|

52K

39K|
26K|
13K Fe Fe
06(00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.
Lsec: 30.3 2437K Cnts 0.300 keV Det: Octane Pro A
€ZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
AIK 41.84 79.25 33067.83 7.14 0.2183 1.2197 0.4269 1.0022
NdL 55.81 19.77 9235.05 2.53 0.4739 0.8304 1.0233 0.9995

XXI



E EDS REPORT SAMPLE 2K

EDAX TEAM Pages3
Selected Area 2
kv: 15 Mag: 1000 Takeoff: 30.5 Live Time(s): 30.1 Amp Time(us): 1.92 Resolution:(eV) 127.3

Selected Area 2 - Det 1

A
180K
160K
140K
120K
100K
80K
60K
40K e Pr :;
20K Fe Pr Nd Nd e
Pr . Pr Nd L Fe

|
0&00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 30.1 1.796K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 52.81 78.34 49151.67 5.99 0.3222 1.1281 0.5399 1.0015
NdL 26.54 7.36 4132.38 3.02 0.2106 0.7588 1.0392 1.0062

XXII



E EDS REPORT SAMPLE 2K

P 4
EDAX TEAM aoe
EDS Spot 1
kv: 15 Mag: 1000 Takeoff: 30.5 Live Time(s): 30.4 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 1 -Det1

270K
243K
216K
189K
162K
135K
108K

81K

54K Fe Pr
Nd Pr Nd

Nadid prNd b Nd Ng Fe Fe
p _— > —

0&00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

27K

Lsec: 304 1.702K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 67.02 87.04 67410.42 5.04 0.4631 1.0885 0.6341 1.0012
NdL 18.86 458 2692.85 3.30 0.1438 0.7283 1.0418 1.0049

XXIII



E EDS REPORT SAMPLE 2K

EDAX TEAM PageS
EDS Spot 2
kv: 15 Mag: 1000 Takeoff: 30.5 Live Time(s): 30.5 Amp Time(ps): 1.92 Resolution:(eV) 127.3
EDS Spot 2 - Det 1

130K Al
117K
104K

91K|

78K|

65K|

52K

39K] N Pr

Nd
26K Fe Nd
Fe P Pr Nd
13K Pr Prj Nd fe fe
%00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.
Lsec: 30.5 2.242K Cnts 0.300 keV/ Det: Octane Pro A
eZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
AIK 42.19 79.42 33059.87 7.12 0.2209 1.2178 0.4291 1.0022

NdL 55.21 19.44 9012.91 2.54 0.4681

0.8289

1.0235 0.9995

XXIV



E EDS REPORT SAMPLE 2K

EDAX TEAM Pages
EDS Spot 3
kv: 15 Mag: 1000 Takeoff: 30.5 Live Time(s): 30.3 Amp Time(ps): 1.92 Resolution:(eV) 127.3
EDS Spot 3- Det 1
130K] Al
117K]
104K]
91K|
78K|
65K|
52K
39K] N Pr
Nd
26K| Fe Nd
Fe P Pr Nd
13K Pr Prj Nd fe
%00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.
Lsec: 30.3 2.293K Cnts 0.300 keV/ Det: Octane Pro A
eZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
AIK 41.60 79.08 32869.35 7.15 0.2166 1.2208 0.4257 1.0022

NdL 55.86 19.86 9266.31 252 0.4747

0.8312

1.0232 0.9995



F EDS REPORT SAMPLE 3.1

EDAX TEAM Pagel
Author: guest
Creation: 04/29/2019 6:46:01 PM
Sample Name: 71
Area 3

Selected Area 2

g (Selected Area 1
o9 Y

Notes:

XXVI



F EDS REPORT SAMPLE 3.1

EDAX TEAM Page2
Selected Area 1
kv: 20 Mag: 3000 Takeoff: 31.1 Live Time(s): 35.1 Amp Time(ps): 1.92 Resolution:(eV) 127.3

Selected Area1-Det1

Al
39.6K
35.2K
30.8K]
26.4K|
22.0K|
17.6K
13.2K
8.8K]
4.4K|
0.0%, 91 104 117 130
Lsec: 35.1 0Cnts 0.000 keV Det: Octane Pro A
€ZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
oK 0.56 2.01 181.59 11.98 0.0027 1.3479 0.3614 1.0000
PrL 13.57 5.53 2224.53 2.98 0.1239 0.8744 1.0342 1.0098
FeK 15.80 16.24 4326.96 3.00 0.1521 1.0730 0.8909 1.0073

XXVII



F EDS REPORT SAMPLE 3.1

EDAX TEAM Fages

Selected Area 2

kv: 20 Mag: 3000 Takeoff: 31.1 Live Time(s): 34.7 Amp Time(us): 1.92 Resolution:(eV) 127.3

Selected Area 2 - Det 1

96.0K Al
86.4K
76.8K
67.2K
57.6K
48.0K
384K
28.8K

19.2K

9.6K Pr N

0% 13 26 39

Lsec: 347 0Cnts 0.000 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 41.95 66.48 20677.15 7.25 0.1809 1.1227 0.3833 1.0017
NdL 18.52 5.49 3169.39 2.65 0.1582 0.7946 1.0620 1.0122

XXVIII



F EDS REPORT SAMPLE 3.1

EDAX TEAM

Page 4

EDS Spot 1

kv: 20 Mag: 3000 Takeoff: 31.1 Live Time(s): 34.6 Amp Time(ps): 1.92 Resolution:(eV) 127.3
EDS Spot 1 - Det 1
150K] Al
135K]
120K
105K]
90K
75K
60K
45K Fe
30K ©
15K] Fe
%.0 13 26 39 5.2 65 7.8 91 104 117 130
Lsec: 34.6 0Cnts 0.000 keV Det: Octane Pro A
€ZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
AIK 54.39 71.17 33342.38 5.93 0.2960 1.0604 0.5128 1.0009

XXIX



F EDS REPORT SAMPLE 3.1

EDAX TEAM Fages

EDS Spot 2

kv: 20 Mag: 3000 Takeoff: 31.1 Live Time(s): 34.6 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 2 - Det 1

150K] Al
135K
120K
105K
90K
75K
60K
45K]

Fe
30K

15K Fe

%.0 13 26 39 5.2 65 7.8 91 104 117 130

Lsec: 34.6 0Cnts 0.000 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 54.78 71.49 33077.91 5.91 0.2993 1.0598 0.5152 1.0009

XXX



F EDS REPORT SAMPLE 3.1

EDAX TEAM Page 6
EDS Spot 3
kv: 20 Mag: 3000 Takeoff: 31.1 Live Time(s): 34.9 Amp Time(us): 1.92 Resolution:(eV) 127.3
EDS Spot 3- Det 1
Al

126K
112K

98K|

84K|

70K|

56K

42K Fe

e

28K| Nd

" Nd Pr PrNd

t PrN Nd  PrPNd, Fe

%0 13 26 39 52 65 78 91 104 117 130
Lsec: 34.9 0Cnts 0.000 keV Det: Octane Pro A
€ZAF Smart Quant Results
Element Weight% Atomic %  Net Int. Error % Kratio z A F
AIK 50.64 68.75 29298.96 6.25 0.2610 1.0707 0.4810 1.0010
NdL 218 0.55 357.05 12.14 0.0182 0.7530 1.0788 1.0249

XXXI



G EDS REPORT SAMPLE 3.2

EDAX TEAM

Author: guest

Creation: 04/30/2019 4:01:55 PM
Sample Name: 72

Area l

Notes:

XXXII
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G EDS REPORT SAMPLE 3.2

EDAX TEAM Fage2

EDS Spot 1

kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 30.6 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 1 -Det1

140K Al
126K
112K

98K

70K
56K| Fe
42K

Pr Pr
28K Nd Fe

Nd
Nd .
14K e Pr Pr 2 pr Nd  Nd Fe

0&00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 30.6 1.799K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 40.42 65.25 35092.00 6.34 0.2341 1.1422 0.5061 1.0017
NdL 19.60 5.92 3055.93 3.31 0.1587 0.7694 1.0406 1.0112

XXXIII



G EDS REPORT SAMPLE 3.2

P 3
EDAX TEAM aoe
EDS Spot 2
kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 32.5 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 2 - Det 1

0.%00 080 160 240

Lsec: 325 1.987K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 26.93 57.46 16606.37 7.41 0.1346 1.2328 0.4046 1.0023
NdL 39.14 15.63 5373.16 2.78 0.3392 0.8404 1.0263 1.0046

XXXIV



G EDS REPORT SAMPLE 3.2

P 4
EDAX TEAM aoe
EDS Spot 3
kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 30.6 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 3 - Det 1

180K| Al

162K

126K
108K

90K

Fe

36K Pr Fe

Nd Pr Nd
18K ePr prNd pr Nd Nd ‘ Fe

0&00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 30.6 1472K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 48.16 68.91 45042.91 5.65 0.3049 1.1001 0.5746 1.0012
NdL 7.96 2.13 1185.48 4.89 0.0625 0.7368 1.0470 1.0170

XXXV



G EDS REPORT SAMPLE 3.2

EDAX TEAM Fages

EDS Spot 4

kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 30.7 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 4 - Det 1

135K
120K
105K

90K

Fe

Nd Fe

Nd Nd
15K e Pr Pr pr Nd  Ng ‘ Fe
—.‘.—‘» .

0&00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 30.7 1713K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 40.96 65.78 35168.61 6.32 0.2381 1.1410 0.5085 1.0017
NdL 19.19 5.76 2943.89 3.40 0.1552 0.7685 1.0406 1.0112

XXXVI



G EDS REPORT SAMPLE 3.2

EDAX TEAM Pages
EDS Spot 5
kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 29.7 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 5 - Det 1

198K
176K
154K
132K]
110K]

88K

66K Fe

Fe ‘ Fe

%00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

44K

22K

Lsec: 29.7 1455K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 54.01 70.86 55305.27 4.99 0.3690 1.0677 0.6393 1.0008

XXXVII



G EDS REPORT SAMPLE 3.2

EDAX TEAM Fage’

Selected Area 1

kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 29.7 Amp Time(ps): 1.92 Resolution:(eV) 127.3

Selected Area1-Det1

198K
176K
154K
132K
110K

88K

66K Fe

44K

226 Fe ‘ Fe

%00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 29.7 1.325K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 53.88 70.75 55144.31 5.00 0.3678 1.0679 0.6386 1.0008

XXXVIII



H EDS REPORT SAMPLE 3,3

EDAX TEAM Pagel
N e
Author: guest
Creation: 05/07/2019 10:27:46 AM
Sample Name: 73
Area 2

Selected Area 1

Selected Area 2

==

-

Notes:

XXXIX



H EDS REPORT SAMPLE 3,3

EDAX TEAM Page2
EDS Spot 1
kv: 15 Mag: 1500 Takeoff: 33.6 Live Time(s): 16.3 Amp Time(ps): 1.92 Resolution:(eV) 128

EDS Spot 1 -Det1

Nd

5.50K

4.95K
4.40K
3.85K
3.30K
275K
2.20K
1.65K

1.10K|

0.55K

0.00&

00 1.00 2.00 3.00

Lsec: 16.3 0Cnts 0.000 keV Det: Apollo X-SDD

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
BK 45,53 85.44 1332.56 6.51 0.2951 1.2015 0.5393 1.0000

AlK 295 2.22 1619.56 8.28 0.0131 1.0773 0.4118 1.0031

NdL 33.07 4.65 3992.72 3.49 0.2566 0.7257 1.0674 1.0016

XL



H EDS REPORT SAMPLE 3,3

P 3
EDAX TEAM aoe
EDS Spot 2
kv: 15 Mag: 1500 Takeoff: 33.6 Live Time(s): 16.3 Amp Time(ps): 1.92 Resolution:(eV) 128
EDS Spot 2 - Det 1
5.80K|
5.22K Nd
4.64K
4.06K
3.48K

2.90K

232K

1.74K

1.16K

0.58K

0.00&

00 1.00 2.00 3.00

Lsec: 16.3 0Cnts 0.000 keV Det: Apollo X-SDD

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
BK 44.96 85.17 1248.46 6.65 0.2861 1.2041 0.5285 1.0000

AlK 3.15 2.39 1666.93 8.18 0.0140 1.0798 0.4096 1.0031

NdL 33.67 4.78 3935.54 3.48 0.2618 0.7275 1.0669 1.0017

XLI



H EDS REPORT SAMPLE 3,3

EDAX TEAM Faged

Selected Area 1

kv: 15 Mag: 1500 Takeoff: 33.6 Live Time(s): 15.6 Amp Time(us): 1.92 Resolution:(eV) 128

Selected Area1-Det1

35.1K

31.2K

27.3K

234K

19.5K

15.6K

117K

7.8K Pr

Fe
Pr Nd
Nd '
3.9K] Pr Pr, prNd Nd Fe
-

0.%00 1.00 2,00 3.00 400 5.00 6.00 7.00 8.00 9,00

Lsec: 15.6 0Cnts 0.000 keV Det: Apollo X-SDD

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
oK 3.83 9.41 902.95 8.79 0.0176 1.2566 0.3663 1.0000
PrL 3.85 1.07 361.88 13.13 0.0314 0.7613 1.0570 1.0144
FeK 31.47 22.14 4340.81 3.16 0.2951 0.9632 0.9654 1.0085

XLII



H EDS REPORT SAMPLE 3,3

EDAX TEAM PageS
Selected Area 2
kv: 15 Mag: 1500 Takeoff: 33.6 Live Time(s): 15.2 Amp Time(us): 1.92 Resolution:(eV) 128

Selected Area 2 - Det 1

66.0K Al
59.4K
52.8K
46.2K
39.6K
33.0K

26.4K

19.8K

13.2K

6.6K I Fe

O'U&OO 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Lsec: 15.2 0Cnts 0.000 keV Det: Apollo X-SDD

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
oK 3.29 6.67 652.77 9.35 0.0128 1.1825 0.3303 1.0000

FeK 36.91 21.44 4854.91 2208 0.3324 0.8929 0.9964 1.0124

XLIII



I EDS REPORT SAMPLE 3K

EDAX TEAM
Author: guest
Creation: 04/30/2019 5:05:34 PM
Sample Name: the real 7K
Area 2

Notes:

XLIV
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I EDS REPORT SAMPLE 3K

P 2
EDAX TEAM aoe
EDS Spot 1
kv: 15 Mag: 2000 Takeoff: 31.7 Live Time(s): 31.1 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 1 -Det1

85.5K

76.0K

66.5K

57.0K

47.5K

38.0K

28.5K

19.0K

9.5K|

0.%00 080 160 240 320 400 480 560 6.40 7.20 8«

Lsec:31.1 3.761K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
oK 22.16 58.18 19321.92 6.03 0.1575 1.3385 0.5310 1.0000
PrL 13.29 3.96 2189.84 3.95 0.1135 0.8240 1.0284 1.0078
FeK 0.46 0.35 116.31 23.39 0.0046 1.0463 0.9325 1.0084

XLV



I EDS REPORT SAMPLE 3K

P 3
EDAX TEAM aoe
EDS Spot 2
kv: 15 Mag: 2000 Takeoff: 31.7 Live Time(s): 30.8 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 2 - Det 1

95.0K

85.5K

76.0K

66.5K

57.0K

47.5K

38.0K

28.5K

19.0K

9.5K]

0.%00 080 160 240 320 400 480 560 6.40 7.20 8¢

Lsec: 30.8 3.652K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
oK 21.69 57.94 19519.69 6.03 0.1549 1.3440 0.5313 1.0000
PrL 12.40 3.76 2109.54 4.00 0.1064 0.8279 1.0278 1.0082
FeK 0.61 0.47 158.92 17.15 0.0061 1.0513 0.9314 1.0083

XLVI



I EDS REPORT SAMPLE 3K

EDAX TEAM Faged

Selected Area 1

kv: 15 Mag: 2000 Takeoff: 31.7 Live Time(s): 29.4 Amp Time(ps): 1.92 Resolution:(eV) 127.3

Selected Area1-Det1

220K
198K|
176K|
154K]
132K
110K]
88K
66K| Fe

44K

226 Fe ‘ Fe

%00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 294 1.567K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 53.97 70.82 55929.48 4.98 0.3694 1.0678 0.6403 1.0008

XLVII



I EDS REPORT SAMPLE 3K

EDAX TEAM Fages

Selected Area 2

kv: 15 Mag: 2000 Takeoff: 31.7 Live Time(s): 30.4 Amp Time(ps): 1.92 Resolution:(eV) 127.3

Selected Area 2 - Det 1

140K Al
126K
112K]

98K|

70K
56K| Fe
42K

28K Nd Pr Pr Fe

Nd
Nd .
14K e Pr Pr : pr Nd  Nd Fe

0&00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 304 2.075K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 40.89 65.59 35674.14 6.30 0.2384 1.1402 0.5105 1.0016
NdL 19.47 5.84 3022.86 3.37 0.1574 0.7679 1.0407 1.0114

XLVIII



I EDS REPORT SAMPLE 3K

EDAX TEAM Pages
EDS Spot 3
kv: 15 Mag: 2000 Takeoff: 31.7 Live Time(s): 29.5 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 3 - Det 1

198K
176K
154K
132K
110K]
88K|
66K| Fe

44K

2K Fe ‘ Fe

%00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 29.5 1.613K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 53.91 70.77 55085.44 4.99 0.3687 1.0679 0.6400 1.0008

XLIX



I EDS REPORT SAMPLE 3K

P 7
EDAX TEAM aoe
EDS Spot 4
kv: 15 Mag: 2000 Takeoff: 31.7 Live Time(s): 30.9 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 4 - Det 1

A
153K

136K

119K

102K

85K

68K

Fe
51K|
34K Pr Fe
Nd Pr Nd
17K e Pr prNd pr Nd  Nd L Fe

|
0&00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 30.9 1.767K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 46.29 68.08 40942.05 5.81 0.2874 1.1098 0.5586 1.0013
NdL 10.16 2.79 1467.92 457 0.0803 0.7443 1.0452 1.0154

R s 27e4 o931 267 03710 097 0%els 10080
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I EDS REPORT SAMPLE 3K

EDAX TEAM

DS Spot 5

Page 8

kv: 15 Mag: 2000 Takeoff: 31.7 Live Time(s): 30.8

Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 5 - Det 1

97.0K

87.3K

77.6K

67.9K

58.2K

48.5K

38.8K

29.1K
19.4K

9.7K|

0.0& 00

0.80 1.60 240 3.20 4.00 4.80 5.60

7.20

8.

Lsec: 30.8 4.705K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Kratio z
0.0147

Error %
8.89

Net Int.
946.35

Atomic %
10.32

Element
CK

Weight %
3.25

1.3723

A F
0.3297 1.0000

AlK 13.89 19.63 10223.22 7.48 0.0662

1.1729

0.4054 1.0027

NdL 47.66 12.60 7776.76 2.64 0.3924

0.7979

1.0317 1.0002



I EDS REPORT SAMPLE 3K

EDAX TEAM Fages

EDS Spot 6

kv: 15 Mag: 2000 Takeoff: 31.7 Live Time(s): 30.1 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 6 - Det 1

150K A
135K
120K
105K
90K
75K
60K
Fe
45K

30K N Pr fe

Pr Nd
15K e Pr pr pr Nd  Nd ‘ Fe

0&00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 30.1 2.028K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
AlK 41.76 66.48 36997.93 6.26 0.2449 1.1385 0.5142 1.0016
NdL 18.86 5.62 2950.68 3.41 0.1522 0.7666 1.0406 1.0112

LIT



J EDS REPORT SAMPLE 8

EDAX TEAM Pagel
Author: guest
Creation: 04/30/2019 2:59:31 PM
Sample Name: 8K
Area 2

F
)

, Selected Area 1

Notes:
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J EDS REPORT SAMPLE 8

EDAX TEAM Page2
DS Spot 1
kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 47.4 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 1 -Det1

18.9K
16.8K
147K
12.6K
10.5K

8.4K

6.3K]

4.2K
sn pr Nd

21K SN osn g, peNd oo Nd Ng Ni

0'06.00 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 47.4 1.267K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
CK 11.45 29.33 145.95 11.35 0.0225 1.2741 0.1542 1.0000

BrL 19.60 755 1084.83 4.53 0.1246 0.8513 0.7467 0.9999

SiK 5.90 6.47 496.00 7.38 0.0331 1.1094 0.5047 1.0019

PrL 3.17 0.69 52.16 16.49 0.0244 0.7392 1.0346 1.0067

NiK 2.92 153 54.30 12.04 0.0284 0.9426 0.9822 1.0507

LIV



J EDS REPORT SAMPLE 8

EDAX TEAM Page3
DS Spot 2
kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 47.9 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 2 - Det 1

10.0K

9.0K

8.0K

7.0K

6.0K]

5.0K]

4.0K

3.0K]

2.0K

1.0K Ni

0. =
) 600 0.80 1.60 240 3.20 4.00 4.80 5.60 6.40 7.20 8.

Lsec: 47.9 1.074K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
CK 9.17 2152 109.92 11.67 0.0216 1.2393 0.1901 1.0000

MgK 5.01 5.81 321.77 7.77 0.0257 1.0945 0.4678 1.0021

SiK 7.95 7.98 565.78 6.71 0.0482 1.0770 0.5604 1.0035

PrL 222 0.44 27.53 28.67 0.0164 0.7153 1.0281 1.0043

NiK 2.63 1.26 36.86 16.27 0.0246 0.9102 0.9832 1.0448
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J EDS REPORT SAMPLE 8

EDAX TEAM Paged
DS Spot 3
kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 47.4 Amp Time(ps): 1.92 Resolution:(eV) 127.3

EDS Spot 3 - Det 1

36.9K

32.8K

28.7K

246K

20.5K

16.4K

123K

8.2K

Fe
4.1K

0% 00 0.80 160 240 320 4.00 480 560 6.40 7.20 81

Lsec: 47.4 846 Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
CK 10.12 23.00 87.60 12.59 0.0144 1.2190 0.1168 1.0000

BrL 20.63 7.05 1262.01 2.55 0.1547 0.8107 0.9251 0.9997

SiK 0.68 0.66 49.09 13.28 0.0035 1.0560 0.4871 1.0007

CoK 1.54 0.71 32.24 10.19 0.0147 0.8597 0.9983 1.1162

LVI



J EDS REPORT SAMPLE 8

EDAX TEAM PageS
DS Spot 4
kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 47.7 Amp Time(us): 1.92 Resolution:(eV) 127.3

EDS Spot 4 - Det 1

28.0K
25.2K
224K
19.6K
16.8K
14.0K
11.2K

8.4K|

5.6K
Fe

2.8K Fe Co Ni Co

0% 00 0.80 160 240 320 4.00 480 560 6.40 7.20 81

Lsec: 47.7 1.309K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
CK 1551 32.40 160.23 11.39 0.0261 1.1969 0.1408 1.0000

BrL 13.86 4.35 780.69 3.47 0.0949 0.7954 0.8612 0.9996

SiK 1.06 0.95 82.65 11.10 0.0058 1.0360 0.5304 1.0010

CoK 3.61 1.54 73.09 8.56 0.0331 0.8424 1.0007 1.0898

CuK 10.36 4.09 125.89 5.95 0.0891 0.8214 0.9975 1.0496
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J EDS REPORT SAMPLE 8

EDAX TEAM Pages
Selected Area 1
kv: 15 Mag: 2000 Takeoff: 31.5 Live Time(s): 47.7 Amp Time(ps): 1.92 Resolution:(eV) 127.3

Selected Area1-Det1

27.0K
24.3K
216K
18.9K
16.2K
13.5K
10.8K

8.1K

5.4K]
Fe

.7
2.7K| Cr Cr Co Co

0% 00 0.80 160 240 320 4.00 480 560 6.40 7.20 81

Lsec: 47.7 1.835K Cnts 0.300 keV Det: Octane Pro A

€ZAF Smart Quant Results

Element Weight% Atomic %  Net Int. Error % Kratio z A F
CK 22.09 4213 233.42 11.06 0.0387 1.1724 0.1492 1.0000

BrL 10.95 3.14 633.50 3.04 0.0782 0.7779 0.9183 0.9998

SiK 341 2.78 274.91 7.33 0.0197 1.0130 0.5702 1.0012

FeK 12.81 5.25 296.85 3.86 0.1129 0.8433 0.9993 1.0459

CuK 3.61 1.30 42.35 11.69 0.0304 0.8006 0.9951 1.0595

LVIII



K SCIENCE ARTICLE

Recycling of waste electrical and electronic equipment, a path to a
sustainable future

Eystein Vada and Eskil Christensen

Abstract— WEEE is the fastest growing wast stream in the
world, making it one of the dawning problem along with today’s
problem with global warming and micro plastic. Existing
recycling processes are not good enough to handle the increasing
use of REEs in WEEE and there is a need for better processes.

INTRODUCTION

Have you ever wondered where your old phones, com-
puters, microwave, TV and fridge end up after you have
tossed it away? Have you ever heard the term e-waste or
WEEE (Waste Electric and Electronic Equipment)? Maybe
you haven’t, but you will soon. As micro plastic and global
warming is recognized as one of the biggest problems in
the 21st century, WEEE is one of the dawning problems. As
of today WEEE is the fastest growing waste stream in the
world and there is no sign that the amount of WEEE will
decrease, rather the opposite. In 2016, the world generated a
shockingly 44.7 million tons of WEEE [1]! This is equivalent
to 223 500 fully grown blue whales (that’s about 10 times
higher than the actual world population), 124,7 empire state
buildings or 5.8 kg/person. Even worse, it’s suspected that
this number in reality is much higher.

Rare Earth Elements, or REEs, are a group of
elements defined as the fifteen lanthanides (Lan-
thanum, Cerium, Praseodymium, Neodymium, Prome-
thium, Samarium, Europium, Gadolinium, Terbium,
Dysprosium, Holmium, Erbium, Thulium, Ytterbium,
Lutetium), Yttrium and Scandium.

WHAT 1s EEE AND WEEE?

What is defined as electrical and electronic equipment
(EEE)? well, the EU defines EEE as; ” electrical and
electronic equipment ,or EEE means equipment which is
dependent on electric currents or electromagnetic fields in
order to work properly and equipment for the generation,
transfer and measurement of such currents and fields and
designed for use with a voltage rating not exceeding 1
000 volts for alternating current and 1 500 volts for direct
current” and waste is defined as; “waste means any substance
or object which the holder discards or intends or is required
to discard” So, WEEE is basically defined as everything that
uses electricity that you don’t want.

This article is part of a bachelor thesis for NTNU, department of
Materials Science and Engineering with the titel; Utilizing a liquid alu-
minium bath to recycle Waste Electric and Electronic Equipment while up-
concentrating/recovering rare earth elements. Fundamental testing.

LIX

THE USE OF RARE EARTH ELEMENTS IN EEE

As the demand for faster, better and yet smaller electronics
grows the use of Rare Earth Elements (REEs) increases.
REESs have the certain unique abilities that makes them vital
in today’s EEE [4].

Yttrium, terbium, europium are essential in televisions,
computer screens or other devices which has a display.
Praseodymium is used to create strong alloys used in aircraft
engines. Gadolinium is used in X-rays and MRI scanning
systems. Neodymium, which is the most used REE, is
primarily used in permanent magnets. These magnets are
used in loudspeakers, electric motors, hard drives, wind
turbines, electric car motors and many more [5]. Scientist’s
have not yet found a way to replace the REEs with more
easily obtainable materials, so until then, REEs play a role
in the technology around us.

The rarest rare earth, thulium, with atomic number
69, is 125 times more common than gold. And the
least-rare rare earth, cerium, with atomic number 58,
is 15,000 times more abundant than gold. The name
comes from it’s tendency to not be highly concentrated
in a few local deposits, but rather finely dispersed in
the earth’s crust.

ENVIRONMENTAL IMPACT OF WEEE

WEEE is considered as hazardous waste and can, at worst,
pose serious threats to life nearby. In many countries, laws
are in place that ensure the proper handling of WEEE. How-
ever, in some countries WEEE is mostly handled informally,
meaning that the waste is stripped of it’s most valuable
components (copper wire and gold containing components),
leaving hazardous materials in the environment. These ma-
terials can pollute ground water and acidify the soil. To
make matters worse, for liberation of the valuable materials
from WEEE, a common practice is to burn off the polymers
found in casings, printed circuit boards and insulation. In
turn, dangerous fumes, such as brominated flame retardants,
dioxins and mercury, are released into the air. This creates
major hazards for people living around places where informal
WEEE recycling takes place [3].

THE UMICORE PROCESS

So what happens with your your old smartphone, televi-
sion and washing machine? Well, that depends if you live in
a country which reuses components or recover metals from
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Fig. 1. Electron microscopy image of neodymium-rich phase

the WEEE. Umicore, a global materials technology com-
pany, have developed a process for the recycling of WEEE.
Through a series of furnaces and chemical treatments, the
Umicore process manages to recover Cu, Au, Ag, Pt, Pd,
Rh, Ru, Ir, In, Se, Te, Pb, Sn, Sb and Bi. Waist from the
Umicore process, containing REEs, are used ends up as filler
concrete.

RECYCLING OF REE

Although there are processes to recycle REEs, its esti-
mated that <1% of REEs used are recycled [2]. There are
several reasons why the recycling rates of REEs are so low:

o The low concentration of REEs in products making it
ineffective to recycle.

o The wide variation of applications containing REEs

« The difficulty in separating individual REEs

There is also the the question of money. Is the recycling of
REEs really worth it economically? As it stands today the
processes today are to expensive to make the recovery of
REEs an option.

RECYCLING OF WEEE WITH ALUMINIUM

Our bachelor thesis is the start of research around the
possibility to utilize aluminium the same way the Umicore
process uses copper. Aluminium is a cheaper metal than
copper and the required temperature to melt aluminium
is lower than for copper, making the process less energy
demanding. We have been looking into the recovery of
neodymium from magnets and smartphones, by submerging
magnets and smartphones in molten aluminium, this is shown
in figure 2. It’s possible to achieve a phase that has a higher
concentration of neodymium than the starting concentration,
this is shown in figure 1.

The next step will be to see if its possible to separate
out this phase and further up-concentrate it. This is a small
but important step towards the recycling of WEEE and a
sustainable future where the recycling of metals will be more
important than ever before.
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Fig. 2. Photo of an experiment with smartphones in liquid aluminium
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