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Nomenclature and Abbreviations

Nomenclature

AG° standard Gibbs free energy (kJ.mol™)

AG” standard Gibbs energy of formation at an infinite dilution (kJ.mol™)
AGY. Gibbs energy of formation at the supercooled state (kJ.mol™)
AE difference of potential (V)

AfHO standard enthalpy of formation (kJ.moI'l)

ArS° standard entropy of formation (kJ.mol™*.K™)

° degree

aora activity

Y activity coefficient

® density (mg.cm™)

A electrode surface area (cm?)

at% atomic percentage

atm atmosphere

C concentration (mol.cm™)

c’ bulk concentration (mol.cm™)

D diffusion coefficient (cm?.s™)

D° pre-exponential factor (m.s™)

€ faradic efficiency

e electron

E recorded potential (V)

E1ip half wave potential (V)

E. activation energy (J.mol™)

E° standard potential (V)

E” apparent standard potential (V)

Eeq equivalent potential (V)

Eoc open circuit potential (V)

Emin potential correspoonding to the lower intensity of the reduction peak (V)
Emax potential correspoonding to the higher intensity of the roxidation peak (V)
Epa (8 potential of the cathodic peak (V)

Eq. equation

eut. eutectic

F Faraday constant (C)

i applied current (A)



Kg
kJ

MM

mol%

Pa
ppm

Py,

peak current (A)
liter

kilogram

kilojoule

mass (Q)

molar

molar mass (g.mol™)
mole percentage
mole

pascal

part per million
electric charge (C)
gas constant (J. K*.mol™)
time (s)

transition time (s)
temperature (K)
melting point (K)
scan rate (V.s™)
volt

weight percentage
molar fraction

number of exchanged electrons



Abbreviations

[A336][NO3]

CsmimNTf,

CP

CcVv

D2EHPA

DODGAA

EHEHPA

EDTA

EDX

ELV

EOL
[Hbet][Tf,N]
HDD

HEV

Lig.
ICP-OES

Ox.

Red.

RE

REM

SEM

SLM

TBP

TEHA

TOA

TODGA
PC88A

VIM-HMS

WEEE
XRD

tricaprylmethylammonium nitrate
1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide
chronopotentiometry

cyclic voltammetry

di-(2-ethylhexyl)phosphoric acid

N,N-dioctyldiglycolamid acid

2-ethylhexylphosphonic acid mono-2-ethyl hexyl ester
ethylenediaminetetraacetic acid

energy-dispersive x-ray spectroscopy

electric light vehicles

end-of-life

betainium bis(trifluoromethylsulfonyl)imide

hard disk drive

hybrid and electric vehicles

liquid

inductively coupled plasma optical emission spectrometry
oxidation

reduction

rare earths

reflection electron microscope

scanning electron microscopy

supported liquid membrane

tributylphosphate

tri-2-ethylhexyl amine

trioctylamine

N,N,N’,N’-tetraoctyl-3-oxapentanediamide ligand
di-2-ethylhexyl phosphonic acid

vacuum induction melting follow the hydrolysis and the magnetic separation
waste electronic and electrical equipment

x-ray diffraction
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Introduction

This thesis was a part of the research project entitled « Recovery of critical metals from
electronic wastes » (original: Rickgewinnung von kritischen Metallen aus Elektronikabféllen)
funded by the Bavarian Ministry of Economics Affairs, Energy and Technology and has been
proceeded at the Fraunhofer Institute for Environmental, Safety and Energy Technology

UMSICHT, which is located in Sulzbach-Rosenberg (Bavaria, Germany)

The aim of this global research topic was the development of reprocessing methods for
unrecoverable metals in order to increase yields and selectivity in the recycling of strategic
raw materials.

Among other elements, precious metals and rare earths are of highest environmental and
economic interest. Moreover some of these elements also present particular geopolitical
aspects as they are coming from countries undergoing political instabilities. In order to
increase the local sourcing, research projects have been founded to improve both their
sorting and recycling.

For example, electronic scraps have been collected separately from other waste fractions for
several years. The main reasons for this specific waste sorting are the increase of
environmental awareness but also a profitable recovery of the precious metals, which are
contained in the electronic scraps. If sorting is an important issue, the feasibility and
efficiency of recycling processes are crucial for any further developments.

The work described in this thesis was only dedicated to this last aspect, i.e. the recovery of
neodymium (Nd), which is the base of permanent magnets. Due to an increase of the Nd-
based magnet production its availability is constantly decreasing. Moreover, due to some

geopolitical considerations the raw material price is unstable.

During this thesis a pyrochemical process was developed to recover the metallic neodymium
contained in the permanent magnets, which is found in electronic scraps. In order to achieve
this recovery, the neodymium properties have been studied in four electrolytes:

- LiCI-KCl

- LiCI-KCI-LiF

- LiF-CaF;

- LiF-SrF;
After the study of the previously described electrochemical systems, the possibility of the

extraction of neodymium from permanent magnets has been investigated.
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This thesis is composed of five chapters:

The first chapter gives an overview of the uses and the economic situation of heodymium.
The different possible recycling processes are then presented. Processes which already
have been developed in order to recover the neodymium from electronic scraps are explored
in detail and their advantages/drawbacks are explained in term of efficiency but also
environmental or safety issues. We then propose to have a closer look on the pyrochemical

process, which might be an alternative to the existing methods.

The second chapter describes the experimental processes and methods that will be used in
this study. The selection of the electrolytes and the electrodes, which depends on the
composition of the electrolyte, is explained. Furthermore the electrochemical tests used for
the study of the properties of the neodymium in the selected electrolytes are described.
Finally this chapter details the analysis methods, which are used to characterise the obtained

samples.

The third chapter describes the design of the electrochemical cell, which has been especially
developed for this study in order to resist corrosive media and to temperatures up to
1000 °C. The engineering work performed during this thesis represents a very important part
of the study. The conception, realisation and validation of the cell design is the key point of

the whole study and the base of all further scientific results.

The fourth chapter is dedicated to the determination of the neodymium behaviour in chloride-
and fluoride-based electrolytes. The neodymium properties have been determined in
different electrolytes in order to find the most appropriate one for the extraction of the

neodymium contained in the permanent magnets.

The last chapter is divided into two different parts. The first one is dedicated to the analysis
of electronic waste fractions, which have been provided by electronic scraps recycling
companies. The aim of this section was to determine the percentage of neodymium
contained in electronic scraps. The second part describes the efficiency of the extraction

process based on the different results obtained in the previous chapter.

The conclusions of this study will finally be presented as well as recommendations and

perspectives for further improvement studies.
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Rare earths (RE) elements are becoming very important for current and future industrial
products, such as computers, LCD screens and lasers, but also for so-called "green
technologies" such as wind turbines, electric cars and bicycles. Due to highly volatile
markets, the high environmental impacts and the geopolitical challenges of raw material
supply and production, many efforts are made worldwide to develop new recycling
processes’. Only a few countries have access to neodymium. China dominates the world
production with above 90 % of the whole market. According to a recent study of the
European Union ? and the US Department of Energy®, the RE elements are the most critical
raw material resource. Despite extensive research activities in this field, only about 1 % of
the RE are currently recycled.*

Most of the recycled RE are produced by scraps from permanent magnets manufacturing,
the rest is coming from end-of-life (EOL) products. The quantity of recycled EOL products is
very low, due to the difficulty to separate scraps containing RE elements from the other
materials.>®

This thesis deals with the recovery of neodymium from permanent magnets. Nd-based
permanent magnets have better magnetic properties compared to Fe,O; and Al-Ni-Co
magnets7. In 1960, the first permanent magnet SmCos was elaborated. In 1976, the Sm,Co47
permanent magnet was developed, which had a higher magnetic energy density of 260
kJ/m? than the SmCos magnet 200 kJ/m*2

In 1984, the NdFeB permanent magnet was discovered by Croat and Sagawa®*°. This type
of magnet has the strongest magnetic energy density (up to 510 kJ/m® so far. The
advantage of this type of magnet is the size reduction comparing to other magnets, which
allows a mass reduction of the devices.

The Sm-based magnets represent today only 2 % of the global market because of its worse
magnetic properties and a higher price for raw material compared to neodymium. The global

market is dominated by Fe- and Nd-based magnets.

. Description of the neodymium-element

In 1885 the Austrian chemist Carl Auer von Welsbach has discovered neodymium. It was
extracted from the didymium (Di), which is a mixture of praseodymium (Pr) and neodymium,
by a fractional crystallisation in strong nitric acid. His name originates from “neos” which
means “new” and “didymos” which means “twin”.**

Neodymium is a RE metal and belongs to the lanthanide’s serie with the atomic humber 60
(Fig. 1). This compound cannot be found in metallic form. It can be found in the minerals ores

Monazite ((Ce, La, Nd, Th)PO,) and Bastnaesite ((Ce,La,Nd,Pr)COzF).
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Fig. 1: Period system with indication of the recyclable rates of some elements™

In 2008, the annual worldwide consumption of neodymium oxide (Nd,O3) represented
23,900 tons. The majority (18,200 tons) of this compound was used for the manufacturing of

Nd-based magnets. The repartition of this consumption is summarised in Fig. 2.

4.73% 0 96% 3 52%
5.07%

— 7.96%
i Catalysts
& Ceramics
“ Glass industry

i Metallurgy

1 51%

L Nd-magnets
I Batterie alloys

© Others

Fig. 2: Consumption (in %) of Nd2Os3 in 2008°

According to the forecast of UNEP, the Emerging Technologies Raw Material Demand

(ETMD) for 2030 will represent an amount of 27,900 tons of pure neodymium.*?

10
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Field of applications from NdFeB-magnets

Nd-based magnets are wildely used in different applications from small products like

loudspeakers or hard disk drive (HDD) to vehicles and wind turbines. Fig. 3 summarises a

repartition of the applications for NdFeB magnets, showing its broad range of utilisations

Two major branches can be observed:

Neodymium-doped laser-rods (YAG:Nd)

- Permanent magnets

Starter motors

ABS systems

Conventional automotive

Brakes
Alternators :

Microphones

Loudspeakers N, Speakers

Air conditioners

Vehicles

Electric vehicles

Electric bikes

Wind turbines

Computers

it m ]
Permanent magnets |

Neodymium

Neodymium-doped lasers

Nd:YAG
Nd:YLF

Headphones

Washing machines

Drills

Refrigirators

Hand dryers
Vacuum cleaners

Food mixers

Consumers
electronics

Household

Doors catches

Sensors

Switches

MRI / NMR

Fig. 3: Overview of the applications for neodymium compounds

N, Nd:YVO4

Depending on the utilisation, the composition of the NdFeB magnets can be modified. The

addition of some percent (1 to 9 %) of dysprosium (Dy) to the magnets increases their

temperature stability. The Curie temperature describes the maximal temperature at which the
magnet can be used. Above this point the magnet is demagnetised. For a basic NdFeB

magnet the Curie temperature is 583 K.
If dysprosium is not used for magnets in HDDs, the magnets used in hybrid or electric cars

contain 8.7 % of dysprosium.

11
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lll. Availability and threat about the neodymium
resources

For a few years the demand of RE in particular for the elements neodymium and dysprosium
is drastically increasing, which has a direct consequence on its price. This is due to the
development of environmental friendly technologies like wind turbines, hybrid and electric
vehicles. Until 2035, the demand of neodymium will drastically increase by 700 %",

The RE elements are designated as the most critical raw material group with the highest
supply risk by the European Commission.?

Neodymium and dysprosium belong to the most critical RE elements described in the

medium term critically matrix (Fig. 4) from the U.S. Department of Energy.?

A 4 Neodymium Dysprosium

(high)
e Lithium Europium B Critical
%n Tellurium  Yttrium Terbium
] 3 ) . . O Near<Critical
']
3 " M Not Critical
Q9 Nickel Cerium Lanthanum
=] 2 . Cobalt Manganese
= Gallium Praseodymium
3 Indium
5 1 Samarium
§ @
21 (low)
E

1 (low) 2 3 4 (high)
Supply risk

Fig. 4: Description by the U.S. Department of Energy of the most critical RE elements®

The low availability of this raw material and the geopolitical considerations of the market lead
to sharp fluctuations of the price of neodymium (Fig. 5). These uncertainties create a
challenge for the industrial production. Alternatives to minimise these influences are the

development of suitable recycling processes.

12
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Fig. 5: Fluctuation of price for neodymium ($/kg)14

V. Recycling of permanent magnets

The recycled neodymium field may be sourced from three different flows (Fig. 6). The first
material flow is coming from the direct magnet manufacturing. This step creates an amount
of Nd-swarfes from 30 % of the starting material resulting from the cutting, grinding or
polishing steps. This flow is clearly the easiest to manage and treat. Compositions and
contaminations are under control, sorting is easy.

Swart from magnet
- e

manufacturing I

Recycling of
high values =
compounds

b Production o | Small magnets (End-of- I

of magnets "1 Life consumer products)

Large magnets (wind
turbines, HEWV)

Fig. 6: Recycling sources of NdFeB magnets

The second flow considers all small magnets from the EOL consumer’s products. Nowadays,
this flow is the most researched project, because of its complexity. The EOL products should
be raised in collect centers, where the high value products have to be separated from the

rest, which is principally plastic and glass.

13
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The third flow concerns the recycling of large magnets, which are used for wind turbines or
hybrid and electric vehicles (HEV). These magnets also represent a very interesting field of
potential high value. They can be directly recycled and re-used, because their compositions

are almost the same.

The greatest advantage of this last route is that recycling is done at low economic and
environmental cost. It has a low energy consumption due to the lack of thermal treatment,
and no waste is produced.

There is however one important disadvantage. This process is only suitable for large
magnets, which are used in HEV and wind turbines. For all other applications, the magnets
cannot be removed easily from the rest of the product and will follow the second path.
Rademaker and co-workers®® have studied the recycling potential of Nd-based magnets for
the three most important applications, which are HDD, wind turbines and automotive
industry. Fig. 7 shows the demand of neodymium coming from the raw material and/or the
recycled neodymium. This is only a projection until 2030 concerning the three most important

applications.

25000 16%

Nd203 demand: from virgin neodymium

Nd203 demand: from recycling potential neodymium 14%

20000 e==Potential recycling supply ratio

10%

15000

8%

~

Nd,0; demand / Tons

10000
6%

Potential recycling Supply Ratio / %

4%

5000

2%

0 0%

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Fig. 7: Estimation of the Nd2O3 demand for the manufacturing of NdFeB magnets and the recycling

potential of neodymium for the three major applications16

To avoid a shortage of neodymium in the near future, it is necessary to find efficient methods
of collecting and sorting electronic wastes containing permanent magnets. Afterwards
recycling methods have to be developed, which allows to achieve a selective extraction of
neodymium in its metallic form. This work will only consider this second aspect of the

neodymium recycling question.
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IV.1. Shredding process

Nowadays most of the EOL products containing magnets are disposed in shredders. Before
the shredding step, hazardous materials are separated from the whole collected waste
electronic and electrical equipment (WEEE).

Fig. 8 describes the shredding process. As a first step, EOL products, which are free of toxic
components, are shredded. The intermediate product passes through a drum, which
separates the materials in two groups: non-ferrous scraps and ferrous scraps, which contain

the permanent magnets.

Non-ferrous
scraps

EOL ﬁ Shredding ﬁ Drum magnet
separation

products

Ferrous scraps
containing
permanent

magnets

Fig. 8: Shredding process for the EOL products

There is a major drawback for the shredding process of all WEEEs together, i.e. the
concentration of the RE elements in the global batch is very low, in particular the
concentration for neodymium.

In 2014, Bandara and co-workers®’ studied the concentration of neodymium in shredding
products. EOL products from ELVs (Electric Light Vehicles) and house appliances have been
used as starting materials. They demonstrated that the quantity of neodymium in the group of
ferrous scraps was between 130 and 290 ppm.

In 2015, Habib an co-workers®® studied an other flow of EOL products: the HDDs. They
explained that the presence of neodymium after the shredding process cannot be proved.
This effect can be explained by the complexity of the HDDs composition, which contain many
by-products.

In order to improve the recovery of neodymium, the permanent magnets should rather be
dismantled and separated than using a shredder process. Until 2010 the dismantling was

done manually with a rate of 12 units per hour™.

15
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IV.2. Mechanical separation by Hitachi

Hitachi is now using a special mechanical process to dismantle and to separate RE magnets.
A rotational drum allows to recycle NdFeB magnets in HDDs and air conditioners. This
machine works by using vibration. The emerging impact of tumbling leads to loosen the
screws, which are fixing the components of the HDD. Subsequently the HDDs get broken
and its components, e.g. the NdFeB magnets can be separated. Workers can collect the
NdFeB magnets by visual screening. This process only needs about 30 min. Comparing to a
manual dismantling rate of about 12 HDDs per hour, this innovative machine can deconstruct
about 200 HDDs per hour.

A similar machine exists for compressors in air conditioners, which was developed by Hitachi
and Mitsubishi Machines. Rotors in the compressor are removed. In order to recycle the
NdFeB magnets two different methods can be used. The first method is a non-thermal
demagnetisation, which uses resonance-damping demagnetisation at room temperature. The
second way to collect the NdFeB magnets is a thermal demagnetisation at 673 to 773 K.
Moreover there are differences between Hitachi and Mitsubishi for the collecting process of
magnets. While Hitachi uses the same rotating drum as for HDDs, Mitsubishi utilises drills.
Furthermore Mitsubishi tries to use the thermal demagnetisation process to recycle NdFeB

magnets in direct drive motors in washing machines.

IV.3. Hydrogen decrepitation of predismantler computer HDDs

The University of Birmingham has developed a new method to separate sintered NdFeB
magnets from computer HDDs by using hydrogen at atmospheric pressure at room
temperature. During the hydrogen processing NdH,; is formed at the gain boundaries
because of NdFeB absorbing hydrogen. This reaction is exothermic and results in Nd,Fe;4B
absorbing hydrogen and forming an interstitial hydride. The volume expansion for this overall
reaction is 5 %.
The magnets are brittle so they break down into brittle granules and hydrogenated powder.
The hydrogenated material is soft magnetic and is not attracted to ferrous components. This
technique is called "Hydrogen Processing of Magnet Scrap”. When using this process for
HDDs the nickel coating peels away as thin particles from the surface of the nickel coated
NdFeB magnets. After the HDD sections went through the hydrogen processing, a porous
drum is used to loosen the hydrogenated NdFeB powder from the electronic scraps by
rotation. An efficiency of 95 % of recovered neodymium is reported.
At this step, there are still small particles of nickel in the powder. The nickel content can be
reduced to less than 325 ppm by using a mechanical sieving technique. The hydrogenated
powder is more friable compared to the nickel flakes. That is why it mills faster and while
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passing through a 90 um-sieve, the nickel contamination can be strongly reduced.

This NdFeB-alloy powder can be directly used to produce new NdFeB magnets with either
magnetic properties similar to the basic magnet or a cheaper magnet of a lower magnetic
performance. These properties depend on the composition of the magnets.

Another way to deal with the obtained powder is the recycling of the RE metals from the
extracted material. These powders are vulnerable to chemical influences during the pyro-
and hydrometallurgical processing. A much higher input of energy is required for these
chemical routes than for direct reprocessing of the alloys. But these routes allow to process
mixed scraps, containing different ranged magnets, which cannot be proceed by direct

reprocessing.

IV.4. Direct recycling of NdFeB-magnets

The direct recycling process can only be applied for solid, nonoxidised magnets which are
originated from HEVs and wind turbines or which are hydrogenated powders resulting from
the Hydrogen Processing of Magnets Scraps developed by the University of Birmingham?®.
The direct alloy recycling process has two steps, a re-sintering followed by a melt spinning of
the powder or the clean magnets.

This method is similar to the manufacturing of primary magnets. Due to its applications, the
alloy compositions have to be adjusted to obtain the requested properties; this leads to a
broad range composition of the permanent magnets. Moreover the EOL magnets have a
higher oxygen composition. New NdFeB-magnets have an oxygen concentration between
300 and 400 ppm, whereas magnets, which are used in this direct recycling process are
included until an oxygen concentration of 5000 ppm?'. For these reasons some process
transformations are necessary because of the high oxygen concentration in EOL magnets.
Due to these drawbacks, the direct recycling process is not applied for the production of new
magnets. Nevertheless, the main benefit of this process is the presence of a few steps,
which means a magnet production cost, which are comparable to other recycling processes.
Zakotnik and Tudor ?* reported the development of a commercial-scale recycling process
with a batch production of 120 kg of re-sintered permanent magnets, by using a previous
step of scraps separation.

The direct recycling process of Nd-based magnets is only suitable for the large magnets
extracted from hybrid and electric vehicles as well as from wind turbines and hydrogenated
powders. For the other applications, this method can not be applied, due to the small size of
the magnets and their complex integration into the devices, which requires pre-treatments.
They also have a wide range of matrix composition. Therefore, a pre-treatment of the WEEE
is essential in order to obtain a scrap with a high concentration of permanent magnets. This

aim can be achieved by a physical separation, dismantling- and mechanical processes.
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After this step a metallurgical extraction can be performed to recover the neodymium contain
in the permanent magnets.

Since around 20 years, many research groups developed recycling processes for the
recovery of neodymium from NdFeB-magnets. The recycling can be conducted by
hydrometallurgical or pyrometallurgical methods. In order to obtain pure neodymium, that
means without any contamination of other compounds, a mix of both techniques can be
used. At the beginning, researches have been principally focussed on the recycling of scrap
and waste (cutting sludge calls “swarf”), which are produced during the manufacturing of
permanent magnets. Due to a high scraps production, which contains between 20 and 30 %
of the starting material, this flow was preferred to the EOL products®®. After removing the
coating on the scraps, the scraps can be directly reused for the manufacturing of new
magnets. On the other side, swarfs have to be recycled by using the metallurgical method.
Today, around 1 % of the neodymium from “small magnets”, which is contained in the EOL
products, is recycled.

However, the development of environmental friendly technologies will sharply increase in the
next decades, which means the industry will always consume more neodymium (see Fig. 7).
Due to the lack of “second hand” materials, the increasing demand on RE clearly leads to a
stock decline.

For these reasons, the recovery of the critical materials represents already a big challenge
for countries, which have no storage in their lands.

In order to achieve an economical valuable recycling of neodymium, people have to combine
a couple of steps. First of all, EOL products have to be collected and they need a pre-
treatment: the electronic parts containing the permanent magnets have to be separated from
the rest of the waste in order to obtain a high neodymium concentration in the scrap.
Afterwards, the neodymium has to be extracted selectively by a metallurgical process in

order to be re-used for the manufacturing of new magnets.

IV.5. Hydrometallurgical processes

Hydrometallurgical processes are a traditional way, which is used to recycle permanent
magnets. They have been used to recover neodymium from the production line scraps or
from easily separable permanent magnets. The magnets waste is dissolved in strong acids
like sulphuric acid (H.SO,4) or hydrochloric acid (HCI) followed by a precipitation of
neodymium as oxalate, fluoride or sulphate from the solution.

This process can be hampered by the presence of additional components such as
dysprosium or praseodymium, which are also RE element and belong to the lanthanide’s

serie.
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A protective coating, which is made out of nickel or a mixture of nickel and copper can be

found in permanent magnets, which deals as an additional step to remove these compounds.
23,24

The recovery of neodymium by hydrometallurgical processes is done by several techniques
such as:

- aleaching method, which can be a complete or a selective leaching

- afractional crystallisation method

- a hydrothermal method

- asolvent extraction method

- aseparation by ionic liquids
IV.5.1. Complete leaching process

In 1992 Lyman and Palmer developed a hydrometallurgical process to extract the
neodymium from the permanent magnets. 1 kg of scraps is first dissolved in approximately
10 L of H,SO,. Afterwards, neodymium forms a sulphate salt at pH 2 that has to be
converted into NdF3; by leaching with a hydrofluoric acid (HF) solution for an easier
extraction?®.
Another study was done by Lyman and Palmer. They were using H,SO, and a precipitation
of a double salt neodymium alkali or ammonium sulphate Nd2(S04)3:.M,S0,4.6H,0 (M: K,
Na;NH,). For the complete leaching process the iron (Fe) compound is removed from the
solution by its precipitation as jarosite (KFe**3(OH)s(SO.),). The recovery rate of neodymium
is 70 % by using ammonium sulfate and it reaches 98 % by using sodium sulfate. With this
extraction method for neodymium and iron compounds, boron is not precipitated. Boron can
be extracted from the solution by using zinc in order to precipate it as zinc borate hydrate.?
Yoon and co-workers?’ explored the recovery of neodymium contained in permanent magnet
scraps. The first step was an oxidative roasting followed by a leaching with sulphuric acid.
Neodymium is then precipitated as a double salt using sodium sulphate and can be easily
extracted with a yield of 99.4 % from the rest of the leached solution. The optimal conditions
are:

- for the oxidative roasting: 773 K for sintered scrap and 973 K for bonded scraps

- for the leaching: 2 h by a temperature of 323 K with a pulp density of 15 %

- for the double salt precipitation: 2 equivalent of sodium sulphate and a temperature of

323K

The yield of the neodymium extraction with the precipitation was over 99.9 %

28

In 2004 Yoon and co-workers also investigated the extraction of neodymium from

permanent magnet scraps and proposed a process including a first oxidative roasting step,
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followed by a scrap leaching with acetic acid and a final fractional crystallisation. The optimal
condition for the leaching step, consisted of 3 h by 353 K with a pulp density of 35 %, which
allows a recovery rate of 90 %. Then the fractional crystallisation allows a neodymium
recovery rate of 67.5 %, with the formation of neodymium acetate. The rest of the
neodymium, which is presented in the leached solution, can be extracted by using oxalic
acid.

Abrahami and co-workers® studied the recycling feasibility of neodymium contained in
HDDs. During a commercial shredding step, the permanent magnets were collected and
demagnetised by a thermal process. Afterward a grinding and screening were done to rise
the amount of neodymium in the scraps. They developed two different approaches.

The first started with a molten slag extraction using CaO-SiO,-Al,0; and CaO-CaF,, which
allows to remove the neodymium from permanent magnets. This step is followed by a
H,SO,-leaching. The neodymium is extracted from the leach solution as a double salt
NdNa(S04)2.H,0). The yield of this method is 98.4 %

The second route is the direct leaching with H,SO, of the upgraded scraps, which has a
recovery rate of 97 %.

Bandara and co-workers®® investigated the leaching of permanent magnets from shredded
electric motors in HCI. This mixture contains permanent magnets, steel and copper. After a
demagnetisation step, magnets were dissolved in a stirring solution of 4 M HCI for 24 h. The
magnets were totally dissolved, whereas the copper and the steel materials remained in their
solid states, which can be extracted by filtration. Oxalic acid was added to the leaching
solution to precipitate neodymium as neodymium oxalate, with a yield of 82 % and a purity of
99.8 %.

IV.5.2. Selective leaching

In 1998, Lee and co-workers®! developed a selective leaching process for the recovery of
neodymium from permanent magnet scraps. The scraps are preliminary roasted at an
optimum temperature of 973 K in the air and then leached with an optimum concentration of
4 M sulphuric acid. A higher roasting temperature decreases the recovery rate of neodymium
during the leaching due to the formation of NdFeOs;. 70 % of the neodymium was recovered
with the formation of a Nd»(SO,); precipitate with a leaching time of 3 h at 343 K and a pulp
density of 100 kg/m?®.

A special process was discovered by Koyama and co-workers® of selective leaching to
extract neodymium from EOL permanent magnets. Preliminary, the scraps are roasted at
1173 K for 6 h, and then leached with diluted chloric acid (0.02 M) in an autoclave at 453 K
for 2 h. This process allows a recovery rate of 99 % of the neodymium from the leached

solution with a residue of 5 % iron.
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IV.5.3. Fractional crystallisation method

Wei and co-workers® studied the recycling possibility of neodymium by a fractional
crystallisation separation process in sulphate solutions. They determined the solubility of
Nd»(SOy); in HySO4-H,O and FeSO4-H,O solutions for a temperature between 273 and
353 K. An increase of the temperature creates an increase of the solubility of FeSO, in H,O
and a fast decrease of the solubility of Nd;(SO,);. Neodymium can be extracted as
precipitate Nd»(S0O4)3.8H,0 within 273-353 K and Nd»(S0O,4)3.5H,0 at 353 K.

Sato and co-workers®* also studied the fractional crystallisation method in sulphate solution
to recover neodymium from permanent magnet scraps by the addition of ethanol. Ethanol
was added in a solution of sulphuric- and nitric-acid containing neodymium and iron, which
has the effect to reduce the solubility of neodymium into the solution. Neodymium was
recovered from permanent magnet scraps as Nd»(SO,)s;.xH,O with a yield of 97.1 % and a
purity of 96.8 %.

IV.5.4. Hydrothermal method

To recover neodymium from NdFeB sintered magnets, Itakura and co-workers developed a
hydrothermal treatment using 3 M of H,SO, and 0.2 M of (COOH), for 6 h at 383 K. it has
been shown, that more than 99 % of the neodymium as Nd,(C,0,4)3:.xH20 with a purity of

99.8 % can be recovered®.
IV.5.5. Solvent extraction and related techniques

Solvent extraction consists in a separation of ions from a solution, which is based on the
formation of a complex between the ions presented in the aqueous phase and ligand
molecules contained in the organic phase.

These complexes are immiscible in the organic phase. Several parameters influence the
efficiency of a solvent extraction process such as the temperature, the pH from the aqueous
solution, the time of contact between both phases and their mixing efficiency. Also the
extraction efficiency depends on the properties of the ions and the ligands. Due to their
narrow chemical properties, it is relatively difficult to separate different lanthanides contained
in a same solution.

The most common ligands used for the extraction of neodymium are organophosphorous
based compounds like the di(2-ethylhexyl)-phosphoric acid (D2EHPA).

Mohammadi and co-workers® compared two ligands, the D2EHPA and the 2-

ethylhexylphosphonic acid mono-2-ethyl hexyl ester (EHEHPA) for the extraction of three RE
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ions: yttrium (Y**), dysprosium (Dy**) and neodymium (Nd*"). This study showed that both
ligands have more affinity with Y** than with Dy*" and Nd**.

Kraikaew and co-workers®’ investigated the extraction of RE elements using an isomolar
mixtures of tributylphosphate (TBP) and D2EHPA in kerosene at room temperature.

It was shown that the distribution coefficients increase for compounds with higher atomic
number. Heavy RE have better distribution coefficients in the 1.0 and 1.5 isomolar mixtures
of TBP and D2EHPA in kerosene than in the 50/50 mixture TBP/kerosene.

Liu and co-workers® studied the solvent extraction in chloride solution from praseodymium
and neodymium using the organophosphorous extractant, bis(2,4,4-
trimethylpentyl)phosphinic acid (Cyanex 272) mixed with an amine extractants, such as tri-
octyl/decyl amine (Alamine 336), trioctylamine (TOA) and tri-2-ethylhexyl amine (TEHA). The
best result was obtained with a mixture of Cyanex 272 and Alamine 336.

Abreu and Morais® compared the extraction efficiency of organophosphorous and amine
compounds. The organophophorous acids show a better affinity for the RE elements.

Zhu and co-workers*® showed that amide can also be used as ligand for the extraction of RE
elements with a solvent extraction process. They investigated the extraction of RE elements
using the N,N,N’,N’-tetraoctyl-3-oxapentanediamide ligand (TODGA) from nitric acid into n-
dodecane.

Lee and co-workers* studied the extraction of neodymium from hydrochloric solution using
the cathonic extractant Di-2-ethylhexyl phosphonic acid (PC88A) and soponified PC88A. It
was showed that the saponified PC88A has a better extraction efficiency than the PC88A.
Kim and co-workers* developed a process to recover RE elements from permanent magnet
scraps using a hollow hydrophobic polypropylene fiber membrane. The hollows were filled
with a mixture of organic compounds TODGA, Isopar L and TBP (ratio 3:4:3). The RE
element were extracted from a nitric acid solution without the extraction of side compounds
using a multimembrane configuration. The extraction process was also studied in a
hydrochloric acid solution, which showed a co-extraction from RE elements and side

compounds such as iron.
IV.5.6. Separation by ionic liquids

lonic liquids are special solvent, which are only composed of ions, a cation and an anion.
They offer an alternative way to recover neodymium from permanent magnets because of
their unique properties such as low vapour pressure and intrinsic electric conductivity.

For the extraction of neodymium from permanent magnet scraps, the ionic liquid is mostly
combined with an extracting compound such as N,N-dioctyldiglycolamid acid (DODGAA)*,
TODGA™, D2EHPA™ or TBP*°,
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Baba and co-workers*’ developed a supported liquid membrane (SLM) based on ionic liquids
for the selective recovery of neodymium in the presence of iron. They used DODGAA, which
is a very soluble extracting agent in 1-octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide (CsmimNTf,). This process recovers 99 % of neodymium,
but also 10 % of iron is co-extracted.

Kikuchi et al.*® developed an extraction process for neodymium, praseodymium and
dysprosium contained in a sodium nitrate solution using tri-n-butylphosphate (TBP) and the
ionic liquid tricaprylmethylammonium nitrate (JA336][NO;]).

Vander Hoogerstraete and co-workers®® developed a phosphonium ionic liquid
(trihexyl(tetradecyl)phosphonium chloride) in order to separate iron and neodymium from the
permanent magnet waste. The ionic liquid has a high affinity towards iron and allows its
extraction with an efficiency above 99.98 %. Neodymium remains in the solution and can be
recovered together with impurities.

In 2014 Vander Hoogerstraete®® and co-workers developed a procedure to recover
neodymium from permanent magnet scraps. The scraps were crushed and milled into
powder, which were roasted to obtain metal oxides. Then, the neodymium was selectively
leached with nitric- and chloric acid, the iron was left in its solid state. Afterwards the
trihexyl(tetradecyl) phosphonium chloride allows the extraction of transition metals (Co, Cu,
Mn) from the leached solution. Oxalic acid was added to the solution containing neodymium
in order to form a neodymium oxalate precipitate and finally the precipitate was calcinated to
recover Nd,Os.

In 2015, Dupont and Binnemans *°

investigated a new way to recycle neodymium from
roasted permanent magnets using carboxyl-functionalised ionic liquid: betainium
bis(trifluoromethylsulfonyl)imide ([Hbet][Tf;N]). The miscibility of this ionic liquid depends on
the temperature. The system [Hbet][Tf,N]-H,O is biphasic until 328 K (for a ratio 1:1). Above
this temperature the system is monophasic. The leaching is made at 353 K, when all
elements are dissolved, the system is cooled down until the formation of the biphasic system
is reached. Iron stays in the ionic liquid phase, whereas neodymium moves to the aqueous
phase. Afterwards the neodymium was precipitated as neodymium oxalate and calcinated to
obtain Nd,Os.

Riano and Binnemans®* demonstrated a recovery process of neodymium based on nitrate
ionic liquid. NdFeB magnets were leached in nitric acid. Then transition metals were
separated with a liquid-liquid extraction using a nitric acid solution and the ionic liquid
trihexyl(tetradecyl)phosphonium nitrate as organic phase. This step is followed by a
separation of neodymium and dysprosium through a  stripping with

ethylenediaminetetraacetic acid (EDTA). The separated neodymium is precipitated using
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oxalic acid and calcinated to obtain Nd,O3 with a recovery rate of 99.2 % and with a purity of
99.7 %.

The common problem with these processes is the use of large amounts of chemicals; some
of them present health hazards and are detrimental to the environment (e.g. HF). This
violates current trends and developments towards more environmentally friendly processes.
Furthermore, none of the listed processes result in a recovery of metallic neodymium. Either

neodymium is obtained as a salt or it is accompanied by substantial amounts of impurities.

Hydrometallurgical extraction methods are also used for the primary processing from
bastnaesite and monazite ores for the production of neodymium, which is used for the

manufacturing of permanent magnets.

IV.6. Pyrometallurgical process

Pyrometallurgical processes are run at high temperatures and have some advantages over
the hydrometallurgical processes:
- less consumption of chemicals

- fewer process steps
IV.6.1. Methods using molten salts

Hua and co-workers® demonstrated the feasibility of a neodymium extraction from
permanent magnet scraps using the molten chloride salt MgCl,-KCl in a temperature range
from 873 to 1473 K. After a grinding step, magnets were added into the salt under an argon
atmosphere. 90 % of the neodymium can be extracted from the magnets. Iron, boron and
other impurities are left in their solid state.

The research group of Hua also achieved the recovery of neodymium from NdFeB magnet
scraps using molten fluoride salts. The neodymium was recovered with a yield of 94.2 % in
molten AlF;-NaF at a temperature between 1073 and 1373 K. As in the chloride-based salt,

iron, boron and other impurities are left into their solid state®?.
IV.6.2. Liquid metal extraction

A liquid metal extraction is similar to a liquid-liquid solvent extraction, but at a higher
temperature using a liquid metal as solvent. In this process, neodymium is selectively
leached from the magnet and forms an alloy with the liquid metal.

In 1995 the AMES Laboratory® patent a process dealing with the recovery of neodymium
from NdFeB magnet scraps using molten metal M (M: Mg, Ca or Ba). Neodymium was

dissolved in the liquid extractant, leaving iron, boron and others residues in their solid state,
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to form an M-Nd alloy. Afterwards neodymium was recovered from the alloy through a
distillation to evaporate the metal. This process cannot be applied to oxidised scraps.

Xu and co-workers® developed a similar process to extract neodymium from permanent
magnet scraps using liquid magnesium. In this process, lubricant residues are removed from
the magnets using organic solvents. After crushing into fine particles, the magnets are
dissolved in liquid magnesium at 1073 K. At this temperature neodymium is soluble in
magnesium up to 65 at%>®. A Nd-Mg alloy is obtained with some residues of iron because
0.035 at% of iron is soluble in magnesium at 1073 K*’. Neodymium can then be recovered
from the alloy by vacuum distillation.

Takeda and co-workers propose an alternative continuous extraction process of neodymium
using molten magnesium. A difference of the vapour pressure at 1300 K of magnesium (0.73
atm) and neodymium (10° atm) and a temperature gradient in the reactor allow the
separation of neodymium and magnesium by circulation and vaporisation of magnesium
during the extraction®®*°.

The same process is also possible using molten silver at 1235 K, because it selectively
dissolves neodymium from the permanent magnets without side reactions with iron or boron.
Neodymium forms an alloy with aluminum, which contains up to 55 at% of neodymium.
Neodymium is then extracted from the Nd-Al alloy by an oxidation step which leads to Nd,Os3,
which is insoluble in AI®.

Moore and co-workers® explored a similar route using a Cu-based melt at a temperature
range between 1723 and 1773 K. Neodymium formed an alloy with copper with a maximal of

25 at% of neodymium.

The process using molten silver could be considered for an industrial upscale because silver
is easier to recycle than magnesium. However, silver is more expensive than magnesium,
and during the extraction process with silver, a Nd,Oz; compound is formed. This compound
needs to be reduced to the metal form. This high energy-using process produces few wastes
for a recovery up to 99 %, but it is not suitable for oxidised magnet scraps and it uses

hazardous reagents, especially molten magnesium.
IV.6.3. Glass slag method

The slag process is a broad method to separate and increase the concentration of RE
elements, which are found in the shredding residues.

In this process, the waste magnets are treated with a molten medium, e.g. boron trioxide.
Neodymium can then be selectively extracted and separated from the other compounds in

the resulting solution (e.g. «-Fe and Fe,B phases) by forming a glass slag with the boron

trioxide. The treatment of the glass slag with H,SO, at 423 K for 3 h and Na,SO, at 333 K for
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30 min results in a first precipitation of Nd»(SO,4)sxH,0. A second precipitate (Nd(OH)s) is
formed with the addition of sodium sulphate and sodium hydroxide in the solution.

Saito and co-workers®® reported the successful extraction of neodymium from NdFeB-
magnet scraps using molten boron trioxide. This method produces a Fe-B alloy composed of
2 phases: «-Fe and Fe,B, which contains less than 0.01 wt% of neodymium. The rest of
neodymium was in the slag material.

Saito and co-workers®® also showed that neodymium can thus be extracted as Nd(OH); and
Nd,(SO,)s. However, the recovery rate is only approximately 57 % and a further process step
is necessary to obtain metallic neodymium. This process produces a huge quantity of waste
and uses a lot of chemical products without an economic separation between boron oxide
and neodymium®.

Yang and co-workers®® developed a concept to extract neodymium, which is contained in
EOL permanent magnets from HDDs. An enriched scrap was preliminary produced by
shredding, crushing and screening of the magnets. Afterwards, they tested two different
slags: CaO-CaF, and CaO-SiO,-Al20; at 1773 K. Both systems allow a recovery rate of
more than 99 % of the neodymium contained in the scrap. The Nd-rich slag can be used in a

hydrometallurgical extraction process to recover pure neodymium.
IV.6.4. Direct melting

The direct melting of magnet scraps in order to produce new permanent magnets is difficult
because of the amounts of oxygen and carbon contained in the scrap. Both elements
decrease the recovery rate of neodymium through the formation of a slag rich of Nd,O3; and
carbon. This results in a loss of neodymium.®*

As a consequence, pre-treatment steps to remove carbon and oxygen are necessary.
Decarburisation can be achieved by heating the scrap, which converts carbon to CO,. Fe,0O3
can then be reduced by heating in a hydrogen atmosphere, while the reduction of Nd,O; to

Nd° is done by using calcium metal®® .

Bian and co-workers® developed a new method called VIM-HMS process (vacuum induction
melting follow the hydrolysis and the magnetic separation process) to extract the
neodymium, which is contained in clean permanent magnets free of nickel. First, the
permanent magnets were melted in a graphite crucible placed in a vacuum furnace with a
pressure under 1 Pa. This reaction produces a saturated NdFeBC alloy. The hydrolysis step
allows the conversion from neodymium carbides to neodymium hydroxides with iron
residues, which are separated by a magnetic separation step. Finally, neodymium hydroxide
is converted in Nd,Oz by calcination. This method allows an extraction of 93 % of

neodymium, which is presented in the permanent magnets with a purity of 99.7 %.
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All direct melting processes are environmental friendly methods, because they require no

chemicals. But they are only suitable for clean magnets and not for EOL products.
IV.6.5. Gas phase extraction method

Gas phase extraction processes are used to recover neodymium from the magnet scraps
while avoiding the oxidation of neodymium. They involve the grinding of magnet scraps into a

fine powder followed by chlorination with a chloride reagent in a nitrogen (N,) stream.

Machida and co-workers™ showed that neodymium can be selectively recovered from
permanent magnet scrap powders using ammonium chloride. The fine magnet powder
containing approximately 1 wt% of oxygen is mixed with ammonium chloride and heated to a
minimum of 623 K for 3 h under N, gas flow. After the chlorination, the powder is soaked in

distilled water to leach NdCl;. The recovery rate of NdCl; is 90 % with some « -Fe and Fe,B

residues. The difference of standard enthalpy formation between NdCl; and FeCl, allows a
selective chlorination of neodymium.

Uda’* developed a process to recover neodymium from magnet sludge by using FeCl..
During the reaction, he used activated carbon as a deoxygenising agent, which converts
Nd,O; to NdCls. After the reaction, a mixture of NdClz;, FeCl, and Fe-alloy is obtained with a
recovery rate of NdCl; of 96 % after 12 h at 1023 K. The neodymium chloride is extracted
from this mixture with a yield of 76 % by vacuum distillation.

ltoh and co-workers’? demonstrated the selective extraction of neodymium from permanent
magnet scraps through a chlorination step by using ammonium chloride (NH4CI) at 573 K for
3 h. The neodymium of the NdFeB-magnets was converted to NdCl; and extracted with a

yield of 90 % with some « -Fe and Fe-B residues.

Murase and co-workers’® suggested a neodymium recovery from permanent magnets by a
chemical vapour transport along a temperature gradient. As a chlorination agent, they used
pure chlorine gas and aluminium chloride. NdCl; is deposited in a high temperature zone
(1023 - 1173 K) while the other chlorides MCI, (M: Ni, Co, Fe, Zr, Al, Cu) are deposited at
lower temperatures (623 - 973 K). The recovery rate of neodymium is more than 99 % after

6 h of reaction.

The recovery of neodymium from permanent magnet scraps can also be done by using
sulfation roasting and was demonstrated by Onal and co-workers’. First of all, the
compounds from the scraps are converted to sulfate by a digestion in H,SOyconc. Afterwards
the mixture is roasted until the decomposition from iron sulphate to iron oxide is reached,

which is insoluble in water, whereas the neodymium sulphates stay stable.
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After the sulfation roasting, a water leaching allows the recovery of 95 % of the neodymium
in the leaching solution with a purity of 98 %. Iron is separated from by the formation of
hematite (Fe,O3).

IV.7. Alternative process: the pyrochemical process

Hydrometallurgical and pyrometallurgical processes allow the recovery of neodymium from
permanent magnet scraps. The recovery rate of almost each method is higher than 90 %.
Unfortunately, these processes have many drawbacks.

The direct re-use process is the most economical way; it needs neither energy nor chemical
products. It also generates no waste, but it is only applicable to the large magnets coming
from wind turbines or HEVSs.

Hydrometallurgical processes are generally appropriate to all types of magnets. But these
methods need many steps before the recovering of pure neodymium. They also consume
large amounts of chemicals and produce much waste.

Finally pyrometallurgical processes can be generally used for almost all magnet composition,
and they require fewer steps than the hydrometallurgical processes. The liquid method
extraction allows the recovery of neodymium under its metallic state. But theses processes
require a lot of energy and some methods produce large amounts of solid waste.This is the

case of the electroslag refining and the glass slag method.
IV.7.1. Electrochemical process

The electrochemical process to recover neodymium from permanent magnet scraps is a
special issue, which was not extensively explored until today. A few studies have shown that
there is the possibility to recover this element from scraps. From the thermodynamic side,
neodymium can be selectively dissolved from the magnet scraps due to its more reactive

properties in molten salts compared to iron.

Oishi and co-workers’® developed a process to recover neodymium from magnet scraps by
using a rare-earth-iron-group metal alloy diaphragm as bipolar electrode in molten chloride
salts. First the neodymium of the magnet scrap is dissolved at the anode and reduced on the
anode side of the diaphragm. Then neodymium atoms diffuse through the diaphragm until
the cathode side of the diaphragm and are oxidised as Nd** in order to be reduced on the
cathode as pure metal or as an alloy with nickel.

The same process was studied in molten fluoride salts by Kobayashi and co-workers’®. They
extracted neodymium at 1123 K from the electrolyte LiF-CaF,-NdF; (0.30 mol%) as a

neodymium-nickel alloy by using a bipolar electrode and a nickel plate as cathode.
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Martinez and co-workers " studied the extraction of neodymium from permanent magnet
scraps based on an electrolysis process in the eutectic LiCI-KCI and equimolar NaCl-KCI
mixtures. The electrochemical behaviour of neodymium has been investigated with an inert
electrode (tungsten) and with a reactive electrode (iron). They also demonstrated the
feasibility of the neodymium recovery with a very slow kinetic dissolution of the anode made
of NdFeB.

This last process can be an alternative to all previous described process. This pyrochemical
process is used for the reprocessing of nuclear spent fuel.

Pyrochemical processes allow a selective separation and recovery of lanthanides and
actinides. They are widely used in the nuclear field since some decades and still in

development. They are mainly based on chloride or fluoride salts.
IV.7.2. Electrochemical behaviour in chloride-based salts

In molten LiCI-KCI two oxidation states Nd** and Nd?* are stable™. The electrochemical
reduction process of Nd®*" in chloride molten salts was identified to be a two-step process via

Nd?* cations:
Nd3* + e~ & Nd?**

Nd?* +2e~ & Nd°

The standard redox potential of the Nd**/Nd° couple was calculated from ES»(Nd**/Nd?") and

EJo (Nd**/Nd°) using Eq. (1).

0 0
EO, = Ezjp + 2% Ezp0 (1)
3/0 3

The standard redox potential E§/0 of the Nd**/Nd°® couple can also be calculated from the

apparent standard potential Egjo with the following equations (Eq. (2) and (3)):

(2)

. RT
Eg/o = Eg/o T F * ln(aMClx)
Ay, = Ymcl, * X mct, )

where ayc;, represents the activity of the metal, yy¢, the activity coefficient and Xy, the

molar fraction.

For dilute solution yy¢;, = 1, Eq. (3) can be simplified as follows (Eq. (4)):
(4)

Amct, = Xmct,

Then the standard potential E§/0 of the Nd**/Nd° couple can be calculated with Eq. (5).
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. _RT 5
Eg/o = Eg/o TR ln(XMClx) )

Fig. 9 describes the relationship between the Nernst equation and the Gibbs free energy of

formation.

— 0 —E*
E=E -F n(Q)
* (-zF)

—zF)RT
—zFE = —zFE" — %ln(@)

—zFE = —zFE® + RTIn(Q)

4

AG = AG° + RT In(Q)

Fig. 9: Relationship between Nernst equation and the Gibbs free energy of formation

From the electrochemical measurements and by using the relationship described in Fig. 9,
the standard Gibbs free energy change of NdCl; formation can be calculated with the

following equation (Eq. (6)):
AGY, = —2FE), (6)

where AGé’/O corresponds to the following reaction:
3
Nd(s) + EClz(g) + 3Cl™(sol.) & NdCIlz~

Fig. 10a represents the evolution of AG?‘,’/O in LiCl and LiCI-MCI melts (M = Na, K, Rb, Cs) as
a function of LiCl content at 923 K, whereas Fig. 10b represents its evolution versus the
polarising power of the solvent cations. The addition of LiCl in LiCI-MCI melts (M = Na, K, Rb,
Cs) tends to decrease significantly the value of AG?‘,’/O, which in turn suggests a change in the
solvation of the metallic cation. The standard Gibbs free energy decreases also with the
increase of alkali cation radius (Li*, Na*, K*, Rb*, Cs") and inversely with its polarising ability.
This is an indication that smaller cations interact strongly with CI" and that the formation of

complexes such as NdCl:™ is favoured in the presence of larger averaged cationic.
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Fig. 10: (a): Dependence of the standard Gibbs free energy as a function of the LiCl amount in LiCI-MCI
melts (M = Na, K, Rb, Cs). (b): Dependence of the standard Gibbs free energy as a function of the

polarising power of the solvent cations in LiCI-MCI melts (M = Na, K, Rb, Cs).79

80,81

Fukasawa and co-workers studied the electrochemical behaviour of neodymium in LiCl-

CaCl; and determined standard redox potentials which are summarised in Tab. 1.

LiCl-KCleyt. equimolar LiCl-CaClaeyt,
CacCl,-NacCl

T/K E° (Vvs. CI/ClI)  E°(Vvs. Cl/Cl) E°(Vvs. Cl,/Cl)
673 -3.1518
723 -3.105"°/-3.135"
733 -3.0867
773 -3.0798
823 -3.0558 -3.0068 -3.0238
873 -2.9728
913 -2.9648
923 -2.9238

Tab. 1: Standard redox potential of Nd*/Nd° system vs. Cly/Cl”

They have also studied the dependence of the standard Gibbs free energy depending to the
melting composition in LiCl, LiCI-CaCls,, LiCl-BaCl, and LiCI-SrCl, (Fig. 11).
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For the melt LiCl-CaCl, and LiCI-SrCl,, the absolute values of the standard Gibbs free energy
decrease with the increase of the mole fraction of LiCl, which suggests that the stability of
NdCl}~ decreases. On the other side, concerning the melt LiCl-BaCl,, the neodymium
complex will be more stable with the increase of the mole fraction of LiCl. These facts
suggest that an increase of the cation radius increases the stability of NdCI2~ #. They have

shown that the reduction process of Nd** consists of two steps.

Novoselova and co-workers® studied the electrochemical and spectrophotometric behaviour
of neodymium in the eutectic salt LiCI-KCI-CsClI at a temperature range from 573 to 943 K.

They determine that NdCl, is not stable above 810 K, due to its disproportion reaction:
3NdCl, & 2NdCl; + Nd

Vandarkuzhali and co-workers® studied the electrochemical behaviour of NdO* ions in
MgCl,-NaCl-KCley.. They show that the reduction of these ions is reversible for a scan speed
between 25 mV.s™ and 75 mV.s™.

Sridharan® studied the thermal properties of LiCI-KClg. for the nuclear waste separation and
the electrochemical properties of neodymium in this salt at 773 K.

Masset and co-workers’® have studied the electrochemical reduction of NdCl; on a tungsten-
working electrode in LiCI-KCle, at 733 K by using cyclic voltammetry and
chronopotentiometry, the values are summarised in Tab. 1.

Yamana and co-workers® produced divalent neodymium in LiCI-KCle. at 773 K. During the
electrolysis a precipitate of neodymium was formed, which is attributed to the disproportion
reaction of Nd?*. Yamamura and co-workers®’ studied the electrochemical behaviour of the
chlorides of lanthanum, cerium, neodymium, samarium and dysprosium in LiCI-KCI| and
NaCl-KCl media.

Smolenski and co-workers®® studied the electrochemical behaviour of NdCls in LiCI-KCley: by

using a liquid working electrode, which is composed of a gallium-indium eutectic alloy at the

32



Chapter I: State of the art

temperature range of 723 — 823 K. They calculated the activity, solubility and activity
coefficients. These parameters have been used to determine the separation factor of
uranium from neodymium on gallium-indium eutectic alloy for the treatment of nuclear
wastes.

Tang and Pesic® investigated the electrochemical behaviour of NdCls, the mechanisms of
nucleation and the growth of neodymium during the reduction process in LiCI-KClg with a
molybdenum electrode. At a low concentration, the neodymium nucleates and grows
progressively on the electrode surface. At a higher concentration, above 2 wt%, the
nucleation mechanism is instantaneous. The augmentation of the concentration increases
the density of the deposition.

Vandarkuzhali and co-workers® investigated the electrochemical behaviour of NdCls in LiCl-
KClewt. with an inert electrode of tungsten at two reactive electrodes of aluminium and
cadmium. They calculated the standard redox potential of the Nd**/Nd® system on three

different working electrodes depending from the salt temperature (Tab. 2).

W electrode Al electrode Cd electrode

T/IK E° (Vvs. CI/ClI) E° (Vvs. Cl/Cl) E°(Vvs. Cl,/Cl)

698 -2,640 -2.733
723 -3.093 -2.623 -2.726
733 -2.723
748 -3.079 -2.606

758 -2.716
773 -3.065 -2.711
798 -3.050 -2.573

Tab. 2: Standard redox potential of the couple Nd*/Nd° depending of the nature of the electrode 89

They also determined the diffusion coefficient Dy;3+/yq2+ and Dyg2+ /g0 Which are

summarised in Tab. 3.

T (K) Duas+mazs (€M2.8™) x 10°  Dygzsmndo (cm®s™) x 10°

723 0.28 0.98
748 0.45 1.38
773 0.54 1.69
798 0.76 2.03

Tab. 3: Diffusion coefficient of Nd*" and Nd?* [89]

De Yan and co-workers® investigated the electrochemical behaviour of neodymium by a co-
reduction with aluminium in LiCI-KCI-AICIs-NdCl; at 873 K. They proved the feasibility of the
co-reduction of aluminium and neodymium to form an Al/Nd,-alloy. After an electrolysis of

30 h, 99.25 % of the neodymium, which was contained in the melt was recovered with the
33



Chapter I: State of the art

formation of two phases: Al,Nd and AlzNd at a potential of -1.32 and -1.43 V. During the
electrolysis, a depolarisation of the reduction potential to a more anodic potential was
observed.

Yasuda and co-workers® investigated the electrochemical formation of a Nd-Ni alloy in NaCl-
KCleyt. (50.6-49.4 mol%) with 0.5 mol% of NdCl; at 973 K. They found a formation of four
different alloys (NdNi,, NdNis, Nd2Ni; and NdNis) by using an open-circuit potentiogram for a
Ni plate electrode after the electrolysis at —0.03 A.cm™.

De Cérdaba and co-workers®® determined the activity coefficient of neodymium in Aljq at a

temperature between 973 and 1073 K, which can be calculated with the Eq. (7).
logynacary = 9-81 — 17134 /T(K) (7)

They have shown that Nd** can be reduced to Nd°® in two steps (Nd**/Nd?*, Nd*/Nd°) in

CaCl,-NaClgy, and that the oxidation step Nd?* is stable in this melt.

Kvam and co-workers® investigated the solubility of metallic neodymium in LiCI-NdCl; and
LiCI-KCI-NdCl; systems. The solubility is maximal 11 wt% in pure LiCl and decreases with
the addition of KCI to reach only 4 wt% with 60 % of KCI. Moreover the solubility is constant

in the temperature range 1023 — 1173 K and follows the reaction, which is written below.
Nd(s) + NdCl3(l) = NdClz(l)

With the addition of NdCl;in the system the solubility of metallic neodymium increases. This
information is important to determine how much metallic neodymium can be diluated in each

melt for its extraction process, which is described in chapter 5 of this thesis.
IV.7.3. Electrochemical behaviour in fluoride-based salts

In order to raise the efficiency fluoride-based molten salts can be an alternative to chloride
salts. The efficiency is higher because only one reduction step of neodymium ions is
involved. Tab. 4 summarises the standard potentials calculated from the Gibbs energy
database®™*®. The most appropriate salts for the electrochemical study of neodymium ions
are LiF and LiF-CaF,, due to their more cathodic potential compared to the reduction

potential of the neodymium ions.

NdF; LiF LiF-CaF, LiF-NaF LiF-KF
mol% 100 100 79.2/20.8 60/40 51/49
Ered -4.88 -5.31 -5.29 -4.88 -4.81

Tab. 4: Calculated reduction potential in V vs (F2/F’) of solvent cations and neodymium ions at 1100 K.
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IV.7.3.1 LiF-electrolyte

The electrochemical behaviour of LiF-NdF3, LiF-Nd,O3; and LiF-NdFs-Nd,O3; was investigated
by Stefanidaki and co-workers®. The solubility of Nd,Os in LiF is very low and produces the
formation of neodymium oxyfluorides [NdOFs]*™ in the electrolyte. They have detected by
Raman spectroscopy that the structure of neodymium fluoride in the molten salt is an
octahedral complex anion [NdFg]*.

The following reaction shows the reduction mechanism for obtaining metallic heodymium

from the complex.
2[NdFg]®>~ + 6e™ = 2Nd(5) + 12F~

The solubility of Nd,O3 in LiF-NdF3; is 0.13 mol% at 1023 K and can reach 0.22 mol% at
1173 K*.

Thudum and co-workers'® found out that metallic neodymium can be produced by the
reduction of [NdF¢]* or [NdOFs]* depending of the OF/F molar ratio. At low molar ratio,
neodymium is produced by the reduction of [NdFg]*". Above a critical concentration of Nd,Os,
the reduction of [NdOFs]*" turns out neodymium.

101

Dysinger and Murphy=" also studied the reduction of neodymium from the salt LiF-CaF,-

NdFs-Nd,O3 at a temperature between 1303 and 1333 K on a tungsten electrode.

IV.7.3.2. LiIF-CaF,-electrolyte

Taxil and co-workers'®

investigated the extraction processes of neodymium, gallium and
samarium in LiF-CaF, for the reprocessing of nuclear spent fuel. By using a square wave
voltammogram they have shown that the addition of Li,O in the melt decreases the intensity
of the peak of NdF3, due to the reaction with O? ions. This reaction leads to the production of
neodymium oxyfluorides species, which was confirmed by Stefanidaki®.

Hamel and co-workers®’ studied the electrochemical behaviour of neodymium in LiF-CaF eyt
at 1083 K on a molybdenum electrode. The reduction process of Nd** to Nd° takes place in
only one step, and the diffusion coefficient of Nd*" ions is 1.3x107° cm®s™’. They also

extracted metallic neodymium from the melt by using an electrolysis process.
Deposition of neodymium on a reactive electrode

The electrodeposition of Nd®*" on a reactive electrode such as copper or nickel takes place to
more anodic potentials compared to an electrodeposition on an inert electrode. This shift is
called “depolarisation” and is between some mV and few hundreds mV*®. The depolarisation
reduces the risk of the co-deposition of lithium. The reaction of Nd** and the electrode leads

to the formation of an intermetallic compound as described in the following reaction:
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Nd3* +3e” + xM = Nd,M

where M represents the metal of the electrode

x is the number of M atoms

The electrodeposition of Nd** on a reactive electrode of nickel was demonstrated %", The
depolarisation of the reduction peak of Nd**/Nd° is 400 mV with the use of a nickel electrode
compared to the reduction on an inert electrode of molybdenum or tantalum. Different
phases can be found in the formed alloy: NdNi,, NdNiz, Nd,Ni; and NdNis'%>*®.
The electrodeposition of Nd** was also investigated on an electrode of copper®?195107.108 |y
this case, the depolarisation of the reduction peak of Nd**/Nd° is around 250 mV with the use
of a reactive electrode compared to the reduction on an inert electrode of molybdenum. The

intermetallic alloy is formed in the following phases: CuNd, Cu,Nd, CusNd, CugNd.
Co-reduction of neodymium and aluminium ions

The co-reduction process consists of a simultaneous reduction of two different ions to create
an alloy during the electrolysis on an inert electrode. This technique can be compared to the
previous method, which consists of a deposition on a reactive cathode. The advantages of
this method are that the cathode is not consumed during the reaction and the deposition
process is faster. During the co-reduction a depolarisation can be noticed. The reduction
potential is shifted to a more anodic potential than during the reduction of pure neodymium
on an inert electrode, which is nearby the solvent reduction. This depolarisation allows a
complete extraction of neodymium.

The co-reduction process of neodymium and aluminium in LiF-CaF,ey Was investigated by

Gibilaro and co-workers92109:110

, which follows the mechanism:
xNd** + yAPP* - Nd,Al,

The phases of the formed alloy can be controlled by the application of a fix potential during
the electrolysis (Tab. 5).

Phase AINd; AINd, Al3zNd Al{1Nd;
E (V vs. Pt) -1.88 -1.69 -1.49 -1.33

Tab. 5: Composition of the AlyNdx-alloy depending of the standard potential applied during the

electrolysis102

IV.7.3.3. FLINAK-salt

Shim and co-workers™! investigated the reduction process of Nd*" in the molten salt LiF-

NaF-KFe., which is called FLINAK, on a tungsten electrode. They identified a reduction
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process of Nd*" in two steps, starting with the reduction of Nd*" in Nd?* followed by the
reduction of Nd** in neodymium metal. They also developed the galvanostatic reduction of
Nd** by using a liquid bismuth electrode.

Zvejskova and co-workers'*?

studied the FLINAK mixture, which has a melting point of
727 K, on a platinum electrode. Their results are similar to the results of Shim. The reduction
of Nd** follows a two-step reduction. They also found a peak corresponding to the reduction

of platinum ions at the counter electrode.

V. Conclusion of the chapter

Due to the strong development of environmental friendly technologies and the increase of the
use of electronic devices, the demand on neodymium will be even larger during the next
decades. This means that the neodymium feedstock will be drastically reduced.

Moreover the price of pure neodymium is unstable due to geopolitical consideration.

This chapter gives an overview of the different recycling processes to recover neodymium
from electronic scraps. Nowdays there is no process, which is used at an industrial scale,
due to the complex composition of the electronic scraps and many disanvantages of the

previous described recycling processes, like a high consumption of chemicals or energy.

As previously described, the pyrochemical process can be an alternative to the existing
neodymium recycling processes. This method is already widely used in the nuclear field for
the treatment of nuclear fuel waste. It allows a selective separation of actinides and
lathanides. This technique could be a solution for the recycling of the permanent magnets
and the selective recovery of the neodymium. That's why we have decided to study the
electrochemical behaviour of the neodymium in molten salts.

The following chapters will describe the experimental setup to determine the behaviour of
neodymium in different electrolytes, which is followed by the analysis of the neodymium’s

recovery in some selected electrolytes.
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As shown in the previous chapter, several studies deal with the research of efficient
processes for the recovery of neodymium from electronic scraps. Most of these processes
are very laborious due to high consumption of energy and chemical products as well as
multiple steps before reaching the recovery of pure compounds. The use of the pyrochemical
process can be a solution to extract pure neodymium from scraps in fewer steps. For the
successful execution of this thesis, the development and the utilisation of particular material
and methods have a primary importance.

This chapter is divided into two parts, the first part describes the experimental device that
has been developed. The second one is devoted to the characterisation methods that have

been used to control and evaluate the result of this new device.

To present the new experimental setup, different elements have to be detailed and justified.
Among them the crucibles, electrolytes, electrodes and glove-box will be presented as well
as the dedicated data acquisition system which has been developed to control the complete

process.

The second part deals with the description of the various techniques that have been used to
qualify and quantify the results obtained during this work. The electrochemical
measurements that have been wused during this study (cyclic voltammetry,
chronopotentiometry, chronoamperometry, electrolysis) will be presented. Physical analyses
(EDX/REM, optical microscope, SEM) and chemical analysis (ICP-OES) have also been
performed for the analysis of the solute and products during the basic electrochemical

experiments and the electrolysis.

l. Material
I.1. The crucibles

Due to their resistance against the fluoride-based salts, the graphite crucible was favoured to
the Al,O3 crucible.

For the basic experiments with a chloride and a fluoride mixture, the salt was placed in a
cylindrical graphite crucible (Fig. 12) with a height of 60 mm and an internal diameter of
50 mm with a 3 mm thick wall, which represents a volume of 112 cm? (Fig. 13). The amount
of used salts was approximately 65 g, which represents a height between 13 and 18 mm

depending of the salt mixture.
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Fig. 12: Graphite crucibles used during the study of the behaviour of neodymium in different electrolytes
and the electrolysis processes

A bigger crucible (230.5 cm?) was required for the electrolysis to increase the amount of salt

and the surface of the electrode immerged in the electrolyte.
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Fig. 13: Diagram of graphite crucibles

In order to remove the residual humidity, which is contained in the graphite crucible, each
crucible has to be completely dried before the first utilisation. In the glove box, the crucibles

are placed in a flushed reactor with argon and then heat up to 473 K.
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|.2. The electrolytes

This research focused on different types of electrolytes, in order to demonstrate the
behaviour of neodymium and to observe the salt influence. Based on the previous literature
survey, the following salts were selected and will be used during this work.

- Chloride-based salt (LiCI-KCI)

- Mixtures of chloride and fluoride salts (LiCI-KCI-LiF)

- Fluoride-based salts (LiF-CaF,, LiF-SrF;)
These electrolytes have been choosen after the study of their properties. The eutectic LiCl-
KCI mixture was selected due to its low melting point (626 K). Moreover these electrolytes
are well described in the literature, which allows a comparison to validate the electrochemical
process.
After the study of the neodymium behaviour in the eutectic mixture LiCI-KCI, it was
demonstrated that its reduction process is composed of two reduction steps, which influence

the efficiency during the electrolysis process due to a disproportion mechanism.

The fluoride-based mixtures can be an alternative to the chloride-based mixtures. The
possible compositions are:

- LiF

- LiF-NaF

- LiF-KF

- LiF-CaF;

- LiF-MgF;

- LiF-SrF;

The LiF-NaF and LiF-KF mixtures cannot be used to study the behaviour of neodymium

because sodium and potassium are reduced before neodymium that prevents its reduction.

The LiF-MgF, mixture, with a melting point of 1015 K has been used without success. After
each experience, it was noticed that the bottom part of the reference electrode, which was
deeped in the electrolyte was dissolved. An explanation for this result could be a reaction
between platinum and magnesium.

From the comparison of the three remaining compositions, which have been left only the LiF-
CaF, and LiF-SrF, mixtures have been selected. They contain only elements with a more
anodic reduction potential than the redox potential of the neodymium. Moreover they have a
melting point approximately 353 K lower than the melting point of LiF that will represent a

great energy saving when the process will be update to an industrial scale.
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1.2.1. LiCI-KCI salt

The first used salt was an eutectic LiCI-KCI mixture. LiCl and KCI were obtained from VWR
Germany with a purity of 99 % (respectively 99.5 %). After receiving the salts, they were
directly stored in the glove box to avoid the formation of LiCI-xH,O with the humidity which is
contained in the air.

The composition of the salt was 59.2 mol% of LiCl and 40.8 mol% of KCI with a melting point
of 626 K (Fig. 14™3). The salt was directly prepared in the crucible with the help of a
precision balance. After mixing the salt was strongly stirred in order to obtain a homogenised

mixture.
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Fig. 14: LiCI-KCI phase diagram113

The density of the salt LiCI-KClg,. is calculated by Eq. (8).

p =2.0286 — (5.2676 * 10T (8)*

1.2.2. LiCI-KCI-LiF salt

The LiF salt was purchased at VWR Germany and had a purity above 98.5 %. The mixture of
the eutectic was determined by the Fig. 15 and is composed of 58 mol% of LiCl, 38 mol% of
KCl and 4 mol% of LiF.

The ternary composition has a melting point of 618 K.
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Fig. 15: Li, K//F, Cl phase diagram114
[.2.3. LiF-CaF; salt

The binary mixture is composed of 79.2 mol% of LiF and 20.8 mol% of CaF, and has a

melting point of 1040 K (Fig. 16). The calcium fluoride was purchased by VWR Germany and

has a purity of 99.5 %. The density of this eutectic salt is determined by the Eq. (9)**°.

p=245—(3.7%10"HT (9)
LiF - CaF,
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1400 [ 1418—]
Agalt-liguid ASaltliguid + CaF(s2
1200 0658 1151° 7
P
981000 [ ASalt-liquid + CaF ,(s)
E 48’
£ 800 0.201 767"
E ASalt-liguid + LiF(s)
E 600
[
400 +
200
0

00 0.1 02 03 04 05 06 07 08 09 10
mole CaF,/(LiF+CaF,)

Fig. 16: LiF-CaFz phase diagram115
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[.2.4. LiF-SrF, salt

The compaosition of this binary mixture is 81.5 mol% of LiF and 18.5 mol% of SrF, and it has
a melting point of 1044 K (Fig. 17). The strontium fluoride was purchased from VWR

Germany and has a purity of 99 %.
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Fig. 17: LiF-SrF2 phase diagram116

|.3. The electrodes

The arrangement of the electrode was controlled by an 8 mm Inconel 625 tube. In this tube
an Al,O; tube was placed to avoid any electrical contact between the Inconel and the
electrode. This system was sealed with silicon based glue (3), which resists high

temperatures (Fig. 18).
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Fig. 18: Assembly of current supply and electrodes
(2): wire for current supply; (2): alumina tube; (3): high temperature silicon; (4): Inconel 625 rod; (5):
connection between wire and electrode; (6): electrode. (a): normal configuration for working electrode,
(b): configuration for the counter and reference electrode made of respectively glassy carbon and

platinum.

|.3.1. Reference electrode

A special Pyrex® tube, with a very thin bottom wall was used for testing the chloride salt. The
reference electrode was a 1 mm silver wire dipped in a mixture of LiCI-KCI and 0.75 mol/kg
of AgCI (Fig. 19).

T

1 mm silver wire

€—— Pyrextube

Electrolyte + AgCl
(0.75 mol/kg)

Fig. 19: lllustration of the reference electrode for chloride salts

49



Chapter II: Material and Methods

The literature shows that the majority of electrochemical potential in chloride salts are
expressed versus the reference couple Cl,/CI. Therefore in this experiment the standard
potential was converted from the couple Ag*/AgCl to the reference couple Cl,/CI".

Eg. (10) expresses the relationship between Ag/AgCI to CI,/Cl reference electrode at a low

concentration of AgCl in LiCl-KCley.**’
EQyc; = —1.0910 + 2.924 x 10~ « T(K) (10)

This equation is based on the extrapolation of infinite dilution, which was extracted from the

published work of Yang und Hudson. **8

The potential of the couple Ag/AgCl (1 wt% or Xager = 0.0039) depending from Eﬁga is
defined in the Eq.(11).***

RT
Enget = Efger + T In (Xagc1) (11)

Eqg. (12) is the result of the insertion of Eqg. (10) and Eq. (11) and allows the estimation of the

potential shift, which corresponds to the change of the reference electrode from Ag/AgCl to
Cl,/CI.

. RT
Eager = —1.0910 +2:924 + 107* + T + —In (Xagar) (12)

By applying Eq. (12) at different temperatures the following values of E,4¢; vs Clo/CI" (Tab. 6)

were obtained

TIK Eagal (V Vs. CL/CI)
723 -1.2252
773 -1.2344
823 -1.2437
873 -1.2530
923 -1.2623

Tab. 6: Potential of AgCl vs. Cl,/CI”

For fluoride salt, a 0.5 mm platinum wire was used as reference electrode, which was dipped
in the electrolyte. The electrical contact was set up with a tantalum wire. The platinum wire is
considered as a quasi reference electrode. Then the values of the apparent standard
potential will be refered versus F,/F. The determination of the reference system in fluoride-

based electrolytes is described in section 11.2.2. of chapter IV.
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[.3.2. Counter electrode

For the experiment in chloride salts, the counter electrode was a molybdenum wire with a
diameter of 1 mm.

However in fluoride salts, the counter electrode was a glassy carbon rod (Goodfellow) with a
diameter of 2 mm. A tantalum wire, which was rolled to an extremity of the glassy carbon rod

managed the electrical contact.
1.3.3. Working electrode

For the investigations of the neodymium properties in molten salts, various materials were
used as working electrode: aluminium wire (1.5 mm, Alfa Aesar, purity 99.99 %), tungsten
wire (1 mm, VWR, purity 99.95 %) and molybdenum wire (1 mm, Goodfellow, purity
99.95 %). Tungsten und molybdenum do not react with the chloride and fluoride-based
molten-salts **°. Furthermore both materials have no interaction with neodymium. Thus these

inert electrodes inhibit the production of an alloy during the electrolysis.
1.3.4. Electrode for the extraction

The anode consists of a 1 mm tantalum wire basket on which four permanent magnets are

maintained (Fig. 20).

Fig. 20: Configuration of the anode -

The basket containing the magnets was totally immersed in the molten salts.
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I.4. The glove box

The glove box (Fig. 21) allows the control of the atmosphere with a nitrogen gas flow. The
quantity of O, and H,O was kept lower than 15 ppm during all this work in order to avoid the
contamination of the salt.

Each salt, crucible and all other components such as electrodes, magnets, which were used
for the execution of the electrochemical experiments, were stored in the glove box.

After the preparation of the crucibles and the fixation of the electrodes in the salt, the reactor

was hermetically closed, removed from the glove box and placed in the furnace.

Fig. 21: Glove box for the preparation of the experiments and storage of materials

I.5. Data acquisition system

All electrochemical studies carried out in the different salts and electrolysis experiments were
performed using a BioLogic Science Instrument SP 300 potentiostat/galvanostat. The

potentiostat was controlled by a computer using the EC-Lab-software version 11.

All analyses of the experiments were performed using Microsoft office softwares.
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II. Methods
Il.1. Electrochemical techniques

[1.1.1. Cyclic voltammetry (CV)

Cyclic voltammetry is one of the most widely used electrochemical techniques.
This method consists of a linearly potential variation (Fig. 22) applied to the working
electrode between two limits (Enax and Enin) according to a simultaneous measurement of the
resulting current arising from the corresponding electrochemical reaction.
The linear variation is described by Eq. (13).

E=E; vt (13)

Ei represents the initial potential in volt. v is the scanning speed of the potential in volt per

second and it is kept constant during the process. t is the duration of the process in seconds.

E (V/REF)

Emax

E

start

min

1. cycle 2. cycle

Fig. 22: Potential fluctuation for the cyclic voltammetry

The return scanning provides information about:
- the nature of the formed products
- number of reduced compounds

- the reversibility of the system

The obtained voltammograms show the evolution of the current density as a function of
potential. They usually have one or more peaks corresponding to reduction or oxidation
reactions at the electrodes. Conventionally, reduction phenomena are associated to negative

currents and oxidation to positive currents.
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The shape of the obtained intensity-potential curves (Fig. 23) allows to distinguish the
different redox systems according to whether they are reversible, quasi-reversible or

irreversible, 1217123

This graph (Fig. 23) points out information about the studied system. Due to the Berzins-

Delahay relationship ***

, itis possible:

- to check the kinetic limitation of the reaction (activation or diffusion)

- to calculate the diffusion coefficient, if the reaction is controlled by the mass transport
of matter

- to determine the concentration of the studied species

anodic
|exidatian )

Current [ A
N

%

\I

Cathodie >, lpc| |
|raductan ) \\ ).'I

\,:"

Potential / W

w

Fig. 23: Typical cyclic voltammogram

In the case of a quasi-reversible electron transfer and a limitation of the reaction by the
diffusion of ions in solution, where the oxidant or the reductant is insoluble, the intensity of
the reduction peak (Ip) is then proportional to the square root of the scan rate (v)

124

(relationship Berzins Delahay “*) according to Eq. (14).

zF
- _ 0 /_ 14
I, 0.61zFAC Dv (14)

z: number of exchanged electrons

where

l,: peak current (A)

F: Faraday constant

A: electrode surface Area (cm?)
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C% bulk concentration (mol.cm™)
R: gas constant (J. K*.mol™)

T: temperature (K)

D: diffusion coefficient (cm?®.s™)

v : scan rate (V.s™)

If the product of the electrochemical reaction is soluble, the relation between Ip and v*?is

given by the Randles Sevcik relationship (Eq. (15)).

zF
= - 0 f— 15
p = —04462FAC° | =DV (15)

The diffusion coefficient is calculated by the Eq. (14) and (15). D depends on the variation of
the temperature according to the Arrhenius relation (Eq. (16)):
E
D=D° (— —“) 16
exp (-7 (16)

where
D: diffusion coefficient (cm?®.s™)
D°: pre-exponential factor (cm?.s™)
E.: activation energy (J.mol™)
T: temperature (K)

R: gas constant (J. K*.mol™)
[1.1.2. Chronopotentiometry (CP)

This test is performed under a controlled current and the electrode potential measured, as a
function of time.

A potential variation is related to a change of the species concentration at the surface of the
electrode. The transition time t is equal to the time necessary for the concentration of
electroactive species to reach zero at the surface electrode.

This technique is used to evaluate the number of reactions occurring to the working electrode
and to investigate electrode kinetics. The curve E = f(t) contains plateaus corresponding to

the redox potential of electroactive species as shown on Fig. 24.
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-0,5 1

t(s)
Fig. 24: Typical chronopotentiogram of 0.5 mol% of NdCls obtained in the eutectic LiCI-KCI

If the diffusion of ions is linear and the experimental time is short enough to ignore the
diffusion of the ions from the electrolyte to the diffusion layer, the transition time is related to
the current density by the Sand’s law ** (Eq. (17)):

1/2n1/2
/2 ZFACT[2 D (17)

where

i: applied current (A)

T: transition time (s)

z: number of exchanged electrons

F: Faraday constant

A: surface area of the electrode (cm?)
C: bulk concentration (mol.cm™)

D: diffusion coefficient (cm?.s™)
[1.1.3. Chronoamperometry (CA)

The chronoamperometry is a transient electrochemical technigque, where a potential (anodic
or cathodic) is applied at the working electrode and the corresponding current at the working
electrode resulting from an electrochemical reaction is measured versus time. This technique
involves a stepping potential of the working electrode from an initial potential (Eo) to a
potential at which the faradic reaction occurs. It is used for measuring the diffusion coefficient
of the electroactive species, which are contained in the electrolyte, or on the surface area on
the working electrode.

The Cottrell's equation, Eq. (18), is used to determine the current-time dependency:
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. zFACVD
=== (18)

where

i: current (A)

t: time (s)

z: number of exchanged electrons

F: Faraday constant

A: surface area of the electrode (cm?)
C: bulk concentration (mol.cm™)

D: diffusion coefficient (cm?®.s™)

[1.2. Electrolysis — Faraday’s law

The electrolysis may be controlled by a fixed current, which is called chronopotentiometry or
a fixed potential called chronoamperometry.

If the electrolysis is controlled with a constant current, the variation of the potential of the
anode and the cathode as a function of the time was recorded. The advantage of this method
is the possibility to work at the limit current in order to obtain a higher kinetic. The only threat

is the unwanted side reaction as soon as the current is above the limit current.

On the other side, electrolysis with a constant potential imposes to fix a potential on an
electrode versus a reference or a potential difference between an anode and a cathode. The
result is the measured current, which explains the reactions taking place at the anode. If the

faraday vyield is closed to one then the transferred charged can be expressed by Eqg. (19).
Q =it =nFz (29)

where,

Q : charge number (C)

i : current intensity (A)

t : reaction time (s)

n : theoritical amount of transformed species (mol)

z: exchanged electrons

Faraday’s law (Eq. (19)) allows estimating the quantity of reduced or oxidised species. If all
the electrons are used to carry out an oxidation or reduction phenomenon, the faradic yield is
equal to 100 %.
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I1.3. Characterisation of the samples

After the electrolysis process, the electrodes have to be removed from the electrolyte. They
are fixed a few centimeters above the crucible, which contains the electrolyte. The
temperature in the electrochemical cell is maintained for one hour to allow the removal of the
electrolyte, which is stocked on the electrodes by droping down in the crucible. By using this

process, it is possible to recover an almost clean electrode, which can be analysed later.
[1.3.1. Optical microscope

The optical microscope allows a global overview of the sample, which have been obtained
during the electrolysis process. The microscope « EPIPHOT NIKON » with a reverse lock
was equipped with a camera CCD from Sony and the software « Archimed » allow the record

and the analysis of pictures from each sample.
[1.3.2. Scanning electron microscope (SEM)

The Scanning Electron Microscope, which employs an electron beam permits a qualitative
analysis of the deposition on the anode obtained during the electrolysis. The used SEM
« FEG JOEL 7800F » was coupled to Energy-Dispersive X-ray spectrometer with a Xflash
detector.

The analysis method allows the detection of each element, which is contained in the deposit.
[1.3.3. Characterisation of the electrolyte and the electrode

In order to confirm the efficiency of the electrolysis step, it is necessary to determine the
guantity of each element contained in the electrolyte and in the Nd-based magnets fixed at

the anode.

11.3.3.1. ICP-OES (Inductively Coupled Plasma — Optical Emission

Spectroscopy) analysis

Before the start of the analysis, the samples have to be completely dissolved according to
the process described in section 11.3.3.2. of this chapter.

After this preparation step the solution is ionised by argon plasma in a temperature range
between 6000 and 8000 K, which is generated and maintained by a magnetic field induced
by a caoil.

The Optical Emission Spectrometer allows the analysis of the light produced by the
elements, which are contained in the solution. Each element has a specific wave length i.e.

406.1 nm for neodymium.
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11.3.3.2. Preparation of the samples for the ICP-OES analysis

For the ICP-OES analysis, the samples have to be dissolved in a solution of 6 M of
hydrochloric acid. Afterwards the obtained solution has to be diluted to reach the range of the
compounds concentration, which can be detected by ICP-OES without overload.

It is also necessary to prepare reference samples with a specific concentration of the tested
required elements. For the neodymium, five reference samples have ben prepared with the

following concentrations of neodymium: 0.2, 5, 10, 20, 40 ppm.

lll.  Conclusion of the chapter

The present chapter described materials, electrochemical and characterisation techniques
allow the determination of the behaviour of neodymium in different chloride and fluoride
electrolytes.

The characterisation of the samples should enable us to describe the quality and quantity of
the extracted compound.

Before starting the electrochemical experiment, it was necessary to develop a specific
electrochemical cell, which could resist to aggressive environment conditions like corrosion

and high temperatures.
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Before starting the electrochemical study of the neodymium behaviour in molten salts, it was
necessary to develop a specific electrochemical cell. In this thesis, chloride- and fluoride-
based salts were used, that's why the material which is in contact with the salts has to be
resistent against their aggressive character and high temperatures.

This chapter explains the description of the electrochemical cell elaboration, the different
constrains which have to be considered and choices that have been done.

First of all, we will define the requirements of such a reactor. Then, we will described each
element, which forms the electrochemical cell. Moreover, the used furnace and the gas

system which is needed to maintain an inert atmosphere, will be explained.

. Requirements of the electrochemical cell

The first challenge was the modification of an existing glove-box to incorporate a furnace,
which has to be fixed on the bottom of the glove-box. This solution would have permitted to
use a fixed reaction chamber and a removable elevator, on which the electrode and the
crucible containing the electrolyte would have been fixed.

These modifications include a complete reorganisation of the glove-box. In its initial
configuration it was not possible to implement such a solution.

Then, it was necessary to create a reactor, which had to be portable and airtight in order to
be extracted from the glove box through the introducing chamber which has a diameter of
400 mm.

The second important requirement is the resistance against aggressive media like molten
salt and the resistance against high temperatures which can reach approximately 1273 K.
These operating conditions strongly limited the potential materials for the cell construction.

A key issue was the necessity to reduce drastically the temperature between the bottom and
the top of the reactor, where the seal is fixed in order to keep the tightness. This temperature
difference can reach 1123 K. The temperature of the lid has to be maintained under 423 K
over the whole experiment duration which can reach three or four days, in order to avoid the
degradation of the sealing. A degradation of the sealing can create some leaks, which

threaten the health and safety of the user.

The last challenge concerned the fixation of six entrances (or exit) on the lid for:
- areference electrode
- acounter electrode
- aworking electrode
- athermocouple to control the salt’'s temperature
- agasinlet

- agas outlet
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. Basic design of the electrochemical cell

As previously described in the introduction of this chapter, the electrochemical cell has to fit
inside the introduction chamber of a glove box. Fig. 25 shows the first possible design of the

electrochemical cell. With 200 mm as external diameter, the high of the chamber can reach

348 mm.

400 mm

wuw 8ye

200 mm

Fig. 25: First schematic description of the introduction chamber of the glove box

As mentioned before, the electrochemical cell needs cooling elements to maintain the
temperature of the lid under 423 K. Fig. 26 describes the design of the cell. The lid is

composed of 3 parts:
- 1: the top of the lid, which is made of aluminium is the first cooling chamber

- 2: this part made of Inconel 625 provides the connection between the cooling

chambers and closes the reaction chamber
- 3: the second cooling chamber, which is made of Inconel 625 makes the connection

between the reaction chamber and the lid.
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wuw g9¢

200 mm

Fig. 26: Second schematic description of the introduction chamber of the glove box.
(1): top of the lid, second cooling chamber; (2): separator between both cooling chambers, closing part of

the reactor chamber; (3): Flange ring: first cooling chamber fixed on the reactor chamber

The whole electrochemical cell is composed of two principal parts:
- areaction chamber
- an elevator, on which the electrodes are fixed, gas inlet and outlet and the

thermocouple

lll.  Design of the electrochemical cell

Molten salts are very aggressive media and particularly the fluoride-based salts. During this
thesis some salts based on chlorides, fluorides and a chloride/fluoride mixture were tested.
The choice of the reactor material is therefore limited by the high dissolving power of these
salts. Thus, oxide materials, such as alumina, silica or glass are suitable only for chloride-
based salts, whereas fluoride-based salts would destroy such materials which are not oxide-
saturated. The use of oxide-based materials in direct contact with salt can contaminate it and
disturb the results of the electrochemical experiments. A standard electrochemical cell was
therefore not suitable for our planned experiments and a new cell had to be developed
especially for electrochemical experiments in this type of molten media.

Some fluoride salts have a melting point as high as 1173 — 1223 K, that’s why the reactor
shall resist to a constant temperature of minimum 1273 K. Inconel 625 raw material (a nickel-
based alloy) was selected for the construction of the reactor as this material exhibits a high
corrosion resistance against every molten media and has a melting temperature in the range

of 1563 — 1623 K*?°,
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The complete electrochemical cell was developed using the software “Autodesk Inventor
Professional”.

[11.1. Reaction chamber

The reaction chamber (Fig. 27) is composed of:
- a bottom with a diameter of 200 mm and a thickness of 3 mm (3),

- a 235 mm tube with a 3 mm thick wall as reaction chamber (2),

- and a flange ring containing the first cooling chamber (1).

A-A(1:1)

2T T I I T T T T 777777 T T 77 77T T T 7 77 77 7 77 7 7777 PRI

Fig. 27: Reaction chamber of the electrochemical cell.

(1): flange ring inclusive cooling chamber; (2): tube of the reaction chamber; (3): bottom of the reaction

chamber

The high diameter, which is 184 mm inside the chamber has been selected in the
perspective of an upscaling after the laboratory experiments. The chamber's height of
235 mm has been chosen for two reasons. First, the crucible which contains the electrolyte
can be placed in the middle of the furnace. And second, enough space between the crucible
and the lid of the electrochemical cell is necessary to place thermal barriers to reduce the

temperature gradient.
[11.1.1. Flange ring

Fig. 28 shows a CAD-representation of the flange ring. This part is the connection between
the reaction chamber and the elevator part.
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Fig. 28: Flange ring

The flange ring is welded to the tube of the reaction chamber by using an Inconel 625 wire.

The advantage of using the same material for the part of the electrochemical cell and the

welding is to obtain a stable construction with the same expansion factor.

In this part a water input and output (1) were positioned to create a loop for the cooling cycle.

This loop was directly connected to the cooling circuit which is included in the cooling ceiling

system as described in section 111.2.5.

[11.2. Elevator part

The elevator, which is represented on Fig. 29 is the most important part of the

electrochemical cell. It contains the following fixations:

the crucible, which contains the electrolyte, with its centering ring to be maintain in
the middle of the electrochemical cell

the thermal barrier

the holding rods

the cooling ceiling system. This piece is made of aluminium to limit the weight of the
electrochemical cell. Aluminium can be used here because this part has no direct
contact with the corrosive environment of the reaction chamber.

the elevator lid: it closes the reaction chamber and connects the flange ring, which is
fixed on the reaction chamber, to the cooling ceilings system. The holding rods are
fixed on this piece.

the electrode introduction system which allows the fixation of the three electrodes, the

thermocouple and the gas inlet and outlet.
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To obtain an airtight sealing, two O-rings are fixed on the electrode introduction system: the
first one between the flange ring and elevator ring and the second one between the elevator
ring and the cooling ceiling system.

In order to protect the top of the reactor, in particular the fixation of the electrodes and the
sealing of the cell with an O-ring, ten isolation shields in Inconel 625 were interposed
between the bottom and the lid. Moreover the flange and the lid were cooled down using a
double water circulation.

A-A(1:1)

Fig. 29: CAD-representation of the elevator part

[11.2.1. Crucible and centering ring

As described in the section I.1. of chapter Il, a crucible with an external diameter of 56 mm (
1 mm) was used. In order to maintain the crucible in the middle of the reaction chamber, a
centering ring was designed.

Fig. 30 shows the configuration of the centering ring. The 58 mm diameter of the middle hole
allows a perfect centering of the small crucible in the chamber. Additionally, three slots in the

ring allow the fixation of the holding rods.
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Fig. 30: Centering ring
(1): slots for the passage of the holding rods. a): configuration for bigger crucibles, b): configuration for
small crucibles as described in section I.1. of chapter Il

[11.2.2. Elevator lid

The elevator lid is one of the most important parts of the electrochemical cell. It generates

the airtight sealing between the reaction chamber and the top of the cell. Fig. 31 shows the

detailed representation of the elevator lid.

Fig. 31: elevator lid
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The figure above shows three screw threads (1) which are incorporated for the fixation of the
holding rods. The opening in the middle of the piece (2) allows the passage of the electrode
introduction system. Moreover, the ditch allows the fixation of an O-ring (3), which is

essential for the sealing.
[11.2.3. Holding rods

Fig. 32 describes the configuration of the holding rods. They consist of two parts, which can
be fixed together by the screw thread located at the end of each part.

The three holding rods have two main functions. The first is the stabilisation of the whole
elevator part. The three rods are fixed to the elevator lid with an angle of 120° between each

rod. This configuration allows a high stability of the piece.

a)

= — ™

c)

Fig. 32: Holding rods a): upper part; b) bottom part; ¢c) complete holding rod

The second function is the fixation of the thermal shielding system, in order to reduce the

temperature gradient between the bottom and the top of the electrochemical cell.
[11.2.4. Thermal shielding system

As described in section | of this chapter, the temperature has to be reduced drastically
between the top of the crucible and the bottom of the lid. To achieve this precondition, ten
thermal shields were interposed in this part of the electrochemical cell.

Fig. 33 shows the configuration of a thermal shield. The barrier has a diameter of 178 mm
and a thickness of 1 mm. Three holes (1) with an angle of 120° allow the passage of the
upper part of the holding rods. The six others holes in the middle of the piece permit the
introduction of the electrodes, the thermocouple and the gas supply. Each thermal barrier is

separated by a 10 mm spacer.
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Fig. 33: Isolation shield and spacer

[11.2.5. Cooling ceiling system

The cooling ceiling system is placed on the top of the electrochemical cell. This part is made
of aluminum to reduce the weight of the reactor. There is neither a contact to the electrolyte
or to the vapour in the reaction chamber. The aluminum cooling ceiling system is a good
thermal conductor and helps to reduce the temperature of the lid.

Fig. 34 shows the configuration of the cooling ceiling system. This part is fixed on the
elevator lid by using of twelve screws, which are located on the external diameter with an
angle of 30° between each screw. Between the elevator lid and the ceiling system an O-ring

is placed as described in the section 111.2.2. of this chapter.
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Fig. 34: Design of the cooling ceiling system

A water input and output are placed on the top of the ceiling system to produce a cooling
cycle. This loop is directly connected to the cooling circuit, which is included in the flange
ring. The airtight fixation of the electrode introduction system is created by the six screw

threats, which are localised in the middle of this piece.
[11.2.6. Electrode introduction system

The electrode introduction system was the most complicated part to be designed. It was
challenging to place six holes (three for the electrodes, two for the gas system and one for a
thermocouple) in a diameter of 50 mm. The diameter corresponds to the internal diameter of
the crucible described in chapter 2.

In each hole, a guide pipe was placed as described in chapter 2. These pipes were fixed with
a “316 SS Tube fitting male connector” from the company Fitok, which allows an airtight

sealing.

Fig. 35 shows a CAD-design of the electrode introduction system. In the bottom section two
O-rings are placed in order to create the sealing with the cooling ceiling system and the
elevator lid. Six holes have been designed in the central part in order to place the above-
mentioned elements. In the external part six screws have been placed for the fixation of the

electrode introduction system on the cooling ceiling system.
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Fig. 35: CAD-design of the electrode introduction system

Fig. 36 shows the arrangement of the electrode introduction system. In the middle (1) the
thermocouple type K is placed. It is the only element which has not to be removed after each
experiment. Holes #2 and #3 are provided for the gas input and output with an one-way

valve.

Fig. 36: Arrangement of the electrode introduction system

The reference electrode was placed on position #4. Finally the counter and the working
electrodes are placed on position #5 and #6. Each configuration of the electrodes is
described in section 1.3. of chapter II.

The setting of the electrode introduction system allows a precise control of the gap between

each component.
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V. Overview of the connection of the electrochemical
cell

Fig. 37 shows an overview of the different connections on the top of the electrochemical cell.

This figure summarises all of the above-mentioned connections.

3 Reference electrode

=
g T ﬂ:l_\___"-\-\.._\_\_
) I et + Thermocouple
(G o
i l ' -".I
Gas inlet I — | Gas outlet
R i — b (= et | | +
T 1 1y - | H == s —— | || = :
- .I . n I'\. | r .
\ = [ # \Water inlet
| - ]
+——f—— ok
W ¥ = ¥ Water outlet
Counter electrode 4 . e — e ¥ Working electrode

Fig. 37: Overview of the connections on the top of the reactor

As described on the above-mentioned figure, one-way valves have been installed between
entry (or exit) from the electrode introduction system and the supplying pipe to avoid a gas

reflux.

V. Furnace and gas system
V.1. Furnace

After the development of the electrochemical cell, the next challenge was the elaboration of a
furnace to heat only the required part of the reactor, which means the 1/3 bottom part. The
furnace was the tube oven Modell ROM 230/250/11-VS and was developed in collaboration
with the company ibf. It was controlled by the software “Control Software Eurotherm iTools”,

version 7.60.
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V.2. Gas system

The inert atmosphere inside the electrochemical cell is maintained using a constant flow of
argon. The electrochemical cell is removed from the glove box and placed in the furnace.
Afterwards the gas inlet and outlet are screwed on the one-way valves. Before the heating
start, the reaction chamber is flushed during one hour with a 10 I/h flow of argon.

When the electrochemical cell starts to be heated, the flow of argon is reduced to 2 I/h. This
flow is maintained during the whole experiment process and also the cooling phase of the
furnace.

The outgoing gas passes through a security bottle. This is required to avoid that the liquid,
which is contained in the washing bottle, arrives inside the reactor due to depression. Then
the outgoing gas passes through a washing bottle in order to clean this gas before its
rejection in the atmosphere.

The lid is maintained at room temperature by a flow of cold water during the heating of the
furnace and the execution of the experiment until the cooling down of the furnace. Fig. 38

shows an overview of the experimental setup.
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Fig. 38: Configuration of the furnace, gas and cooling system. The Inconel reactor was flushed with an
argon flow of 2 1/h in order to obtain an inert atmosphere. The outgoing gas passes through a security
bottle (SS 01), which has the function to avoid the entrance of liquid in the reactor in case of under
pressure. Then, the outgoing gas goes through a washing bottle (WS 01) before leaving the system. The
top of the reactor has to be cooled down under 423 K in order to protect the sealing gasket. The cooling
water was pumped from a 600 | water tank (TA 01) to the reactor in a closed system, which limits the

water consumption.

VI. Validation of the electrochemical cell

After its conception, the electrochemical cell had to be tested under specific conditions in

order to validate its design and the correct working of the different components.

VI.1. Cold test

At first, the gas tightness had to be tested. A flow of 10 I/h of argon was set. If the reactor is
airtight after five minutes, gas bubbles should be visible in the cleaning bottle placed just
before the gas exit.

This first gas bubbles test is not sufficient to proof the validation of the cold test. Some small

leaks can be found at each connection point for example on the electrode and the
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thermocouple. A leak test is therefore essential for each connection point before each
experiment.

The second cold test is a waterproof test for the cooling system. The cold water is pumped
from the water tank to the electrochemical cell in order to cool down the top of the
electrochemical cell, which is sensitive to high temperatures due to the sealing system. This

test shows no leak in the cooling circuit.

VI1.2. Hot tests

These first tests were followed by tests at high temperature to check the system reaction and
integrity. The electrochemical cell was then heated up to 1223 K with a heating rate of
5 K/min. Every 373 K the temperature stayed constant for 15 min. Then the furnace was

heated up to 1223 K and maintained constant during 45 min.

Fig. 39 represents the evolution of the temperature inside the electrochemical cell in
comparison to the furnace temperature up to a maximum temperature of 1223 K. The set
temperature of 1223 K in the furnace is reached after 365 min, whereas the temperature
inside the reactor is reached 30 min later.

The calibration shows that the set temperature is exactly the same as the temperature in the
electrochemical cell.
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Fig. 39: Calibration of the furnace and the electrochemical cell (grey curve: furnace setting, black curve:

thermocouple inside the electrochemical cell)
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VI.3. Comparison with the literature

After the cold and hot tests, it is necessary to validate the complete setting by comparing the
results obtained in our new test rig to the literature. A standard electrochemical experiment
was performed for this purpose. As the eutectic LiCI-KCI electrolyte has been widely
investigated with numerous results presented in the literature, we have chosen to make the
validation. The electrolyte was LiCI-KCle (59.2 - 40.8 mol%) salt as described in section

I.2.1. of chapter II.

The experiment was conducted at 723 K with a three-electrode-system:
- atungsten wire with a diameter of 1. mm as working electrode,
- a molybdenum wire with a diameter of 1 mm as counter electrode

- an Ag/AgCl reference electrode as described in section 1.3.1. of chapter 2

Fig. 40 shows a typical cyclic voltammogram of a LiCI-KClg, salt on a tungsten electrode as
working electrode at 723 K. The electrochemical window goes from — 2.5V, which
corresponds to the reduction of the ions Li* in Li°, up to +1.2 V, which corresponds to the

oxidation of CI"in Cl,. This result is in accordance with the literature.*?’
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Fig. 40: Cyclic voltammogram of LiCI-KCI eutectic salt on a tungsten electrode at 723 K, counter

electrode: molybdenum, reference electrode: Ag/AgCl (1wt%), A = 0.2 cm?v=01Vs™t
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Moreover this blank experiment without any dissolved neodymium salt shows no significant
peak between the reduction of lithium and the oxidation of chlorine which means that no
oxide is presented in the electrolyte as dissolved O%. The blank experiment confirms the right

conception and the correct setup of the electrochemical cell.
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This chapter deals with the electrochemical properties of neodymium dissolved in molten salt
electrolytes. The reduction mechanism was studied by using transient electrochemical
technique like cyclic voltammetry or chronopotentiometry.

The reduction scheme provides information, which are required for an efficient electrolysis
process. Different salts were tested to verify if they could respond to all requirements, which

are needed for the extraction of pure neodymium from permanent magnet scraps.

The behaviour of neodymium ions was studied at different temperatures in the following
molten salts:
LICI-KClegyt,
- LiF-CaF;
- LiCI-KCI-LiF
- LiF-SrF;

The reasons for this choice of electrolytes are described in detail in section 1.2 of chapter II.

The study of the reduction mechanism of neodymium ions needs different setup due to the
specific properties of the chosen molten electrolytes. Some materials are not suitable for all
electrolytes. The first part of this chapter deals with the configuration of the electrochemical

cell.

The second section deals with the electrochemical properties of the neodymium compounds
in selected electrolytes, with the determination of the reduction potential of each neodymium

ion contained in the electrolyte, the stability of these products and the diffusion coefficients.

. Configuration of the electrochemical cell

Molten salts might be very aggressive media. The most important disadvantage is their
power to dissolve. This constraint reduces the choice of the material for the design of the
experimental setup. One example can underline this requirement i.e. if the electrolyte is
composed of molten fluoride salts, all other materials containing oxides like glass or alumine
are attacked by molten salts.

Beside the properties of molten salts, high temperatures favour the alloy formation, that can
influence the signal, which is measured by the electrodes. Then, it is necessary to prevent

the introduction of oxide into the electrochemical cell.
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Materials Max. Temperature (K) Electrolyte
Pyrex 773 cr
quartz 973 cr
molybdenum 1873 F,CI
Platinum 1673 F,CrI
Alumina 1773 cr
Graphite 2273 F,CI
Glassy carbon 1773 F,CI
Tantalum 1873 F,CI

Tab. 7: Overview of properties of material, which can be used in molten salts

According to Tab. 7 and the analysis of the state of the art, the following electrode

configuration was chosen:

The setup for the chloride-based salt consists of:
- a1l mm of diameter molybdenum wire as working electrode
- a1l mm of diameter tungsten wire as counter electrode
- a Pyrex® tube, with a very thin bottom wall containing a 1.5 mm of diameter silver
wire dipped in a mixture of the same composition as the electrolyte + 0.75 mol/kg of
AgCIl as reference electrode. The detailed description of the configuration of this type

of electrode is described in section 1.3.1 of chapter II.

For salts containing fluorides, the following setup is constructed using:
- a1l mm of diameter molybdenum wire as working electrode
- a2 mm of diameter glassy carbon rod as counter electrode

- a 0.5 mm of diameter platinum wire as reference electrode.

In order to determine the electrochemical properties of neodymium salt, it is necessary to
know as precisely as possible the concentration of neodymium ions contained in the

electrolyte and the surface of the working electrode, which is dipped in the same electrolyte.

In order to calculate these values for each experiment, the following experimental
parameters have to be known:

- the dimension (radius, high, wall thickness, volume) of the used crucible

- the radius of the working electrode

- the density of each component in the electrolyte. Depending on the working

temperature, the variation of the density has also to be taken into account.
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By using the density and the quantity of each component presented in the electrolyte, it is
possible to calculate, which volume is needed individually for each component at each
temperature.

It is possible to calculate the height in the crucible, which represents the electrolyte by

knowing the volume of the crucible and the volume of the melted electrolyte.

If the distance between the bottom of the crucible and the extremity of the electrode was the
same for each experiment, the density of the salt changes, depending on the temperature. A
temperature increase decreases the density of the salt that results into an augmentation of
the volume of the electrolyte.

The increase of the electrolyte’s volume leads to an increase of the electrolde surface, which
is dipped in the melt and to a decrease of the neodymium concentration, which is expressed

in mol per cubic centimeter of electrolyte.

Tab. 8 summarise the neodymium concentration and the surface of the working electrode
depending on the temperature. These values are used to carry out the calculations to define

the neodymium properties in each electrolyte.

Electrolyte T (K) Cna (MOI/M®)  Agiectroge (€M?)
723 1.477E-4 0.473
773 1.453E-4 0.484
LiCI-KCI
823 1.430E-4 0.495
873 1.406E-4 0.506
800 2.790E-4 0.343
825 2.770E-4 0.346
LiF-CaF,
848 2.760E-4 0.349
872 2.740E-4 0.351
725 1.516E-4 0.481
776 1.492E-4 0.491
LiCI-KCI-LiF
823 1.470E-4 0.501
872 1.447E-4 0.512

Tab. 8: Summary of the neodymium concentration and the surface area of the working electrode which is

dipped in each electrolyte at the experimental temperatures.
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. Electrochemical properties of neodymium in molten
salts

Il.1. Electrochemical behaviour of neodymium in LiCI-KClgy.

The first investigated electrolyte was the eutectic mixture between LiCl- and KCI- salt with the
respective mol% proportion 59.2 and 40.8.

In order to study the behaviour of the neodymium ions, a temperature range from 723 to
873 K was used.

Fig. 41 shows a comparison of two cyclic voltammograms. The black curve represents the
electrolyte LiCI-KCley, Whereas the grey curve represents the same electrolyte containing
0.5 mol% of NdCl;. The addition of NdCl; in the pure electrolyte leads to the appearance of
two cathodic peaks at potential closed to -2.1V vs. Ag/AgCl and -1.9V vs Ag/AgCI

corresponding to the reduction steps of Nd** and Nd** as described above.
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Fig. 41: Cyclic voltammograms of LiCI-KCI (black curve) and LiCI-KCI-NdCls (0.5 mol%), (grey curve), at
723 K, scan rate: 0.1V.s™. Working electrode: tungsten, counter electrode: molybdenum, reference
electrode: Ag/AgCl

In the eutectic LiCI-KCI, the neodymium ions can be found in the complex form
NdCIZ~ and NdCI2~, which correspond to the Nd*" and Nd** ions. It has been proved that the
stability of the neodymium complex is linked to the polarisation power of the electrolyte. That
means that the electrolyte which contains larger cations helps the stabilisation of the complex
Ndci3= 87
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[1.1.1. Study of the neodymium properties using the cyclic voltammetry

Fig. 42 shows a cyclic voltammogram, which represents the redox process of neodymium
ions in the eutectic LiCI-KCI electrolyte. In the LiCI-KCI electrolyte the neodymium ion are
reduced to neodymium metal in two steps. The peaks A and A’ correspond to the soluble-
soluble transition Nd**/Nd?* whereas the peaks B and B’ correspond to the soluble-insoluble
transition Nd?*/Nd°.%
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Fig. 42: Cyclic voltammogram of neodymium ions in the eutectic LiCI-KCI at 823 K scan rate: 0.1 v.s™

Working electrode: tungsten, counter electrode: molybdenum, reference electrode: Ag/AgCl.

The electrochemical reduction of Nd** is achieved in two steps:
Nd3* + e~ & Nd?*
Nd?* 4+ 2e~ & Nd°

The first reaction is a soluble-soluble transition whereas the second refers to a soluble-
insoluble transition.
The Nd?' is considered as an unstable cation and disproportionate into Nd** and Nd°. After

the first reduction step the Nd** ions undergo a disproportion reaction as follows:
3Nd(II) < 2Nd(I1I) + Nd(0)

In the first step Nd?* ions are formed from the Nd** ions. That's why it is considered that

CNd3+ — CNd2+'128,90,129

Fig. 43 shows the cyclic voltammograms from the eutectic LiCI-KCI containing 0.5 mol% of
NdCl; at 823 K. Fig. 43(a) represents the whole voltammogram containing both reduction

steps of the neodymium ions, whereas Fig. 43(b) focuses only on the reduction step from
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Nd** to Nd*". The Nd*/Nd* and Nd?*/Nd° systems can be considered as reversible at a scan
rate from 20 mV.s™ up to 500 mV.s™ between 723 and 873 K.
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Fig. 43: Representation of cyclic voltammograms for the reduction of Nd* to Nd° (a) and for the reduction
of Nd* to Nd** (b) in the eutectic LiCI-KCI containing 0.5 mol% of NdCls at 823 K. Working electrode:

tungsten, counter electrode: molybdenum, reference electrode: Ag/AgCl

Fig. 44 shows that the increase of the scan rates leads to a shift of the cathodic peak
potential towards more negative potentials, whereas the anodic peak potential is shifted
towards more positive potentials. This information shows that the neodymium reduction of

Nd?* into Nd° is quasi-reversible.
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Fig. 44: Evolution of the cathodic (a) and anodic (b) peak potential corresponding to the Nd?*/Nd° redox

system with the increase of the scan rate at 823 K

11.1.1.1. Determination of the apparent standard potential
Study of the soluble-soluble transition Nd**/Nd?*

In theory, both reduction steps have to be considered as independent reactions. In the
eutectic LiCI-KCI electrolyte, this hypothesis is not correct, due to the close values of the

standard potential of the both redox systems (Eq. (20))

E,,=E +111RT (20)*
pA — LE1/2 . ZF

where E;,, represents the half wave potential and Ej, , represents the potential of the

cathodic peak. The half-wave potential is defined by Eq. (21):

yNd3+ RTI "DNd2+

E./, = E° +—1In + n
1/2 Na3t/Na?t ( ) (\/m

zF VY Nd2+ zF
where E® 51 o +—21n (242%) represents the apparent standard potential E%s+ 2+
Nast/nazt TG Nd3+/Na?*-

) (21)

The apparent standard potential is estimated by a reunification of Eq. (20) and (21), which

leads to Eq. (22). The apparent standard potential E1323+/Nd2+ is calculated with Eq.

(22) 130,131

) (22)

E%* =E, ,—111—— —1
Nd3+/Nd2+ p.A 2 2 n
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The values of the apparent standard potential E13;3+/Ndz+ of the soluble-soluble system are

summarised in Tab. 9. The values of this potential increase linearly with the increase of the

tem peratu re.
T (K) E” \as+iaz+ (V VS. Cl,/CI)
723 -3.050
773 -3.016
823 -2.981

Tab. 9: Apparent standard potential for the soluble-soluble system Nd**/Nd?* at 723, 773 and 823 K

The evolution of the apparent standard potential is described on Fig. 45. The values of

Eyga+/nqz+ fall along the line of equation:

Eygs+yaz+ = —3.548 4+ (6.89+ 107*) x T in V vs. CL/CI (23)
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Fig. 45: Evolution of the apparent standard potential ER,’;H/M“ depending on the absolut temperature.

(®): this study; ()% ;(A)™

The values of the apparent standard potential found in this study are in good agreement with

the literature. The difference between two potentials (literature — this study) at the same

temperature is lower than 1 %."8%°

Study of the soluble insoluble transition Nd**/Nd°

The standard potential of the soluble-insoluble system Nd?/Nd° is calculated from the value

of the cathodic potential peak E, » using Eq. (24). "**°
0 RT angz+ , RT
Ep,B = ENd2+/Nd0 + ﬁ In ( ango ) - (0,9241) * ; (24)
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where EY g2+ yqo IS the standard potential, ayg2+ and ayqo the activities of Nd** and the
neodymium metal in the electrolyte, respectively.
The activity is expressed by Eqg. (25):

aNgzt = Va2t * Xygq2+ (25)
where y 2+ represents the activity coefficient of Nd** and X 42+ the molar fraction of Nd** in

the electrolyte in mol.cm™.

The standard potential Egdumdo is directly related to the apparent standard potential

E]%E”/Nd" by Eq. (26).

ox o RT
ENd2+/Nd° = ENd2+/Nd° + Eln(yNdu) (26)

Assuming that the activity of the pure neodymium metal is equal to one and according to the

combination of Eq. (24) to (26), the expression of the potential can be rearranged as follows
(Eq. (27)):

o RT , RT
Ep = Engee a0 + = In(Xyqe) = (0,9241)% 5 — (27)

The values of the apparent standard potential E,?,fiu/,\,do are summarised in Tab. 10.

T (K) E” nazemao (V VS Clo/Cl)
723 -3.078
773 -3.052
823 -3.011

Tab. 10: Apparent standard potential Em“/wd"

The values of this potential increase linearly with the increase of the temperature. The

evolution of the apparent standard potential is described on Fig. 46. The values of E,‘\),*;H/Ndo

fall along the line of equation (Eq. (28)):

Eygz+/ygo = —3.556 + (6.62 x 107*) « T in V vs. Cl,/CI (28)
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Fig. 46: Evolution of the apparent standard potential E?V’:iu/Ndo depending of the absolut temperature.

(®): this study; ()% ;(A)™

The apparent standard potential of the system Nd**/Nd° can be calculated from the values of

the apparent standard potentials Eyyz+/yqo @nd Eyyz+ /g0 by Using Eq. (29).

0 0
0% ENd3+/Nd2+ + 2% ENd2+/Nd°

ENd3+/Nd0 = 3 (29)

The values of the apparent standard potential E1323+/Nd0 are summarised in Tab. 11.

T (K) E” Naasmdo (V VS Clo/CI)
723 -3.068(*) / -3,0927""
733 -3.0997"°
748 -3.0790%

773 -3.040(*) / -3.065%
798 -3.0503%
823 -3.001(*)

Tab. 11: Apparent standard potential EZ’;WWO

The values of the standard potential, which have been measured in this study are close to
the values that can been found in the literature. ®% The difference between the potential
values at a fixed temperature is less than 1 %. This variation can be due to systematic errors,
which occurs during the preparation and the accomplishment of the experiments and the

analysis of the results.
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11.1.1.2. Determination of the diffusion coefficient
Determination of the diffusion coefficient Dy s+ ,y42+

From the cyclic voltammogram the diffusion coefficient D43+ y42+ from the soluble-soluble

transition is described by the Randles-Sevcik equation, Eg. (30):

I
vpl"j; = —0.446 * (ZF)3/2 * (RT)—I/Z % A * CNd3+ /_DNd3+ (30)

Fig. 47 shows the linear relationship between the cathodic peak current and the square root

of the potential scan rate.
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Fig. 47: Dependence of the cathodic current of the peak A versus v ~“ for different temperatures. Working

electrode: tungsten, counter electrode: molybdenum, reference electrode: Ag/AgCl, (®) 723 K,
(-) 823K, (®) 873K

The slope of the presented curve (Fig. 47) enables us to estimate the diffusion coefficient
using Eq. (31).

I, 1

12" 7 =y (31)
v1/2 —0.446 * (zF)3/2 x (RT)" Y2 x A * Cy g3+

DNd3+ =

In the range of 723 to 873 K the diffusion coefficient values of Dy 43+ 542+ are between

1.12x10° and 1.57x10° cm?s™ (Tab. 12).
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T (K) D naasaz+ (cmZs™) x 10°
723 1.12
823 1.30
873 1.57

Tab. 12: Diffusion coefficient Dy43+,y42+ depending on the absolute temperature, which has been

determined by cyclic voltammetry analysis

The linear relationship, which is shown on Fig. 48, proves that the variation of the diffusion

coefficient depending on the absolute temperature is compatible to the Arrhenius law (Eq.

(16)).
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Fig. 48: Linear relationship between the logarithm of Nd* diffusion coefficient and the inverse of the

absolute temperature
Determination of the diffusion coefficient D 2+ /40
From the cyclic voltammogram the diffusion coefficient Dy;z+,y40 from the soluble-insoluble
transition is described by the Berzins-Delahay equation, Eq. (32):

I
35 = —0.61 % (zF)¥/?  (RT)™/? « A * Cygas\Dygzs (32)

Fig. 49 shows the linear relationship between the cathodic peak current of peak B and the
square root of the potential scan rate.
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Fig. 49: Dependence of the cathodic current of the peak B versus v Y2 for different temperatures.

Working electrode: tungsten, counter electrode: molybdenum, reference electrode: Ag/AgCl; at
(@) 723K, (m) 773 K, (-) 823 K, (@) 873 K

The influence of the temperature on the diffusion coefficient has been studied by the
investigation of the cathodic current of the peak B. The number of electrons is assumed to
correspond to a two-electron redox process.

The slope of the current versus the square root of the potential scan rate (Fig. 49) permits
the calculation of the diffusion coefficient using Eq. (33). The values of the diffusion

coefficient D2+ are summarised in Tab. 13.

s 1
*
v1/2° —0.61 % (zF)3/2 + (RT)"1/2 % A x Cy g2+

DNd2+ = (33)

T (K) D naz+mao (€m?.s™) x 10°
723 0.48
773 0.67
823 0.78
873 1.07

Tab. 13: Diffusion coefficient Dy 2+,yq0 depending on the absolute temperature, as determined by cyclic

voltammetry analysis.

The linear relationship, which is shown on Fig. 50, proves that the variation of the diffusion

coefficient depending on the absolute temperature is compatible to the Arrhenius law (Eg.

(16)).
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Fig. 50: Linear relationship between the logarithm of Nd? diffusion coefficient and the inverse of the

absolute temperature
[1.1.2. Study of the neodymium using the chronopotentiometry

The chronopotentiometry is the second technique to determine the apparent standard
potential and the diffusion coefficient of the neodymium ions, which are presented in the
electrolyte. Fig. 51 shows typical chronopotentiograms of an eutectic LiCI-KCI electrolyte
containing 0.5 mol% of NdClI;. The curve should exhibit two plateaus, but due to the narrow
values of the reduction potential of Nd*" and Nd?* only one plateau can be identified on Fig.

51. For the analysis, the hypothesis of a single reduction step from Nd** to Nd° has been

selected.

-0,5

1,5

bOmA; -150mA; -125mA; -100mA; -75mA; -50mA; -40mA; -30mA; -25mA
2 4
N X

E (V vs. Ag/AgCl)

4
t(s)
Fig. 51: Chronopotentiogram of the eutectic LiCI-KCI containing 0.5 mol% of NdCls at 723 K. Working

electrode: tungsten, counter electrode: molybdenum, reference electrode: Ag/AgCl.
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[1.1.2.1. Determination of the diffusion coefficients Dygs+ g2+ and
DNd2+/NdO

According to the previous cyclic voltammetry experiments, chronopotentiometry
measurements show a double reduction step of the neodymium ions. Fig. 52 represents a
chronopotentiogram of 0.5 mol% of NdCl; in the eutectic LiCI-KCI salt, where the two
reduction steps can be observed. Two transition times t ; and =t , are identified and

correspond to both reduction steps respectively of Nd** to Nd?* and then of Nd** to Nd°.

0

-0,5 1

41,5 4

0 1 2 3 2 5 6 7 8
t(s)

E (V vs. Ag/AgCl)

Fig. 52: Chronopotentiogram of 0.5 mol% of NdCls in the eutectic LiCI-KClI electrolyte at 723 K, i: -25 mA ;

Working electrode: tungsten, counter electrode: molybdenum, reference electrode: Ag/AgCl

According to the work of Berzins and Delahay'?, it is possible to determine the number of
exchanged electrons during both reaction using the following Eq. (34):

T z Z5\ 2
2=224 (—2) (34)
T Z1 Z1

where
T 1 and z; represent the transition time and the number of exchanged electrons for the

Nd**/Nd?* system.
T 2 and z, represent the transition time and the number of exchanged electrons for the

Nd?*/Nd° system.

The ratio 2 is equal to 8, corresponding to a value of 2= 2. This result confirms that the
T z
1 1

reduction process of the Nd** ions in neodymium metal involves two steps: the first one

engages only one electron whereas the second implies two electrons as described as follow:
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Nd3t 4+ e~ - Nd?**
Nd?* +2e~ - Nd°

This conclusion has recently been confirmed by the work of Tang and co-corkers in which

they also obtained a ratio 2—2 equal to 2.%°
1

The chronopotentiometry allows the determination of the diffusion coefficient of the different
species, which is contained in the electrolyte. The Sand’s relationship*®® (Eq. (35)) gives the

relationship between the current density i and the transition time < .**

it1/2 = 0.5 % 2% F % Cpyygn+ ¥ A m1/% % D:,{;H (35)

Fig. 53 and Fig. 54 represent the linear relationship between the applied current i and ¢ ;*?

in the temperature range between 723 and 873 K respectively for the Nd**/Nd?* and Nd*/Nd°
system. The linearity between the current density and the inverse of the transition time

shows that the reduction process is reversible.
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Fig. 53 : Dependence of the applied current versus =t Y2 for different temperatures. Working electrode:

tungsten, counter electrode: molybdenum, (@) 723 K, (W) 773 K, (-) 823 K, (®) 873 K
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Fig. 54: Dependence of the applied current versus t 2 for different temperatures. Working electrode:

tungsten, counter electrode: molybdenum, (@) 723 K, (W) 773 K, (-) 823 K, (®) 873 K

The slope of the curve corresponds to the value of the product ir/2. Using Eq. (35) and the
slope of each curve, it is possible to determine the diffusion coefficients of Nd**/Nd** and

Nd?*/Nd° systems at each temperature. The results are summarised in Tab. 14.

T (K) Dnassindz+ (CM2.S™) X 10°  Dngzsmgo (cm?.s™) x 10°
723 0.81 0.42
773 1.03 0.62
823 1.37 0.80
873 1.58 0.96

Tab. 14: Diffusion coefficients Dy s+ /yg2+ and Dy g2+ ,nq0 depending on the absolute temperature, as

determined by chronopotentiometry analysis

The diffusion coefficents calculated through the analysis of the chronopotentiometric
experiments are in accordance with the values previously determined by the analysis of the
cyclic voltammogram.

The variations of the diffusion coefficients depending on the absolute temperature is
represented on Fig. 55 and obeys to the Arrhenius’ law.
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Fig. 55: Graphic representation of the logarithm of diffusion coefficients Dygs+/yq2+ (W) and Dygz+/yq0 (@)

versus the inverse of the absolute temperature issue from the chronopotentiometry experiments

Tab. 15 summarises the values of the diffusion coefficients of neodymium ions. The values

obtained during this study are in the same range as the values from the literature. We can

see that the range of values is relatively broad. The accuracy of the various experiments and

analysis methods is likely to explain this large scattering effect.

T 15
Dnas+/nd2+ (€M257™) x 10

2 -1 |53
Dnd2+ndo (€M™.s7) x 10

T/K Ccv CP Literature Ccv CP Literature
723 1.12 0.81 1.1*/0.28** 0.48 0.42 0.98**
733 0.95*** 1.25%**
748 0.45** 1.38**

773 1.03 0547 0.62

0.771%%** 0.67 1.69%*/1.98****
798 0.76** 2.03*
823 1.30 1.37 0.78 0.80
873 1.57 1.58 1.07 0.96

Tab. 15: Comparison of the diffusion coefficients of this study and the literature, (*)78; (**)90; (***)133;

(****)134

[1.1.2.2. Determination of the apparent standard potential El(\)ltj3+/Nd0

As described previously in section 11.1.2.1. the analysis of the chronopotentiometric curves

shows two reduction steps corresponding to the Nd**/Nd?* and Nd**/Nd° transitions.

The reduction potential is expressed as a function of the elapsed time t and the transition
time t, Eq. (36).%*
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o RT /ange+\ RT. [t/2—t1/2
E= ENdp+/qu+ + Ell’l (aqu+) + Eln iz (36)

Assuming that the activity of the pure neodymium metal is equal to one and using the
combination of Eq. (25) and (36), the potential can be expressed as follow (Eq. (37)):

L 1/2 _¢1/2
> (37)

0% RT RT
E= ENdp+/qu+ + EIH(XNdz”) + Ell’l T

L 1/2_¢1/2

Representing of E versus ln( 372

) a straight line is obtained. The slope of this line allows
to determine the number of exchanged electrons by using Eq. (38).

| _RT (38)
slope = —

The apparent standard potential can be calculated by the extrapolation of the straight line.

The potential at the origin is expressed by Eq. (39).

o RT
ENdp+/qu+ + Eln(XNdp+) (39)

Using Eq. (39) it is possible to determine the values of the apparent standard potential for the
Nd**/Nd?* and Nd**/Nd° systems. Eq. (29) allows the calculation of the apparent standard

potential Eyys+ /yqo-

Tab. 16 summarises these values in the temperature range from 723 to 873 K.

T (K) E” Naz+mdo (V VS. ClL/CI)
723 -3.001
773 -3.053
823 -3.009
873 -2.970

Tab. 16: Apparent standard potential Eg;3+/,vd(, determined by the analysis of the chronopotentiometry

measurements

The values of this potential increase linearly with the increase of the temperature. The

evolution of the apparent standard potential is described on Fig. 56. The values of E,‘\),*;H/Ndo

fall along the line of equation:

Eqistngo = —3.683 + (817 107 x T in V vs. CL/CI (40)
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Fig. 56: Evolution of the apparent standard potential Eg*du/,vdo versus the absolute temperature issues

from the chronoamperometry analysis

The evolution of the apparent standard potential is in accordance with the different studies
already published in the literature where the evolution of the potential is represented by Eq.
(41) to (43)'129,136,137

136
Enas+/nao = —3.750 + (8.82 % 10™*) « T in V vs. CL/CI (41)

129
Enus+/ngo = —3.554+ (640 x 10™") x T in V vs. CL/CI (42)
Eyga+/ngo = —3-772+(9.10 x 107*) * T in V vs. CL,/CI (43)*’

The previous results show that the values of the apparent standard potentials Eyys+ yq0 @and

the diffusion coefficients, determined from the analysis of the chronopotentiometric
experiments, are similar to the values obtained by the experiments of cyclic voltammetry.
These converging values seem to validate the analysis of the behaviour of neodymium ions
in the eutectic LiCI-KCI.

All the electrochemical properties of the neodymium ions in the LiCI-KCI electrolyte are

summarised in Tab. 17 and are in accordance with the literature.
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T () onNd3+/Nd2+_ E” Nd2+iNdo _ E” Nda+iNdo _ DNd3_:/Nd2+ . Dsz_Z::/NdO .
(Vvs.Cl/ICI) (Vvs.ClL/CI)  (Vvs.Cl/CI)  (cm?%s™)x 10° (cm“.s™)x 10
-3.050 (*) -3.078 (*) -3.068 (*) ]
203 v -3.058% -3.11% -3.0927% 1120 0.48 (*)
cP -3.091 (¥) 0.81 (¥) 0.42 (¥)
Mean -3.080 () 0.45 (¥)
-3.016 (¥) / -3.052 (¥) -3.040 ()
g v -3.039% -3.078% -3.065% 0.67 (*)
cP -3.053 (¥) 1.03 (*) 0.62 (¥)
Mean -3.047 (¥) 0.65 ()
Y -2.981 (¥) -3.011 (¥) -3.001 (¥) 1.30 (*) 0,78 (¥)
823 cP -3.009 (¥) 1.37 () 0.80 (¥)
Mean -3.005 () 0.79 (¥)
Y 1.57 (*) 1.07 ()
873 cP -2.970 (¥) 1.58 (*) 0.96 (¥)
Mean 1.58 (*) 1.02 (*)

Tab. 17: Summary of the electrochemical properties of neodymium in the eutectic LiCI-KCI electrolyte,
(*) : this study

[1.1.3. Thermodynamic determination
The standard Gibbs energy of formation of NdCl; at an infinite dilution AGyyc, can be
calculated with the following Eq. (44).
AGI(\)lodCl:g =3 *F * E1323+/Nd0 (44)
The difference between the Gibbs energy of formation at infinite dilution AGﬁdClp and the
Gibbs energy of formation at the supercooled state AG,?,dClpsc taken as the reference state,
allows to calculate the activity coefficient of NdCl,, using Eq. (45):
AGNyer, — AGI(\)IdCl&SC = RTln(VNdcz3) (45)

The Gibbs energy of formation at the supercooled state of NdCl; was calculated from the

thermodynamic crystal data of MCly, the enthalpy of fusion data and the heat capacity of the
138.

liquid phase. This Gibbs energy is given by the Eq. (46)

AGRaci,,, = —985.21 40,1867 * T (46)
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® 0

T (K) AGNdCli AGNdClg'_slc Log(Ynaci;)  Vnacizx 103
(kJ.mol™) (kJ.mol™)

723 -891.42 -850.23 -2.976 1.056

773 -881.84 -840.89 -2.767 1.709

823 -869.84 -831.56 -2.430 3.716

873 -859.59 -822.22 -2.236 5.804

Tab. 18: Determination of the Gibbs energy of formation at an infinite dilution AG,‘&C,S, the Gibbs energy
of formation at the supercooled state AG?MC,W and the activity coefficient yyq¢,, depending on the

absolute temperature.

Tab. 18 presents the values of the apparent standard potential used to determine the Gibbs
energy of formation at infinite dilution by using Eq. (46) and the Gibbs energy of formation at
the supercooled state.

From Eq. (45), it is possible to obtain Eq. (47), which allows the determination of the activity
coefficients NdCl; in the eutectic LiCI-KCI.

AGI\?jiCl3 - AGz(\)/dcz&sc) a7)

VYNdci; = exp< RT

The values of the logarithm of the activity coefficients, which are summarised in Tab. 18, are

in accordance with the literature.?

II.2. Electrochemical behaviour of neodymium ions in the

eutectic LiF-CaF; electrolyte

The behaviour of neodymium in fluoride-based electrolytes has already been studied for its
extraction from nuclear fuel ®"*0"13

Compared to the chloride-based salts, the fluoride-based salts have a higher melting point. A
comparison of different fluoride salts has already been done by Hamel and co-workers.” It
was proved that the LiF-NaF and LiF-KF salts, which have a lower melting point, are not
suitable for the electrochemical study of neodymium properties. These salts undergo a
reduction of their cations, respectively Na* and K*, before the reduction of the Nd*" ions.
Therefore the neodymium reduction step is inhibited. That's why it is not possible to

determine its properties.®’

There are two other salts having a reduction potential of their cations above the reduction
potential of Nd**. These salts are LiF and LiF-CaF,. The binary salt has two advantages in
comparison to LiF, i.e. a lower melting point and a broader electrochemical window.

This is the reason why the eutectic LiF-CaF, has been selected for our study.
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[1.2.1. Study of the neodymium properties using the cyclic voltammetry

The cyclic voltammetry experiments have been carried out in the LiF-CaF, electrolyte in a
temperature range between 1073 K and 1148 K. The binary salt has a melting point of
1040 K.

In fluoride-based electrolytes the neodymium is present in the electrolyte in the NdFg™
complex form.*® This complex is formed by the addition of NdF; in a fluoride-based

electrolyte according to the the reaction :
NdF; + 3F~ » [NdF¢]3~

Fig. 57 shows a typical cyclic voltammogram of the eutectic LiF-CaF, electrolyte containing
0.5 mol% of NdF;. During the cathodic scan two reduction peaks are observed. The peak A
represents the reduction of Nd*" ions whereas peak B represents the reduction of the Li*
ions. Moreover, there are two peaks A’ and B’ which are observed and which correspond

respectively to the oxidation of lithium and neodymium.
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0,2

1 (A)
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-2,2 -2 -1,8 -1,6 -1,4 -1,2 -1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6
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Fig. 57: Typical cyclic voltammogram of the eutectic LiF-CaF; electrolyte containing 0.5 mol% NdF; at
1148 K, scan rate 100 mV.s™. Working electrode: tantalum, counter electrode: glassy carbon, reference

electrode: platinum

The single reduction and oxidation peak, which correspond to neodymium, shows that the
Nd** ions are reduced to neodymium metal in one step following the mechanism described

by the equation :
Nd3* + 3e~ & Nd°
The small « bump », which is observed at around -0.8V versus Pt is attributed to the

presence of impurities, which can correspond to a small amount of oxygen, probably due to
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a rest of humidity in the salt. The presence of this impurity has no influence on the reduction

process of neodymium.

[1.2.2. Definition of a reference system for the study of the neodymium

behaviour in the eutectic LiF-CaF;, electrolyte

The reference electrode (described in chapter Il) was a platinum wire, which is a quasi-
reference electrode (Pt/PtO,/O%). The potential of the quasi reference electrode depends on
the concentration of O ions in the electrolyte. Before starting the experiment, the salt was
preliminary dried to remove the humidity in the electrolyte due to the hygroscopic character
of each of them. During the whole experiment, the atmosphere in the reaction chamber was
controlled by an argon flow to reduce the risk of the presence of O% ions. Unfortunately,
conditions of the experiments cannot be totally controlled. A residual concentration of oxide

in the electrolyte may influence the potential of the platinum electrode.

This possible shift of potential leads to an inaccurate determination of the equilibrium
potential of the Nd*/Nd° system. In order to avoid this drawback, the equilibrium potential
was determined by the comparison to the reduction potential of the electrolyte. In our case it

is the reduction of the lithium ions, which is described with the following reaction:
Lit+e” - Li°

The values of the reduction potential of lithium ions have been calculated by using the Fact
Sage FSALT Database. For molten salts the liquid state of the compounds is considered as
reference condition in most of cases. The determination of the reduction potential of the Li*/Li
couple takes pure LiFq as reference and its activity is calculated in the molten LiF-CaFe, for
the experiment temperature range from 1073 until 1148 K. The reduction potentials of the

lithium ions are summarised in Tab. 19.

1073 -5.329
1098 -5.315
1123 -5.302
1148 -5.288

Tab. 19: Calculated reduction potential of Ej;+ ;0 versus Fo/F using the database FSALT

Fig. 58 describes the evolution of the reduction potential of the couple Li*/Li’. The potential

increases linearly with the increase of the temperature and follows Eqg. (48).

Eppt 0 = —5922 + (552 1074) * T (48)
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Fig. 58: Evolution of the reduction potential of the couple Li*/Li® versus FafF depending on the absolute

temperature

The difference between the reduction potentials of the lithium and the neodymium ions was

denoted as AE and determined for each temperature as described on Fig. 59.
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Fig. 59: Determination of AE on a cyclic voltammogram of the eutectic LiF-CaF; electrolyte containing
0.5 mol% NdF; at 1148 K, scan rate 100 mV.s™. Working electrode: tantalum, counter electrode: glassy

carbon, reference electrode: platinum

[1.2.3. Determination of the apparent standard potential from the cyclic
voltammetry

Based on the new reference (F./F system) and by using the method previously described to

determine AE corresponding to the potential value separating the reduction wave of
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neodymium and of lithium, the reduction potential of the Nd**/Nd° system versus F,/F can be

calculated by Eq. (49) and (50).
Enag3+/na® = Epi+ /0 + AE (49)

i RT (50)
ENd3+/Nd° = ENd3+/Nd° + ;ln(aNdu)

Eq. (50) can be also expressed as Eq. (51) depending on the concentration C, 3+ of the

neodymium ions in the electrolyte and the activity coefficient of the same species y 3+.

0 RT RT
Enas+/na® = ENd3+/Nd° + ﬁln(CNder) + ﬁln()/Ndu) (51)
The activity and the activity coefficient of the Nd** ions in the electrolyte are unknown. For
this reason, the apparent standard potential E,?,’;3+/Ndo was calculated by using Eq. (52).
0% RT
ENd3+/Nd0 = ENd3+/Nd0 - ;IH(CNdH) (52)

The calculated values of the apparent standard potential of the Nd*/Nd° system are
presented in Tab. 20.

T (K) Eyiist jyqo (V VS FolF)
1073 ~4.907
1098 -4.890
1123 -4.875
1148 -4.853

Tab. 20: Apparent standard potential of the Nd*/Nd° system depending on the absolute temperature

The evolution of E,?,’(;3+/Ndo depending on the temperature is plotted in Fig. 60, which shows

that the apparent standard potential increases with the increase of the temperature following
Eq. (53).

Eygs+ygo = —5.661+ (7.03 % 107H)T (53)
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Fig. 60: Evolution of the apparent standard potential of the Nd**/Nd° system versus F2/F depending on the

absolute temperature

11.2.4. Determination of the diffusion coefficient Dygs+ /yqo

The absolute values of the intensity of the cathodic and anodic peak are in the same range
for each scan rate. The intensity of the cathodic peak increases with the increase of the scan
rate velocity (Fig. 61). The quasi reversible system obeys the Randles-Sevcik’s relationship

for a soluble-insoluble transition (Eq. (17)).
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Fig. 61: Cyclic voltammogram of the eutectic LiF-CaF; electrolyte containing 0.5 mol% NdFs at 1073 K,
scan rate : from 25 mV to 500 mV. Working electrode: tantalum, counter electrode: glassy carbon,

reference electrode: platinum
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The cyclic voltammograms, which are represented on Fig. 61, show a single reduction step
related to the reduction of Nd*" into Nd°, which corresponds to a three-electrons redox
process.

Fig. 62 shows the linear relationship between the cathodic peak current, which corresponds
to the Nd**/Nd° system, and the square root of the potential scan rate. The slope of the
current versus the square root of the potential scan rate enables the estimation of the
calculation of the diffusion coefficient using Eq. (33). The values of the calculated diffusion

coefficients are summarised in Tab. 21.
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03 T . : - : - T
0 0,1 02 03 04 0,5 06 07 08
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Fig. 62: Dependence of the cathodic current of the Nd* reduction step versus v Y2 at 1073 K. Working

electrode: tantalum, counter electrode: glassy carbon, reference electrode: platinum

T (K) Dnds+nao (€m?.s™) x 10°

1073 1.42
1083 1.3%
1098 2.03
1123 2.22
1173 3.02

Tab. 21: Diffusion coefficient Dy 3+ /540 depending on the absolute temperature

The diffusion coefficient increases with the augmentation of the temperature and the
evolution obeys the Arrhenius’ law (Fig. 63).
The determined values of the diffusion coefficient of Nd** in the eutectic LiF-CaF, is in the

same range than the values found in the literature.®’

114



Chapter IV — Experimental Part — Properties of neodymium in molten salts

-10
-10,2
-10.4
106
"] -
NE -10,8 .
2
g -1
F4
:‘ *
212
o
c
= 114 -
-11,6
11,8
12 - - T r T T T T
0,85 0,86 0,87 0,88 0,89 0,90 0,91 0,92 0,93 0,94 0,95
103T (K)

Fig. 63: Linear relationship between the logarithm of Nd* diffusion coefficient and the inverse of the

absolute temperature
[1.2.5. Determination of the thermodynamic properties of neodymium

Using the apparent standard potential, the determination of the standard Gibbs energy of

formation at infinite dilution can be expressed with Eq. (54).

ArGygp, = 2 * F * E,?,’(;H/Ndo ((54)
The Gibbs energy of formation of NdF; at infinite dilution can also be expressed as a function
of the standard enthalpy and standard entropy of formation by Eq. (55).

ArGror, = ApHO — ApSO+ T (55)
The Gibbs energy of formation of NdF; AfG,?,dF&SC in the supercooled state was determined

ArGRar,,, = —1602.73 40,193 x T (56)

For each temperature, the activity coefficients yyqr, were determined by using Eq. (57).

ArGrgp.—ArGy
fUNdF372fYNdF3 (57)

VNdF; = € RT

The values of the Gibbs energy of formation at infinite dilution, the Gibbs energy of formation
in the supercooled stated and the activity coefficient of NdF; in the eutectic LiF-CaF;

electrolyte in the temperature range of 1073 to 1148 K are presented in Tab. 22.
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I s b N g (rmary) Yaar, %107
(Vvs FofF)  (kd.mol™®)  (kJ.mol™)

1073 -4.9067 -1420.47 -1396.07 -1.188 6.49

1098 -4.8897 -1415.38 -1391.26 -1.148 7.12

1123 -4.8749 -1410.3 -1386.44 -1.110 7.77

1148 -4.853 -1405.21 -1381.63 -1.073 8.45

Tab. 22: Summary of the apparent standard potential calculated by using the CVs abd CPs, Gibbs energy

of formation at an infinite dilution AG,‘\’,”dF3, the Gibbs energy of formation at the supercooled state AG?VdFm

and the activity coefficient yyq4r, depending on the absolute temperature

The values of the activity coefficient give information about the complexation of Nd** in the
electrolyte. By comparing the acitivity coefficients in the LiCI-KCI and LiF-CaF,, we can notify

that in the fluoride-based electrolyte the Nd*" ions are less complexed than in the LiCI-KCI.

I1.3. Electrochemical behaviour of neodymium ions in the LiCl-
KCI-LiF electrolyte

The two previous sections explained the reduction mechanisms of the neodymium ions in the
eutectic LICI-KCIl and LiF-CaF; electrolytes.
In the LiCI-KCI electrolyte, the analysis shows that the reduction process takes place in two

steps:

Nd3t + e~ - Nd?**
Nd?* +2e~ - Nd°

In the LiF-CaF,, the reduction process is achieved in only one single step, the Nd*" ions are

directly reduced to neodymium metal.
Nd3* 4+ 3e” - Nd°

The presence of fluoride ions in the electrolyte can influence the reduction process of the
neodymium ions. In order to confirm or deny this hypothesis, the ternary mixture LiCI-KCI-LiF
has been selected as electrolyte. Using the quaternary phase diagram LiCI-KCI-LiF-KF as
described in section 1.2.2. of chapter Il, the eutectic composition of the LiCI-KCI-LiF has been
determined to be:

- 58 mol% of LiCl

- 38 mol% of KCI

- 4 mol% of LiF.
Knowing the melting temperature of this ternary salt, which reaches 618 K, the behaviour of

neodymium ions has been studied in the range of temperature of 773 to 873 K.
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[1.3.1. Determination of the electrochemical behaviour of neodymium by

the analysis of the cyclic voltammetric measurements

Fig. 64 shows the cyclic voltammogram of 0.5 mol% of NdCl;, which is mixed to the ternary
LiCI-KCI-LiF electrolyte. During the cathodic run, two reduction peaks can be observed at
around -2.15V and -2.27 V. The peak A and B correspond respectively to the reduction of
Nd** and Nd**. The corresponding peak B’ can be observed at around -2.15 V during the
anodic scan, whereas the oxidation peak A’ cannot be identified. Either this peak is hidden

below the peak B’ or the intensity of the signal is too low to be observed.

For the same parameters (concentration of NdClz;, scan rate and temperature) the signal
observed in the LiCI-KCI-LiF electrolyte has a lower intensity than in the LiCI-KCI electrolyte.
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Fig. 64: Cyclic voltammograms of 0.5 mol % of NdCls in LiCI-KCI-LiF salt mixture on a molybdenum

electrode at 776 K, scan rate: 100 mV.s*

Fig. 65 shows the evolution of the cathodic and anodic peak potentials of the Nd**/Nd°
system with the increase of scan rate. This system is considered as a quasi-reversible
system due to the shift of the cathodic peak potential towards a more negative potential,
whereas the anodic peak potential is shifted towards a more positive potential with the

increase of the scan rate.
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Fig. 65: Evolution of the cathodic and anodic peak potential corresponding to the Nd?*/Nd° redox system

with the scan rate at 776 K

11.3.1.1. Determination of the apparent standard potential

Due to the too low intensity of the peaks A and A’ the determination of the apparent standard

potential E,?,:;(,,,)/Nd(,,) cannot be achieved by the analysis of the cyclic voltammograms.
The process to determine the apparent standard potential Eﬁ{fju/Ndo is similar to the process

used for the eutectic LiCI-KCI electrolyte. The apparent standard potential is calculated from
the value of the reduction peak potential £, 5z using Eq. (24).

The values of the apparent standard potential have been calculated at 776, 823 and 872 K
and are presented in Tab. 23.

T(K)  E%Na2emdo (V VS. ClL/CI)

776 -3.212
823 -3.150
872 -3.105

Tab. 23: Apparent standard potential Eg*d“/lvdo

If the temperature increases the apparent standard potential increases linearly as well (Fig.
66) according to equation (Eq. (58)):

Engz+ jygo = —4.041+ (1.08 % 1073) x T in V vs. CL/CI (58)
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Fig. 66: Evolution of the apparent standard potential EON’;H/WO depending on the absolute temperature
11.3.1.2. Determination of the diffusion coefficient Dyg4z2+ /g0

As previously described, the analysis of the soluble-soluble transition is not accessible. For
this reason, the diffusion coefficient has been only determined for the soluble-insoluble
system.

As explained during the analysis of the behaviour of neodymium in the eutectic LiCI-KClI, the

diffusion coefficient Dy 42+ /540 is calculated using the Berzins-Delahay’s relationship for a

soluble-insoluble transition (Eq. (32)).
Fig. 67 represents the evolution of the cathodic peak current versus the square root of the

scan rate. The slope of the straight line increases with the increase of the temperature and

allows the estimation of the diffusion coefficient of the Nd**/Nd° system using Eq. (33).
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Fig. 67: Dependence of the cathodic current versus v Y2 at different temperatures. Working electrode:
tungsten, counter electrode: molybdenum, (m) 776 K, (-) 823 K, (®) 872 K
In the range of 773 to 872 K the diffusion coefficient Dy 2+ ,y40is between 2.60*10° and

5.16*10° cm?.s™. Each values of the diffusion coefficient are summarised in Tab. 24.

T(K)  Dnazemdo (€m®s™) x 10°

776 0.26
823 0.33
872 0.52

Tab. 24: Diffusion coefficient Dy 2+,y40 depending on the absolute temperature which is determined by

the analysis of cyclic voltammetry experiments.

The variation of the diffusion coefficient depends on the absolute temperature and obeys to
the Arrhenius law (Fig. 68).
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Fig. 68: Linear relationship between the logarithm of Nd? diffusion coefficient and the inverse of the

absolute temperature issue from the cyclic voltammetry experiments

In comparison to the eutectic LiCI-KCI electrolyte the apparent standard potentials for the
reduction of Nd*" into Nd° are going towards more negative potentials. Concerning the
diffusion coefficient, Dy 42+ /yq0 is lower in the eutectic LIC-KCI-LiF electrolyte than in the
eutectic LiCI-KCI. This result can influence the efficiency of the extraction process during the

electrolysis.

[1.3.2. Determination of the electrochemical behaviour of neodymium by

the analysis of the chronopotentiometric measurements

Fig. 69 shows a typical chronopotentiogram of the LiCI-KCI-LiF electrolyte containing
0.5 mol% of NdCl; at 776 K. The transition time 7 increases with the decrease of the applied
current. The analysis of the chronopotentiogram allows the determination of the diffusion
coefficient and the apparent standard potential of the neodymium ions, which are contained

in the electrolyte.

121



Chapter IV — Experimental Part — Properties of neodymium in molten salts

-0,5

-1,5 1

-200 mA; -150 mA; -125 mA; -100 mA; -75 mA; -50 mA; -40 mA; -30mA

12 14 16 18 2

E (V vs. Ag/AgCl)

0 02 04 06 08 1
t(s)

Fig. 69: Typical chronopotentiogram of the LiCI-KCI-LiF electrolyte containing 0.5 mol% of NdClz at 778 K

11.3.2.1. Determination of the diffusion coefficients

The chronopotentiometry allows also the determination of the diffusion coefficient and the
standard potential of the species contained in the LiCI-KCI-LiF electrotyte. The Sand’s
equation (Eq. (35)) gives the relationship between the current density i and the transition time

t and allows the determination of the value of the diffusion coefficient.

Determination of the diffusion coefficient Dy 43+ /yq2+

Fig. 70 shows the evolution of the transition time 11_1/2, which depends on the applied current
in a temperature range of 776 to 873 K. The linearity shown in Fig. 70, confirms the

reversible property of the soluble-soluble transition.
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Fig. 70: Dependence of the applied current versus t 1 “ for different temperatures. Working electrode:

tungsten, counter electrode: molybdenum, (m) 776 K, (-) 823 K, (@) 872 K

Using the slope of the line represented in Fig. 70, which corresponds to factor i!/2, and the
Eq. (35), the diffusion coefficient of the Nd**/Nd®* system is calculated. These values are

summarised in Tab. 25.

T/K Dnds+/ ng2+ (€m2.s™) x 10°
776 0.14
823 0.24
872 0.48

Tab. 25: Diffusion coefficient Dy 3+,y42+ depending on the absolute temperature determine by

chronopotentiometry analysis

Determination of the diffusion coefficient D 2+ /40

Fig. 71 demonstrates the linear relationship between the applied current i and < ,™? in the

temperature range between 723 and 873 K. The linearity between the current density and

the inverse of the transition time shows that the reduction process is reversible.
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Fig. 71: Dependence of the applied current versus 151/2 for different temperatures. Working electrode:

tungsten, counter electrode: molybdenum, (m) 776 K, (-) 823 K, (@) 872 K

The slope of each curve corresponds to the value of the product i1/2. By the correlation of
this product and Eqg. (35) it is possible to calculate the value of the diffusion coefficients of the

system Nd*/Nd°, which are summarised in Tab. 26.

T/K Dnazsmdo (cmZ.s™) x 10°
776 0.24
823 0.32
872 0.49

Tab. 26: Diffusion coefficient Dy 2+,y40 depending on the absolute temperature, which is determined by

chronopotentiometry analysis

The variation of the logarithm of the diffusion coefficient D2+ /440 (Fig. 72) depends on the

absolute temperature and obeys to the Arrhenius law.
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Fig. 72: Linear relationship between the logarithm of Nd? diffusion coefficient and the inverse of the

absolute temperature issue from the chronopotentiometry experiments
The values of Dygz+ confirm the results obtained by the analysis of the cyclic voltammetry.
11.3.2.2. Determination of the standard potential

By using the chronopotentiometry experiments the values of the standard potential of the
Nd**/Nd?* and Nd**/Nd® systems can be determined. In the previous section we have

estimated the transition time t for each system. By using these values and the Eq. (36) it is

possible to calculate each standard potential.

The activity of neodymium ions in the LiCI-KCI-LiF electrolyte is unknown, so the apparent
standard potential has to be calculated with Eqg. (39). The values of the apparent standard

potential are presented in Tab. 27 and their evolution are displayed in Fig. 73.

T (K) Engs+ /naz+ (V VS Cl/CI7)  Exios jyq0(V vs. Cly/CI7)

773 -3.106 -3.233
823 -3.053 -3.186
873 -3.019 -3.113

Tab. 27: Apparent standard potential Eg’;3+/~dz+ and E?V’:iu/,vdo determined by chronopotentiometry

analysis
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Fig. 73: Evolution of the apparent standard potentials (@) E?V’:lu/,vdu and (W) and EON’;izaf/Ndo versus the

absolute temperature issues from the chronoamperometry analysis

The apparent standard potential increases linearly with the increase of the temperature and
follows Eq. (59) and (60).
gt yaz+ = —3.810 + 9.11 % 107* in V vs. Cl,/CI (59)

Enizt ygo = —4.209 +1.25 % 1072 in V vs. Clo/CI’ (60)
Tab. 28 summarises the values of the Gibbs energy of formation at the supercooled state,
the activity coefficients of NdCl; in the eutectic LiCI-KCI-LiF and the apparent standard

potential, which have been used to determine the Gibbs energy of formation at infinite
dilution by using Eq. (44).
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0=

T K) Engs+/naz Eyaz+/na0 E g5+ /nad AGIC:IOdCl31 AGDNdCl&s:‘ 10° X ¥ e,
(Vvs. CLICI) (Vvs.CL/CI)  (Vvs.Cl/Cl)  (kJ.mol™)  (kJ.mol™)
Ccv -3.212
776 CcP -3.106 -3.233
Mean -3.106 -3.223 -3.184 -921.53 -840.89 0.373
Ccv -3.150
823 CcP -3.053 -3.186
Mean 3.053 -3.168 -3.130 -905.90 -831.56 1.912
Ccv -3.105
872 CcP -3.019 -3.113
Mean -3.019 -3.109 -3.079 -891.23 -822.220 7.343

Tab. 28: Scheme of the apparent standard potentials calculated by using the CVs abd CPs, the Gibbs

energy of formation at an infinite dilution AG,\’,"das, the Gibbs energy of formation at the supercooled

state AG?VdCl3sc and the activity coefficient yyq¢;, depending on the absolute temperature

The activity cofficients increase with the augmentation of the temperature, which means that

the activity of neodymium in LiCI-KCI-LiF increases with the increase of the temperature too.

This conclusion is in accordance with the fact that the diffusion coefficient increases with the

temperature.

Il.4. Electrochemical behaviour of neodymium ions in the

eutectic LiF-SrF, electrolyte

In the previous sections, it was demonstrated that in chloride-based electrolytes, the
reduction process of the Nd*" ions into Nd°® is a two steps mechanism as described in the

following reactions:
Nd3*+ e~ - Nd?*
Nd?*+ 2e™ —» Nd°

Afterwards, the behaviour of neodymium ions in fluoride-based electrolyte has been studied
in LiF-CaF,. In this electrolyte, it was demonstrated that in comparison to the chloride-based
electrolytes the reduction process takes place in a single step according to the following

reaction :
Nd3*+ 3e~ - Nd°

Moreover the diffusion coefficients of neodymium seems to be higher in fluoride-based

electrolytes than in chloride-based electrolytes.
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This hypothesis should be confirm with the study of the neodymium behaviour in the eutectic

LiF-SrF; electrolyte.

The eutectic mixture of the LiF-SrF; is composed of 81.5 mol% of LiF and 18.5 mol% of SrF;

and has a melting point of 1044 K as described in section 1.2.4 of chapter II.

[1.4.1. Determination of the apparent standard potential from the cyclic

voltammetry measurement

Fig. 74 shows a cyclic voltammogram of 1 mol% of NdF3, which is mixed in the eutectic LiF-
SrF,. In Fig. 74 two peaks A and B are represented during the cathodic scan, which
correspond respectively to the Nd*/Nd° and Li*/Li® sytems. During the anodic scan, the
reverse peaks A’ and B’ are observed, which correspond to the oxidation process of the
before reduced compounds. Some bumps are observed between -0.8 and -1.2 V, which

corresponding to impurities, like the presence of a small amount of oxid in the electrolyte.
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Fig. 74: Cyclic voltammogram of the eutectic LiF-SrF; electrolyte containing 1 mol% NdFs at 1098 K, scan
rate 100 mV.s™. Working electrode: tantalum, counter electrode: glassy carbon, reference electrode:

platinum

The reference electrode was a platinum wire, which is considered as a quasi electrode. For
the description of the result, it was necessary to refer the measured potential to a fixed
reference. In our case all potentials have to be refered versus the F,/F. The calculation is

described in section 11.2.2 of this chapter.
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By using Eq (49) and the value of AE which corresponds to the potential difference between
the reduction step of the neodymium and the lithium ions, the redox potential of the Nd**/Nd°
system versus F,/F can be calculated.

After the determination of the redox potential Ey 43+ ,y40, it is possible to calculate the values
of the apparent standard potential E1323+/Nd0 with the Eq. (52).

The values of the apparent standard potential of the Nd**/Nd° system are summarised in
Tab. 29.

T(K) Ega+ jyao (V VS FolF)
1098 -4.900
1148 -4.861

Tab. 29: Apparent standard potential of the Nd**/Nd° system depending on the absolute temperature in

the eutectic LiF-SrF; electrolyte

The evolution of the apparent standard potential increases with the increase of the

temperature and follows the Eq. (61):
Eygs+/yao = —5.752 + (7.76 x 10~4)T (61)
The values of the apparent standard potential in the eutectic LiF-SrF, is in the same range

that in the LiF-CaF; electrolyte. Moreover the evolution of the values of E1323+/Nd0 described

with Eq. (61) is comparable to Eq. (53) corrresponding to the evolution of the potential in LiF-
CafF-.

I1.4.2. Determination of the diffusion coefficient Dy g3+ /yq0

The determination of the diffusion coefficient of the Nd*" ions in the LiF-SrF, electrolyte
follows the same procedure as described in section 1.2.4. in this chapter. The values of the

diffusion coefficients Dy ;3+,yq0 are summarised in Tab. 30.

T (K) Dnds+ndo (€m?.s™) x 10°
1098 4,74
1148 5.18

Tab. 30: Diffusion coefficient Dy43+/yq0 depending on the absolute temperature in the eutectic Lif-SrF;

electrolyte
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lll.  Conclusion of the chapter

In this chapter the electrochemical behaviour of neodymium has been analysed in four
different electrolytes:

LICI-KClegyt,

LiF-CaF eyt

LICI-KCI-LiFeyt,

LiF-SrFoeyt.

It was demonstrated, that the neodymium ions in the LiCI-KCI- and LiCI-KCI-LiF are reduced
to neodymium metal in a two-step process passing through the instable intermediate Nd?".
However during the reduction process the Nd** ions disproportionate in Nd° and Nd** through

the following reaction:
3Nd?* & 2Nd3* + Nd°

This disproportion reaction shows that the reduction of Nd** ions to neodymium metal can
not be entirely completed. It will not be possible to achieve the extraction of neodymium from

permanent magnet scraps in the eutectic LiCI-KCl and LiCI-KCI-LiF electrolyte.

However in the fluoride-based electrolytes like the eutectic LiF-CaF, and LiF-SrF;
electrolytes the reduction process possesses only one step. The Nd*" ions, which are
contained in the electrolyte, are directly reduced to neodymium metal through the following

reaction:
Nd3*+3e~ - Nd°

The eutectic LiCI-KCI-LiF electrolyte contains only 4 mol% of LiF. It can be possible that a
higher amount of LiF in the LiCI-KCI-LiF electrolyte could avoid the drawback of the
disproportion reaction, observed in chloride-based electrolytes and maybe allows a single
reduction step like in fluoride-based electrolytes. This hypothesis has been not verified during

this study.

The one step reduction process can allow the whole extraction of neodymium, which is
contained in the Nd-based magnet. This hypothesis shows that the complete recovery of
neodymium from permanent magnets can be achieved.

Moreover, it was demonstrated that the diffusion coefficients in fluoride-based electrolytes
are higher than in chloride-based electrolytes.

The diffusion coefficient corresponds to the velocity of the neodymium ions in an electrolyte.

A higher diffusion coefficient can accelerate the reduction process of Nd** ions.
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The higher diffusion coefficients in fluoride-based eletrolytes compared to the chloride-based
electrolytes show that for a-given period of time it is possible to reduce higher amounts of
neodymium.

This evidence can be influenced by the size of the cations and anions, which are included in

the electrolyte. This hypothesis will be discussed in the next chapter.

The next chapter will deal with the separation and the analysis of the electronic scraps, which
have been collected in two recycling companies. This analysis will show the complexity of a
separation process and the difficulty of the enrichment of the electronic scraps with

neodymium compounds.

After the explanation of the separation processes, we will focus on the extraction of

neodymium from permanent magnets based on the conclusion of this chapter.
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After the study of the electrochemical behaviour of neodymium in the previous chapter, this
chapter deals with the extraction of neodymium from permanent magnets by an electrolysis

process on an inert electrode.

Before starting the extraction process by electrolysis, samples which have been collected in
two electronic scraps recycling companies were analysed. The first aim of these analyses is
the determination of the amount of neodymium contained in the electronic scraps fraction.
Moreover, the second aim is to confirm if an extraction by electrolysis is possible and

realistic.

The first part of this chapter deals with the analysis of the electronic scraps samples, which
were provided by two electronic scraps recycling companies.
The second part summarises the results of the neodymium recovery investigations by

electrolysis in selected electrolytes and its corresponding process efficiency.

|.  Analysis from electronic scraps

Simultaneously with the electrochemical study of the neodymium behaviour in molten salt for
its extraction from the Nd-based magnets, which are contained in the electronic scraps, we
studied various electronic scraps fractions provided by two electronic scraps recycling
companies. These different fractions arose from distinct processing steps of the separation.

They were assumed to be representative from real sourcing.

I.1. Analysis of the electronic scraps provided by the first

recycling company

The resulting fractions were manually pre-sorted from a provided electronic scraps waste
with a separation in three categories:

- a metallic fraction ( Fig. 75 (a))

- a magnetic fraction ( Fig. 75 (b))

- a RE-magnet fraction (Fig. 76)
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Fig. 75: Picture of the metallic fraction (a) and the magnetic fraction (b), which compose the electronic

scraps fraction

After the manual separation process, the analysis of the magnet-containing fraction was

carried out. Tab. 31 summarises the results of the magnet-fraction analysis.

Mass (g) (%)

Metallic fraction 2038.4 48.58
Magnetic fraction 2155.2 51.37

Nd-based Magnet 2.2 0.05

Tab. 31: Analysis of the electronic scraps waster

The analysis of the composition shows that Nd-based magnets represent a very small
amount of the whole electronic scraps mass. That means that only 0.05 % of the total mass
consists of Nd-based permanent magnets. This result shows that an effective enrichment of
neodymium in the magnet fraction has to be developed prior to any further extraction by the
electrolysis process. No industrial process for neodymium extraction could be economically
acceptable using a so low initial neodymium amount. Each fraction was characterised by
means of XRD and SEM / EDX.

Fig. 76 shows a picture of a permanent magnet, which has been extracted from the magnetic
fraction.

'y -
(b) " Objektiv 220.X30 | 1000,

—

Fig. 76: Picture of RE-magnet, which was extracted from the magnetic fraction
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The surface and the inside part of collected permanent magnets have been analysed, the

results are summarised in Tab. 32.

O Al Si S K Ca Fe N Cu Mo Sr Nd Sm Dy Er Lu Hg

RE-magnet ,, = 04 02 33.3 027 027 06 38 03 1.2 0.59

inside
RE-magnet ., , 1,5 0.3 0.1 0.3 2.76 51.2 10.3 0.1 0.4 01 02 26
surface

Tab. 32: EDX-analysis of the RE-magnet, which has been extracted from the magnet fraction (content

in at%)

The surface of the permanent magnets is mostly composed of nickel and copper, which are
used as a protection surface against corrosion. The inside part of the magnet is made of a
mixture between iron and neodymium with some extra elements like samarium, dysprosium
and europium. The presence of these lanthanides in the scraps can disturb the extraction of
neodymium due to their narrow standard potential. Boron, which is also an essential
component of the permanent magnets, cannot be detected during EDX-analysis.

The presence of dysprosium in the permanent magnets is related to the preparation process

of these magnets, which leads to an increase of their strength.

|.2. Analysis of electronic scraps provided by the second

recycling company

The second electronic scraps recycling company provided three different fractions, which
were extracted from the whole recycling process.
- Magnetic waste fraction (1% fraction), which contains RE-based permanent magnets
and ferrite permanent magnets as well as others iron based compounds (Fig. 77).
- Light fraction (2™ fraction), which contains non-ferrous metals and which is supposed
to contain RE.

- Plastic fraction (3" fraction), which is also supposed to contain RE.
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2 cm

Fig. 77: Picture of the magnetic waste fraction, which was analysed by EDX

The 1% fraction was analysed by the Energy Dispersive X-ray spectroscopy (EDX) method.
The results are summarised in Tab. 33. Only the 1% fraction was analysed, because it was
the fraction in which it was possible to find the highest amount of neodymium.

The elemental analysis of the magnetic fraction shows a really low amount of neodymium
with an average of 0.1 %. The largest share is composed of iron and oxygen, which suggests
that this fraction consists of components from ferrite magnets and others metals, which are
attached to them.

o Mg Al Si S Cl K Ca Ti Mn Fe Ni Cu Zn Sn Nd Tb Dy Pb
Average (%) 31.0 2.2 35 5.2 0.3 0.3 0.3 2.6 0.6 2.2 38.3 15 2.6 5.6 0.9 0.1 0.3 0.4 2.2
Max 32.3 2.6 5.2 7.1 0.3 0.3 0.4 32 0.8 2.7 42.2 2.2 3.4 6.7 1.0 0.2 0.6 0.7 2.8
Min 29.6 1.9 2.1 2.7 0.3 0.3 0.3 2.3 0.4 1.8 34.0 11 1.8 46 0.9 0 0 0.3 1.7

Tab. 33: EDX-Analysis of the 1% fraction (magnetic waste fraction)

A control analysis using a wet-chemical method at Fraunhofer UMSICHT Oberhausen

yielded similar results.

The EDX-analysis was confirmed by an ICP-OES analysis of the 1% and the 3™ fraction. The
ICP-OES analysis of the 1 fraction shows a mean amount of 1,700 ppm of neodymium per
kilogram of electronic scraps. In comparison the 3rd fraction was also analysed and the
concentration of neodymium represents only 200 ppm per kilogram of electronic scraps.

The 1% fraction was also analysed by XRD in order to determine the compounds and phases,
presented in the sample (Fig. 78). The diffractogram contains mostly phases, which
correspond to ferrite magnets and shows few peaks, which represent the expected Nd,Fe4B
composition.
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Fig. 78: XRD-analysis of the 1% fraction

The 1* fraction is the fraction, which should contain the highest amount of neodymium. After
the previous mentioned analysis of this fraction, it was shown that they are only small
amounts of neodymium. That's why we have decided that it is not necessary to analyse the

2" and 3" fractions.

[.3. Conclusions

The analyses of the magnetic fractions obtained from the two different electronic scraps
recycling companies shows, that the recovery of RE compounds requires suitable sorting
techniques. Therefore, a strategy still has to be developed, in order to increase the amount of
neodymium in the magnetic fraction for an economical suitable extraction process.

Due to the complexity and variability of the magnetic fraction composition in scraps, it was

decided to study the possibility to extract pure neodymium from clean permanent magnets.

. Electrolysis process

The aim of this second part is to show if it is possible to extract neodymium from permanent
magnets without extracting other compounds and modifying the concentration of neodymium
in the electrolyte. As explained above, new “clean” magnets will be used for this feasibility

study. However the extraction efficiency will also be estimated as well as the eventual
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presence of extra elements in order to get some insights into a possible use on used scraps

having a lower neodymium concentration or others alloying elements.

Il.1. Electrolysis method

The electrolysis process can be controlled by using a fixed potential or a fixed current. The
neodymium, which is contained at the anode, will be oxidised to obtain Nd** ions. These ions
will be transported through the electrolyte to the cathode. Finally the Nd*" ions will be

reduced to their metallic form on the cathode surface. The simplified principle of the

Anode Cathode

electrolysis is described in Fig. 79.

Nd Nd
\ N3+ —=============-= > Nd3+* /v

Electrolyte

Fig. 79: Simplified principle of the electrolysis process

The electrolysis at fixed potential consists of applying a constant potential versus a reference
or between two electrodes which are defined as anode and cathode. This method allows the
control of the reduction of the desired compound. Compounds having a higher reduction
potential will not be reduced until an ohmic voltage drop occurs. That is why the electrolysis

experiments have been performed in eutectic LiCI-KCI, LiF-CaF, and LiF-SrF; electrolytes.

On the other hand the electrolysis at fixed current consists of applying a constant current and
measuring the potential at the anode and cathode during the whole reaction. This method
allows high kinetics due to the possibility to operate at a limit current. Unfortunately side
reactions easily occur if the applied current becomes higher than the limit current. In our

case, the reduction of lithium ions can be obtained.
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In order to compare the extraction efficiency of neodymium in some electrolytes, the
electrolysis was performed in selected salts, which were studied in the chapter IV. The
electrolysis experiments were performed by applying a constant current because of the
higher kinetic of this method.

For the neodymium extraction, an inert cathode was preferred to a reactive cathode. The
inert electrode allows an extraction of pure neodymium without its consumption. Moreover,
with an inert electrode the reduction process is limited by the diffusion of the neodymium ions
whereas by using a reactive electrode the reaction is limited by the intermetallic diffusion,

which is slower than the diffusion of the neodymium ions.

During the electrolysis process the reduction potential has to be maintained above the
reduction potential of the lithium ions, contained in the electrolyte. By applying a constant
current, the recorded reduction potential slowly shifts to more cathodic potentials with the
neodymium depletion at the electrode interface. When the whole neodymium is extracted the
recorded potential “drops down” corresponding to the reduction potential of the lithium

cations from the electrolyte.

I1.2. Electrolysis kinetics

As explained above, the electrolysis parameters have been fixed in order to optimised the
reaction conditions and favour significant kinetics.

Under these conditions, the yield of the electrolysis was determined by using Eq. (62):

ni—nf

yield = (62)

n;
where

n;: mol of neodymium at the anode before the electrolysis

ng mol of neodymium at the anode after the electrolysis

By using the Faraday law (Eq. (63)), it is possible to estimate the mass “m” of the compound,

which is liberated from the electrode.

(63)

where

m represents the mass of neodymium extracted from the electrode in grams

Q represents the electric charge in coulombs, which passes through the electrode
F represents the Faraday constant

MM represents the molar mass of the compound
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Z represents the number of exchanged electrons per ions

€ represents Faradaic efficiency

During the electrolysis process at constant current: Q=i*t, the rewriting of Eq. (63) leads to
Eq. (64)

(64)

where

n represents the number of moles, which have been theoretically reduced during the
electrolysis

t represents the time of the electrolysis in second

i represents the constant applied current in A

The theoretical time necessary to extract the whole neodymium can then be estimated by
using Eq. (65).

n*zxF

t= (65)

i
The following experimental tests and analyses will lead to experimental values that will be

compared to the results of the above theoretical equations.

lll. Setting parameters for the electrolysis process
lll.1. Selection and preparation of neodymium based magnets

Due to the complex composition of electronic scraps as described in section 1 of this
chapter, it was decided to start the extraction of pure neodymium from clean permanent
magnets.

As described in section 1.3.4. of chapter Il, the neodymium based permanent magnets were

maintained at the anode in a basket made with a tantalum wire as showed in Fig. 80.
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1cm
—

Fig. 80: Picture of the anode configuration before the electrolysis; four magnets are fixed together with a
tantalum wire.

Before the construction of the anode, the permanent magnets were demagnetised through a
thermal treatment. The demagnetisation of permanent magnets can be easily performed by
heating the magnet above its Curie temperature.

The composition of the permanent magnets was determined before the experiment. The
average values are reported in Tab. 34. The presence of nickel and copper in small amounts
comes from the composition of the protective surface treatment of the magnets. The average

amount of neodymium in a permanent magnet represents around 18.9 wt%.

Element wt% ( £0.05)
B 1.2
Cu 0.9
Fe 77.6
Nd 18.9
Ni 1.5

Tab. 34: Composition of a Nd-based permanent magnet, which was determined by a ICP-OES-analysis

The quantity of neodymium, which is contained in the permanent magnets fixed at the anode,
as well as the quantity in the electrolyte before and after the electrolysis was determined by
using the ICP-OES as described in section 11.3.3 of chapter II.

l1l.2. Configuration of the electrolysis cell

Considering the results presented in the previous chapter, it was decided to select only three
electrolytes for the recovery of neodymium from permanent magnets:

- LiCI-KClgy. : benchmark

- LiF-CaFeyt.

- LiF-SrFpeyt.
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For the electrolysis process in fluoride-based electrolytes an inert electrode was used to
recover the pure neodymium and to avoid the formation of an alloy by the use of a reactive
electrode.

During the electrolysis experiments the neodymium concentration was 1 mol% in 90 g of
electrolyte. The electrolysis was conducted during four hours at a constant current of -50 mA.
A higher value for the current would have been possible as well, but a high current value will
lead to a too quick reduction of the neodymium. The neodymium contained in the electrolyte
would have been consumed very rapidely and the reduction of the lithium ions would have
been difficult to avoid. That is the reason why a constant current of -50 mA has been fixed,
which corresponds to the start of the reduction step of Nd*" as described in Fig. 81. The
lower current allows the neodymium which is contained at the anode to be oxidised, carried

until the cathode and be reduced without side reactions.

The theoretical quantity of extracted neodymium from the permanent magnets was estimated
to 2.62*10 mol by using Eq. (64).
2.62*10° mol represents the optimal quantity of neodymium, which can be extracted during

the electrolysis and corresponds to 378.7 mg of pure neodymium.

V. Extraction of neodymium from permanent magnets
in fluoride-based electrolytes

IV.1. Electrolysis in LiF-CaF,

The extraction of neodymium from the permanent magnets, which are fixed at the anode
were performed at 1073 and 1123 K.

Fig. 81 represents a typical cyclic voltammogram of the LiF-CaF, electrolyte containing
1 mol% of neodymium, which has been recorded before the electrolysis.

The recorded cyclic voltammogram is in accordance with the results obtained in chapter IV
(Fig. 57). In this cyclic voltammogram two reduction peaks can be identified during the
cathodic scan. The first peak occurs at around -1.4 V versus Pt (A), which corresponds to the
reduction of Nd** to Nd°. The second reduction peak corresponds to the reduction of Li* ions
to Li°. During the anodic scan the reverse reactions can be identified (peak B  and A"

respectively corresponding to the oxidation of lithium and neodymium.
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Fig. 81: Cyclic voltammogram before the electrolysis for the system LiF-CaF,-NdFs (1 mol%) at 1073 K,
scan rate: 0.1 V.s™. Working electrode: molybdenum, counter electrode: tantalum, reference electrode:

platinum

By applying a constant current of -50 mA, the potential was recorded to be at around -1.4 V
versus Pt (Fig. 82). According to Fig. 81, this potential corresponds to peak A, which

characterises the reduction of the Nd** ions in Nd°.
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Fig. 82: Evolution of the potential during the electrolysis at a constant current of -50 mA in the eutectic
LiF-CaF; electrolyte at 1073 K

During the whole test, the recorded potential remains stable, which confirms that only the

Nd** ions have been reduced by the following reaction:

Nd3* +3e~ - Nd°
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Fig. 83 represents the results of the electrolysis experiments. The graphic shows that the
extraction efficiency is higher at 1123 K than at 1073 K. We can also see that in both cases
the extraction efficiency is not perfect and remains lower than the theoretical one. A higher
electrolysis temperature seems to improve the extraction efficiency. This point will be
discussed in details in the following section.

5,0E-03 7

Binitial quantity of
neodymium at the anode

4,0E-03 1 D quantity of neodymium

extracted during the
electrolysis at 1073 K

3,06-03 O quantity of neodymium
extracted during the

electrolysis at 1123 K

Dtheoritical quantity of

fymium, which can
be extracted during the
electrolysis regarding
passed charge

2,0e-03 1

Quantity of Nd (mol)

1,0E-03

0,0E+00

Fig. 83: Representation of the extracted quantity of neodymium compared to the initial quantity at the
anode and the theoretical quantity of neodymium, that can be extracted during the electrolysis in LiF-

CaF; electrolyte.

After the electrolysis process the neodymium concentration remaining in the permanent
magnets (anode) and in the electrolyte were analysed by ICP-OES. The initial quantity of
neodymium in the permanent magnets was also measured by ICP-OES for accurate
comparison. The process for the preparation of ICP-OES samples described in chapter Il
was used.

After four hours of reaction, 40.2 % at 1073 K and 46.0 % at 1123 K of the quantity of
neodymium contained in permanent magnets, which are fixed at the anode have been
extracted. These values are in good agreement with the previous results. The faraday
efficiency for both electrolyses is respectively 74.1 % and 84.7 % compared to the theoretical

one. The results of the electrolysis in the eutectic LiF-CaF, are summarised in Tab. 35.

T (K) n; (mol) n¢ (mol) ny, (Mmol)  efficiency (%)
1073 4.81E-03 1.94E-03 2.61E-03 74.1
1123 4.81E-03 2.21E-03 2.61E-03 84.7

Tab. 35: Summary of the electrolysis results in the eutectic LiF-CaF; at 1073 K and 1123 K; n; represents

the initial quantity of neodymium at the anode; ns represents the extracted quantity of neodymium during

the electrolysis; nw represents the theoretical quantity of neodymium, which can be extracted during the
electrolysis.
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With the increase of the temperature we have seen a better extraction efficiency, which can
be explained by the evolution of the diffusion coefficients. It was demonstrated in chapter 1V,
that the values of the diffusion coefficients of neodymium ions increase with the increase of
the temperature.

Fig. 84 is a cross section of the cathode after the electrolysis process. The picture (a) shows
a dendritic deposition of the metallic neodymium during the electrolysis around the

molybdenum wire (cathode). The picture (b) details the dendritic deposition of neodymium (1)

together with a eutectic mixture (2), which corresponds to the electrolyte LiF-CaF-.

Fig. 84: Optical micrographs (x20) of the cathode cross-section after four hours of electrolysis in LiF-CaF;
at 1123 K

SEM analyses have been performed to check the presence of the various elements in the
different zones. Fig. 85 confirms the results obtained in Fig. 84. Around the molybdenum wire
(Fig. 85(a)), the metallic neodymium deposition can clearly be distinguished (Fig. 85(b)).
These various observations (optical and electronic microscopies) also show that the
deposition of neodymium on the cathode is not dense and allows the penetration of the

electrolyte.

Mo-LA - Nd-LA s 7
SE MAG: 60x HV: 15kV_WD: 10.0mm d SE MAG: 80x HV:-15kV WD: 10.0mm

Fig. 85: SEM-analysis of a cross section of the cathode after four hours of electrolysis at 1123 K in LiF-
CaF,. (a): Map of molybdenum repartition in the sample showing that the anode remains unaffected
during the electrolysis, (b): Map of the neodymium, which was deposed on the cathode.
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The evolution of the neodymium concentration in the electrolyte has to be controlled before
and after the electrolysis process. The concentration has changed for less than one percent.
Such a small variation is not significant and due to a systematic error during the test. This
result confirms that the neodymium deposited on the cathode is coming from the

neodymium, which is contained in the permanent magnets fixed at the anode.

IV.2. Electrolysis in LiF-SrF;

Fig. 86 represents a typical cyclic voltammogram as recorded at 1073 K as described in
chapter IV. A single reduction step can be observed, which starts at around -1.4V
corresponding to the reduction of Nd®*" ions into neodymium metal. No other reaction
including the reduction of extra ions can be detected in the range of operating conditions.
Due to the degradation of the electrolyte, which leads to the production of an instable signal

at higher temperatures, the electrolysis in the LiF-SrF, electrolyte was only done at 1073 K.
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Fig. 86: Cyclic voltammogram before the electrolysis for the system LiF-SrF2-NdFs (1 mol%) at 1073 K,
scan rate: 0.1 V.s™. Working electrode: molybdenum, counter electrode: tantalum, reference electrode:

platinum

By applying a constant current of -50 mA, the potential was recorded to be stable at around
-1.5V versus Pt (Fig 87). Just before the beginning of the experiment a short time is
necessary to stabilise the potential. In comparison with Fig. 86, this potential corresponds to
the peak, which characterises the reduction of the Nd** ions in Nd°. During this electrolysis,
the constant recorded potential also confirms that only the Nd** ions have been reduced

without any side reaction.
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Fig. 87: Evolution of the potential during the electrolysis at a constant current of -50 mA in the eutectic

LiF-SrF; electrolyte at 1073 K

Fig. 88 compares the quantity of neodymium fixed on the anode before the electrolysis, the

quantity of neodymium, which can theoretically be extracted and the real amount of

neodymium, which was extracted from the permanent magnets.

Quantity of Nd (mol)
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extracted during the
electrolysis at 1073 K
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be extracted during the
electrolysis regarding
passed charge

Fig. 88: Representation of the extracted quantity of neodymium compared to the initial quantity at the

anode and the theoretical quantity of neodymium, which can be extracted during the electrolysis in LiF-

SrF; electrolyte.

After a four hours electrolysis test, 42.6 % of the neodymium contained at the anode has

been extracted leading to an efficiency of 78.4 % compared to the theoretical value.

In order to show if the duration of the electrolysis process has an influence on the efficiency,

a test has been carried out at the same constant current of - 50 mA but lasting only two
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hours. By using the above mentioned parameters, the efficiency of this shorter test was
92.3 %. The results of both electrolysis experiments are summarised in Tab. 36.

These results demonstrate that the efficiency of an electrolysis lasting two hours is higher
than an electrolysis during four hours at a same constant current. An explanation is that
during the test the neodymium concentration at the anode continuously decreases from
18.9 % to 14.4 % after two hours and to 10.9 % after four hours. It is always more difficult to

extract the last neodymium atoms contained in the permanent magnets.

T (K) Duration (h) n; (mol) n¢ (mol) Ny, (Mol) efficiency (%)
2 1.15E-03 1.24E-03 92.3%
1073 4.81E-03
4 2.05E-03 2.61E-03 78.4%

Tab. 36: Summary of the electrolysis results in the eutectic LiF-SrF; at 1073 K during two hours and four
hours; n; represents the initial quantity of neodymium at the anode; ns represents the extracted quantity
of neodymium during the electrolysis; niw, represents the theoretical quantity of neodymium, which can be

extracted during the electrolysis

Fig. 89 presents a SEM micrograph of a cross section of the cathode (Fig. 89a) as well as
the corresponding EDS maps of molybdenum (Fig. 89b) and neodymium (Fig. 89c). The
figures show a compact deposit of metallic neodymium on the molybdenum electrode. The
observations are clearly different from the obtained results using the previous LiF-CaF; salt
where deposits of neodymium and eutectic electrolyte were mixed around the molybdenum

wire.
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Fig. 89: SEM-analysis of a cross section of the cathode after a four hours electrolysis at 1073 K in LiF-
SrF2. (a) : overview of the cross section, (b) : EDS Map of molybdenum repartition in the sample showing
that the anode remains unaffected during the electrolysis, (c) representation of the neodymium deposit

on the cathode.

As previously described for the LiF-CaF, electrolyte, the neodymium concentration in the
electrolyte has to be controlled before and after the electrolysis process. Once again, the
concentration was changed by less than one percent due to a systematic error during the
analysis. This result confirms that the neodymium, which is deposed on the cathode during

the electrolysis in LiF-SrF, is coming from the permanent magnets fixed at the anode.

IV.3. Electrolysis in LiCI-KCI

Fig. 90 represents a cyclic voltammogram, which was recorded before the electrolysis. Two
reduction steps can be identified (peak A and B), which correspond respectively to the
reduction of Nd** and Nd?* as previously described during the study of neodymium behaviour
in chapter IV. The oxidation peaks A’ and B’ correspond respectively to the oxidation of Nd°
and Nd?*.

153



Chapter V — Extraction of neodymium on an inert electrode from Nd-based magnets

0,15

0,1 1

0,05 A

(A

-0,05 A

-0,1

15 1 05 0
E (V vs Ag/AgCl)

-2,5

Fig. 90: Cyclic voltammogram before the electrolysis for the system LiCI-KCI-NdCls (1 mol%) at 773 K,
scan rate 0.1 V.s™. Working electrode: tungsten, counter electrode: molybdenum

The electrolysis in the eutectic LiCI-KCI has been made at 773 K with the same parameters
as previously described. The constant current was fixed at -50 mA for four hours. The
evolution of the potential is described in Fig. 91.

In comparison with Fig. 90, this potential corresponds to the peak, which characterises the
production of Nd°. During this electrolysis, the recorded potential remains stable confirming
that only the Nd** ions have been reduced without any side reaction.
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Fig. 91: Evolution of the potential during the electrolysis at a constant current of -50 mA in the eutectic
LiCI-KCI electrolyte at 773 K

Fig. 92 compares the quantity of neodymium fixed on the anode before the electrolysis, the
quantity of neodymium, which can theoretically be extracted and the real amount of
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neodymium, which was extracted from the permanent magnets. After the electrolysis with a
duration of four hours, 30.6 % of the neodymium contained at the anode has been extracted

with an efficiency of 56.3 % compared to the theoretical one.
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Dinitial quantity of
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O quantity of neodymium
extracted during the

electrolysis at 773 K
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Otheoritical quantity of
neodymium, which can
be extracted during the
electrolysis regarding
charge passed

2,0E-03 A

Quantity of Nd (mol)

1,0E-03 1

0,0E+00

Fig. 92: Representation of the initial quantity, the extracted quantity and the theoretical quantity of
neodyium, which can be extracted during the electrolysis in LiCI-KCI electrolyte.

The lower faradic efficiency could be explained by the reaction of disproportion of Nd?*,
which avoid the complete reduction of the neodymium ions to metallic neodymium. The
second explanation could be the lower values of the diffusion coefficients of Nd*" ions in LiCl-
KCI compared to the diffusion coefficients in fluoride-based electrolytes as described in
chapter IV.

V. Conclusion of the chapter

In the first part of this chapter it was demonstrated that the extraction of neodymium from
permanent magnets including in electronic scraps has to be improved before any commercial
use.

The two electronic scraps recycling companies, which have provided samples for our
research, tried to extract a fraction with a high amount of permanent magnets from the
electronic scraps. However the sorting processes are still not suitable. Further developments
have to be done to increase the amount of neodymium and others RE in the metallic fraction
obtained after the separation process. The low amount of neodymium in the sorted fraction

prohibits any further recycling.

However, assuming that this progress will be achieved in a near future, the electrolysis

process, which is used to recover neodymium from permanent magnets has been
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successfully explored. The obtained results have demonstrated that the electrolysis has a
better efficiency in fluoride-based electrolytes than in the chlorides-based.

This observation can be explained by the fact that in chloride electrolytes, neodymium ions
are reduced in two steps passing through a intermediate Nd**, which disproportionates

following the reaction:
3Nd?** - Nd° + 2Nd3*

At the same temperature, the electrolysis has a better efficiency in the LiF-SrF, electrolyte
than in LiF-CaF; electrolyte. This observation is in accordance with the results, which have
been obtained for the diffusion coefficients, which were higher in the LiF-SrF, electrolyte than

in the LiF-CaF; electrolyte.

The temperature during the electrolysis influences the faradic efficiency. It has been
demonstrated that an increase of 50 K leads to a higher efficiency of around 10 %. This
observation is in a good agreement with the fact that the diffusion coefficients in the

electrolyte increase with a higher temperature.
Moreover the faradic efficiency decreases with the increase of the duration of electrolysis.

The decrease of the efficiency is explained by the depletion of the amount of neodymium at

the anode and the difficulty to extract the last neodymium ions in the permanent magnets.
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General conclusions

For some decades the demand in neodymium and others RE has increased drastically and
the production of electronic scraps containing neodymium still increases too. Due to the
geopolitical considerations the price of pure neodymium is unstable and more than 90 % of

the global production is coming from China.

The aim of the thesis was to develop a process for the recycling of neodymium contained in

the permanent magnets presented in electronic scraps.

First of all, a literature review has shown that no efficient process for the extraction of

neodymium has been upscaled into an industrial process.

Each process has disadvantages. For example, there are processes with many extraction
steps before obtaining the final product. Other processes using toxic chemical compounds
are clearly environmentally unfriendly. That's why an alternative process is needed. Along
several possible methods, we decided to follow the pyrochemical process. Chapter | also
explains the reasons of this choice.

The foreseen extraction uses molten salts as electrolyte and reduces selectively the required
compounds, which is neodymium in our case. The selected salts and other used materials
and chemical compounds are presented in chapter Il. This part also detailed the various

electrochemical tests and methods used during this work.

For the pyrochemical process a special reactor had to be developed. It had to be resistant to
temperatures up to 1273 K and to corrosive media like chloride- and fluoride-based molten
salts. This reactor was used as an electrochemical cell, which was composed of a three-
electrode-system, a thermocouple in order to control the temperature of the melt and a gas
input and output to control the atmosphere of the reaction chamber.

The electrochemical cell was made of Inconel 625, which is one of the only material who can
resist to corrosive electrolyte based on fluorides and simultaneously to a temperature around
1273 K.

To validate the cell design, a first batch of tests has been performed on known systems. The
obtained results lead coherent values that allow us to validate the whole cell design. This
device represents one of the main achievements of this PhD work. The severe service
conditions, which had to be fulfilled, have shown a very challenging aspect but the chosen

options appear to be pertinent and respond correctly to the objectives.
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In chapter 1V, the newly developed cell has been used to test the molten salts selected in
chapter one. Electrochemical properties such as the apparent standard potentials and the
diffusion coefficients have been determined for the following electrolytes:

- LiCI-KCI

- LiCI-KCI-LiF

- LiF-CaF;

- LiF-SrF;
These experiments have shown that in the electrolytes containing chloride ions the

mechanism of Nd** ions follows a two step reaction:

Nd3t + e~ - Nd?**
Nd3* +2e~ - Nd°

During the reduction process, an instable intermediate Nd* is obtained, which

disproportionates following the reaction described below:
3Nd?* - Nd° + 2Nd3*

On the contrary, it was demonstrated that in the fluoride-based electrolytes the Nd** ions

were directly reduced in neodymium metal without passing through any intermediate state.

The diffusion coefficients of the neodymium ions were determined in the above-mentioned
electrolyte at different temperatures. It was shown that these coefficients increase with an
increase of temperature. Simultaneously it was also demonstrated that the values of the
diffusion coefficients are higher in fluoride-based electrolytes than in the chloride-based
electrolytes.

These different results seem to indicate that a fluoride-based molten salt could be a better

candidate for the neodymium recovery.

This point has been tested in the last chapter. For this, we analysed samples from electronic
scrap recycling companies, which separate high value materials from other materials like
plastic. In our case the aim was the separation of neodymium-based magnets from other
wastes. It was shown that the neodymium concentration in the magnetic fraction was in fact
very low, too low to enable any efficient recycling process. This study clearly shows that
progress in sorting has to be done prior to any further economical recycling development. In
order to increase the neodymium concentration it is necessary to improve the separation
processes. Due to a very low neodymium concentration in the samples from the electronic

scraps companies, we have decided to extract the neodymium from clean permanent
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magnets. Even if not realistic this configuration allows us to test the proposed recycling

process and to evaluate its feasibility and efficiency.

A significant concentration of around 19 % of neodymium has been shown by the analysis of
the permanent magnets. The extraction of the neodymium contained in the permanent

magnets has been performed under a constant current in the following electrolytes :

- LIiCI-KCI
- LiF-CaF,
- LiF-SrF,

It was demonstrated that the extraction efficiency was higher in the fluoride-based
electrolytes than in the LiCI-KCI electrolytes. The results can be explained by the detrimental

effect of the reaction of the disproportion of the Nd** ions.

Moreover we have shown that the temperature has an influence on the efficiency of the
extraction. An increase of the reaction temperature favours the extraction process during the
electrolysis. This result is confirmed by the evolution of the diffusion coefficient as a function

of the temperature.
The faradic efficiency declines with the increase of the electrolysis duration, which is due to

the depletion of the neodymium concentration at the anode. This result shows finally that it

will be difficult to extract the whole neodymium amount from the permanent magnets.

161



General conclusions and outlook

162



General conclusions and outlook

Outlook

Due to the new electrochemical cell developed during this study and the first encouraging
results obtained, it would be interesting to study further the most promising system. It was
demonstrated that the temperature has an influence on the extraction efficiency, further
temperatures could be studied in order to define the optimal experimental conditions. The
influence of the current during the electrolysis could be also studied to show if it has an effect

on the extraction efficiency.

A further research topic could be the study of the interaction between neodymium in the
electrolytes using simulation tools. Molecular modelling could for example be of great interest

to better understand the neodymium and electrolyte behaviour.

However the results presented in chapter V clearly show that all progresses in recycling
efficiency will be annihilated by the poor neodymium content of the sorted fraction. It is
therefore essential to improve the separation processes that are used in the electronic
scraps recycling companies in order to increase the neodymium ratio, which is contained in

the metallic fraction.

After the above-mentioned step, the developed method for the extraction of neodymium from
clean permanents magnets might be able to be used to extract the neodymium from the
future metallic fractions provided by the electronic scraps companies. A new study would
probably be necessary to adjust the operating parameters and estimate the process

efficiency in presence of possible unexpected polluting elements.
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Résumé : Le néodyme appartient a la série des
lanthanides se trouvant dans le tableau périodique.
Il est le composant clé des aimants permanents
Nd,Fe14B étant implantés dans différents appareils
électroniques mais aussi dans appareils dits
« écologiques » comme les éoliennes, les voitures
ou Vvélos électriques. De nos jours seulement 1 %
du néodyme présent dans les déchets électroniques
est recyclé. Le prix du néodyme est trés instable
d( a de fortes tensions géopolitiques ainsi qu’a la
croissance de la fabrication de ce type d’aimants
ce qui réduit tres rapidement les réserves en
néodyme.

Depuis quelques décennies, plusieurs procédés de
recyclage du néodyme ont été développés au
niveau du laboratoire sans avoir été utilisés a
I’échelle industrielle. Les procédés existants ont
plusieurs désavantages comme un grandes nombre
d’étapes avant d’obtenir le produit final ou encore

Titre : Développement d’un procédé électrochimique pour le recyclage du néodyme a partir de déchets
électroniques

Mots clés : néodyme, électrochimie, aimants permanents, sels fondus, recyclage, déchets électroniques

I’utilisation de grandes quantités de produits
chimiques. Le but de ces recherches est le
développement d’un procédé pyrochimique
pouvant étre une alternative a ceux déja existants.
Ce procédé permettrait de récupérer le néodyme
sous sa forme métallique en seulement une étape.
Pour atteindre cet objet, il a fallu élaborer un
réacteur pouvant résister a de hautes températures
ainsi qu’aux sels fondus pouvant étre corrosifs
selon leur composition. Par la suite, les propriétés
électrochimiques du néodyme ont été étudiées
dans différents sels fondus & base de chlorures et
de fluorures afin trouver la configuration optimale
pour I’extraction du néodyme contenu dans les
aimants permanents.

Nous avons ainsi prouvé qu’il était possible
d’extraire le néodyme sous sa forme métallique
renfermé dans de vieux aimants permanents en
une seule étape durant une électrolyse.

Abstract Neodymium belongs to the
lanthanide’s serie of the period system and is the
key component of the permanent magnets
Nd,Fe4B, which are implemented in electronic
devices and *“green” technologies like wind
turbines or electric cars and bicycles. Nowadays,
only one percent of the neodymium in electronic
scraps is recycled. Due to the geopolitical
considerations and a strong increase of the use of
permanent magnets, there is an impoverishment
of the raw material resources, which leads to an
instable market.

Since some decades, few recycling processes
have been developed at the lab scale without an
upscaling to the industrial scale. The existing
processes have several disadvantages like
multiple steps to obtain the final desired product.
This means that these methods have a long
process time or use a large amount of chemical
products.

Title : Development of an electrochemical process for the recycling of neodymium from electronic scraps

Keywords : neodymium, electrochemistry, permanent magnets, molten salts, recycling, electronic scraps

The aim of this research was the development of
a pyrochemical process, which could be an
alternative to the existing recycling processes, in
order to extract neodymium from electronic
scraps with less steps, a lower amount of
chemical products and a higher recovery rate of
the rare neodymium. For this purpose a special
reaction chamber has been created, which resists
to the strong experimental conditions due to the
use of high temperatures and corrosive molten
salts. Moreover the electrochemical behaviour of
neodymium in different chloride- and fluoride-
based molten salts was studied in order to find the
most appropriated setup.

We could prove that the pyrochemical method
could be the solution to recover neodymium from
the old permanent magnets under its metallic
form in just one single reaction step during an
electrolysis.
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