<]
TUDelft

Delft University of Technology

Electrochemical recovery of rare earth metals in molten salts

Abbasalizadeh, Aida

DOI
10.4233/uuid:4977c439-9925-4907-8350-6b3fd50e72fa

Publication date
2018

Document Version
Final published version

Citation (APA)

Abbasalizadeh, A. (2018). Electrochemical recovery of rare earth metals in molten salts. [Dissertation (TU
Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:4977c439-9925-4907-8350-
6b3fd50e72fa

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:4977c439-9925-4907-8350-6b3fd50e72fa
https://doi.org/10.4233/uuid:4977c439-9925-4907-8350-6b3fd50e72fa
https://doi.org/10.4233/uuid:4977c439-9925-4907-8350-6b3fd50e72fa

Electrochemical recovery of rare
earth metals in molten salts

Dissertation

For the purpose of obtaining the degree of doctor
at Delft University of Technology,
by the authority of the Rector Magnificus prof.dr.ir. T.H.].]. van der Hagen,
chair of the Board for Doctorates,
to be defended publicly on
Thursday 29 November at 10:00

by
AIDA ABBASALIZADEH
Master of Science in Materials Science and Engineering, Royal Institute of Technology, Sweden

born in Tehran, Iran.



This dissertation has been approved by the promotors:
Dr.Y.Yang

Prof. dr. ir. ]. Sietsma

Composition of the doctoral committee:

Rector Magnificus chairperson

Dr.Y.Yang Delft University of Technology, promotor
Prof. dr. ir. ]. Sietsma Delft University of Technology, promotor
Independent members:

Prof. dr. B. Friedrich RWTH Aachen, Germany

Prof. dr. G.M. Haarberg NTNU, Norway
Prof. dr. B. Blanpain KU Leuven, Belgium
Prof. dr. ir. ].M.C. Mol TuDelft, The Netherlands

Prof.dr. I.M. Richardson TUDelft, The Netherlands

Other member:

Prof.dr. S. Seetharaman KTH, Sweden

This research was funded by the European Community’s Seventh Framework
Programme (FP7).

ISBN: 978-94-6186-987-6
Publisher: GVO Printers and Designers BV

Copyright © 2018 Aida Abbasalizadeh



To Ahed Tamimi

and all the brave hearts behind the walls



Propositions accompanying the thesis
“Electrochemical recovery of rare earth metals in molten salts”

Aida Abbasalizadeh, 29 November 2018

Massive and complex problems like climate change, waste management etc cannot
be solved through competitive free market. They require decisive regulations,
collective ownership and partnerships beyond borders.

Rare earth affinity to oxygen makes it difficult to calculate the yield of the recycling
process in lab scale (This thesis).

In order to prevent CO, CO;, CF4 and CFs gas evolution in electrochemical metal
extraction processes, the conventional graphite anode should be substituted by
reactive anodes (This thesis).

FeF3 is the best option for the fluoridising treatment since the contribution of FeF3
in the electrochemical process leads to Nd-Fe alloy formation, which can be used as
the master alloy for NdFeB magnet production (This thesis).

Combining fluoridising treatment with use of iron as reactive anode made it
possible to generate in situ and consume FeF3 in one set-up (This thesis).

The way we relate to the people at work, the capacity for autonomy and care, the
freedom of thinking and the material conditions of our work are the elements which
qualify as work.

Educational institutions should take a side between sustainability and weapon
engineering, as having them both is a big contradiction. For every weapon that is
made one life is destroyed.

The ultimate function of every educational entity should be practicing the ability to
question everything.

As the consequence of neoliberal system, we are living in atomized human societies
with enforced competition, insecurity and precarity. In order to experience our
being as social animals, we should recognize our collective human power and
practice solidarity together.

10-Annex to proposition 9: Monthly borrel in the faculty is not considered as a

collective practice. Yet it is highly appreciated.

These propositions are regarded as opposable and defendable and have been approved by the

supervisors dr. Y. Yang and prof. dr. ir. J. Sitesma.



Table of contents

Chapter 1. INtrodUCtiON ......ceiiviiiiiiniiniinninnnisnniesseisssssssisssssssssssssssssssssssssssssssssssssssssssass 1
1.1 BaCKEIrOUNA .......ooiiiiiee e e 1
1.2 ReSEArCh @iIM ....o.uiiiiiiiii e 2
1.3 Research methodology ........c..cooviiiiiiiiiiiic e 3
1.4 ReSearch OULIINE .........cccviiiiiiie e e 3
1.5 REFEIEIICES ...ttt ettt 5

Chapter 2 ... Chlorinating treatment of NdFeB magnets and study on fluorinating..7

2.1 0o Ua oo Y0 10 T 0 10 ) o PSSR 8
2.2 Thermodynamic conSiderations ...........ccccueecuierieriiierienieeeece e 9
2.2.1  Electrochemical reduction of NdFeB magnets containing Dy ............cccceerenennne 9
2.2.2  Electrochemical reduction of rare earth oxides for Nd-Al alloy production....... 10
2.3 EXPEIIMENTS ...coiiiiiiiiiieeiiee et ettt e et e e et e e et e e essaeesnseeesnneeesnneeenns 16
2.4 RESULES ...ttt e e e et e e et e e st e e e bae e earaeeenbeeeeeneaenns 17
2.5 DISCUSSION ..ttt et ettt et sb et st e aeebeeneesaeenee 20
2.6 L0000/ o L0 1S3 o) o WSS URPR 22
2.7 REFEIEIICES ...ttt st 23
Chapter 3 ... Fluorinating treatment of NdFeB magnets ........c..cceceeneinsnrcsencsnncsescnnns 25
3.1 INEFOAUCTION ... 26
3.2 Thermodynamic evaluations.........c..coceiieriiiiiiinii e 27
3.3 1514 0 7=) 1 40 =) o LS PRSPt 31
3.4 RESUILS ...ttt sttt et st ens 31
3.4.1  AlF3in LIF-NAFeB SYStEM .....cccuoiviiiiiiiieiiececeeee e 31
3.4.2  ZnF2in LiF-NdFeB System........ccccooiiiiiiiiiiiiieeeceeee e 33
3.4.3  FeF3in LIF-NAFeB SYStemM .......c.ccocuiiiiiiiieiiecieeeece ettt 36
3.4.4  NazAlFe in LIF-NAFeB SYStem ......ccccoceiiiiiiiiniiiiiiciceceeeeecce e 37
3.5 DIESCUSSION ..ttt ettt ettt et e bt et et e aeebeeneesneenee 38
3.6 (000 1 1ol 11 13 10) (OO PUPSPPRR SRR 39
3.7 REFEIEIICES ...t 41
Chapter 4 ... Fluorinating treatment of rare earth oxides.........ccccceevevrcurcierncnicscercnnen. 43
4.1 INEFOAUCTION ...ttt ettt et e esbeessaeesaesaneens 44
4.2 Thermodynamic evaluation of the process........c.ccocceeveviininiiniiniiiicceee 45

4.3 EXPEIIIMENTS ....eiiiiiiiiie ettt e ettt e e et e e e s nbbeeeseaneeeeenes 47



4.4 RESULES ..ottt 48
441  AlF31in LiF-Nd203 SYStEIM .....ooociiiieiiieciieeee ettt e 48
4.4.2  ZnF2in LIF-Nd203 SYStEIM.......cccuiiiiiiieiiieiieciieie ettt sae e ennens 50
443  FeF3in LiF-Nd203 SYSTEIM......cccciiiiiiieeiiieeiee ettt 52
444  NazAlFs in LiIF-Nd203 SYSTEIM .....ccuiiiiiiiciieiieieceecieee ettt 54
4.5 DISCUSSION ..ueiiieiiiie ettt etee et e et e e et e e e taeeeeaeeeteaeessaeesssaeessseeessseeensseaenns 55
4.5.2 MICTOSITUCEUTE ......veieiiieeiee et e e ettt e e et e e s e e e s b e e e nbeeesseeennes 56
4.5.3 ALLOY fOTMATION ....eeiiiieiiecieee ettt e e ennees 58
4.6 L0000/ o 103 L) o USSP 59
4.7 REFEIEIICES ...ttt 60
Chapter 5...Use of iron reactive anode in RE extraction process ..........ceceeceerueenerene 63
5.1 INEFOAUCTION ..o et e et e e eaveeesebeeeesneeenns 64
5.2 Thermodynamic evaluations of the process ..........cccccevivvcieniiecienciiceeceeee 65
5.3 EXPEIIIMENES ...ttt ettt eta e e beeeaeeesbeessaeensaenasaens 66
5.3.1  Electrochemical behaviour of LiF-NdF3/Nd203 systems............cccceevcvvreerieennenn. 66
5.3.2  Electrochemical extraction of Nd .........c.cccoeeiiiiiiiiieniiiiicecceceee e 67
5.4 Results and DiSCUSSION ........c..ciicuiiiiiiicciie e 68
5.4.1  Electrochemical behaviour studies of different systems ............cccccceevverirennennne. 68
5.4.2  Nd extraction in LiF-NdF3 using iron anode............cc.ccooceiiiiniiinnniiniecieee 74
5.4.3  Nd extraction in LiF-Nd203 using iron anode..............cceceevieriieniencieenieeieeiene 77
5.5 (000 1 1ol 11 13 10) (OO PPSPPRR SRR 79
5.6 REFEIEIICES ...ttt s 80
Chapter 6 ... Thermodynamic modelling of LiF-NdF3-DyF3 system .......c..ccceceeserennnens 83
6.1 INEFOAUCTION ...t 84
6.2 EXPEIIMENTS ...ooiiiiiiiiiiiiie ettt ettt e st e e e e sabee e 84
6.3 EXperimental reSUILS ........cooouiiiiiiiececece e 85
6.3.1  Thermal @analySiS........ccoceriiiiiiiiiii e 85
6.3.2  Microstructure analysis .......c.cccceeviiiiiiiiiiieiiieieerte et 86
6.4 Ab Initio calculations ...........cociiiiiiiiiiii e 87
6.5 Thermodynamic Models ...........ccooeiiiiiiiiiiiiieeeee e 89
6.6 0] 010000V V/: 18 (0) s O SRPPRP 90
6.7 RESULES ..ottt 90
6.7.1  BINAry SYSTEIMS ....ooiiiiiiiiii et e et e e e e e e e eanaes 90
6.7.2  DYF3-LIF-NAF3 ..ottt 94
6.8 CONCIUSIONS ..ottt ettt et e b e e saeeesbeesaseenbaessaeenseessseenseas 95



Chapter 7 ... Conclusions and future research ...........icneinsinnseinsicssenssnncsssnssssosaens 101
7.1 CONCIUSIONS ..ttt sttt et st sb ettt e b eaees 101
7.2 Recommendations for future research...........cccocovieiiiiniiniceeeee 103
SUIMIMATY ceuveriiiiirnricsssssnressssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssassssssss 105
SAMENVALLING ccccuviiiiiiiiiiiiiiiiiiitienitiesstncssnecsssnesssssessssnesssssessssesssssessssssssssssssssssssssssssssasses 107
B S tueeueeaesaresstsstssstesatssssatesatetssatesatessssate et st s Rt SNt e R e SRt SRS SRS SRS SRS SRS SRS S RSN S SRS S RS RS S RS S B s SRS S R0 109
ACKNOWIEAZGMENL ......uuoriiiiiriiiiiiiinnintnnticstissesssessseesssssssssssssssssessssssssssssssssssssssssssens 111
LiSt Of PUDLICATIONS....ccueiiriiiiiiniiniinnninnninsnissnisssissssisssssssssssssssssssssssssssssssssssssssssssassssasssns 112

ADOUL the QULIOT aauaaaeaeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssanene 115




Chapter 1 Introduction

1.1 Background

Rare earth (RE) elements are seventeen elements in the periodic table including fifteen
lanthanides, scandium and yttrium. These elements are characterized by similar
chemical properties. RE elements play a key role in the advancement of green,
sustainable and low-carbon technologies as well as in military technologies. These
elements are used in applications such as wind turbines, electric vehicles and ultra-
efficient lighting [1]. The most important application of the RE elements is in NdFeB
permanent magnet materials, containing Nd, Dy and Pr, which have excellent magnetic
and conductive properties. Current annual consumption rate of RE elements is reported
to be 130 kt and is expected to increase significantly with the expansion of RE elements
market in the coming decade [2].

The United States was the leader in global rare earth production from the 1960s to the
1980s, but due to the lower labour cost and lower environmental restrictions, RE
production has been shifted almost entirely to China. At present China produces more
than 90% of the global rare earth output and is the largest producer of these elements
in the world.

In 2011 China tightened the export restriction for these elements which highlighted the
supply risk of RE metals for governments as well as businesses [3]. Despite the fact that
China ended this quota at the beginning of 2015, concern on supply shortages of rare
earth elements have raised over past years due to the uncertainty of the RE market and
increasing global demand for these elements [4].

Different strategies have been proposed in order to alleviate the RE element supply risk.
Substituting critical rare earth elements by other elements, investing in primary mining
resources outside China and recycling of RE metal scrap are the main approaches to
tackle this challenge [5].

Substitution can be used as a strategy to mitigate the RE elements shortage problem.
However, some of the RE elements remain the first choice for many applications such as
electric motors and turbines. In view of primary mining, some old mines are reopened
and mining companies are performing research in search of new exploitable RE metal
resources [6].

Recycling is the most reliable solution for the problem of RE metals supply crisis since
most developed countries do not possess primary resources and hence they need to
import their RE requirements [7]. Moreover, recycling has many advantages over
primary production, such as cheaper material resources (end-of-life products or
industrial waste residue), smaller environmental footprints and establishing the
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resources loop. It is also more beneficial in view of the so-called “balance problem”. For
example, neodymium always coexists with other RE metals in natural ores (bastnasite
and monazite). In primary mining of RE ores, more abundant RE elements such as
cerium and lanthanum are extracted along with neodymium and dysprosium, hence
generating an excess of cerium that does not necessarily match the market requirement
[3].

Despite extensive research and developments on recycling of RE elements, only less
than 1% of the end-of-life products containing RE elements were recycled before 2011.
The greatest challenge in RE metals recycling is collection and disassembly of the end-
of-life products. This is mainly due to the diversity of component design and material
composition of RE containing commodities in different applications. For instance,
NdFeB magnets used in electronic devices and household electrical appliances mainly
end up in the ferrous metal waste or scrap.

Environmental issues due to the RE metals recycling technologies form another
challenge. Primary RE metal production as well as RE recycling processes have
environmental issues due to halogen, fluorocarbon, carbon monoxide or carbon dioxide
gas generation. Therefore, an effective and a clean process for the recovery of RE metals
from RE oxide and RE magnets is an absolute necessity which is investigated in this
thesis.

1.2 Research aim

Electrochemical extraction (molten salt electrolysis) in molten fluorides is the dominant
industrial method for extraction of RE metals from their oxides [6-8]. Lithium fluoride
(LiF) is the main component as electrolyte in the RE oxide electrolysis process. The
solubility of the RE oxides in LiF is an important factor in this process.

Two major challenges pertaining to RE metals recycling using this technology are a) low
solubility of RE oxides in molten salts and b) the possibility of anodic halogen or
fluorocarbon gas evolution (if electrolysis rate exceeds oxide feed of neodymium [8]) or
carbon monoxide or dioxide gas generation. Therefore, a high yield halogen and carbon-
free recycling route for recovery of rare earth elements from RE scrap needs to be
designed.

By RE scrap we do not mean only the end-of-life products. The products that contain
more sludge powder than the standard capacity after the machining step and also ‘off-
spec’ products which have higher oxygen impurity than the required specification are
disposed as scrap during the manufacturing [9]. Thus, about 50% of the charged
neodymium during the manufacturing process of the neodymium (NdFeB) magnets is
disposed as scrap.

As was mentioned earlier, current technology of RE metals recycling deals with
environmental issues due the carbon monoxide, carbon dioxide and even halogen or
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fluorocarbon gas generation during the electrochemical processes. An alternative
method is needed for carbon-free generation of pure RE metals as well as RE alloys.

Hence the main questions to be answered in this project are first, how to increase the
RE metal extraction yield from RE oxide by increasing the RE oxide solubility in the
molten salt and second, how to prevent halogen, fluorocarbon or carbon monoxide or
dioxide gas generation in the RE metal production from RE oxide and RE magnet in
molten salt electrolysis process.

1.3 Research methodology

In this research new methods for the direct electrochemical reduction of RE oxides and
NdFeB magnets materials into RE metals and RE-based alloys are investigated. The first
challenge to be solved is the low solubility of RE oxides in molten fluorides. A two-fold
approach is adopted to address this issue. First, a treatment is proposed to convert the
RE oxides into RE fluorides using effective fluorinating agents. Zinc fluoride (ZnF2),
aluminium fluoride (AlF3), iron fluoride (FeFs3) and cryolite (NasAlFs) have been
examined as fluorinating agents.

Secondly, the same approach is investigated for the NdFeB magnet scrap. The results
show the feasibility of the conversion of the RE in the magnet to RE fluoride in molten
salts. Once RE fluoride is formed, it can subsequently be electrolyzed and extracted on
the cathode. However, this conversion introduces a new obstacle in the electrochemical
extraction part for both RE oxide and NdFeB magnet, which is the fluorine or
fluorocarbon gas evolution as the anodic reaction.

To prevent fluorine or fluorocarbon gas evolution on the anode, a reactive anode is
employed. Iron is anodically dissolved, re-generating the fluorinating agent FeFs3 in situ
in the electrochemical reactor. The RE fluoride thus formed is subsequently processed
through the electrolysis route in the same reactor to extract RE metal as the cathodic
deposit in the form of Fe-Nd alloy. The design of the reactor should be such that formed
non-RE oxide as the result of conversion reaction can be collected and removed at the
bottom of the cell.

1.4 Research outline

After the introduction in Chapter 1, Chapter 2 of this thesis gives an overview of the
studies on electrochemical extraction of rare earth oxides and NdFeB magnets
containing dysprosium both in molten chlorides and fluorides.

Chapter 3 investigates the low solubility of the rare earth oxides in the molten
fluorides. In this chapter conversion of rare earth oxides to rare earth fluorides using
fluorinating agents is studied. Zinc fluoride (ZnF2z), aluminium fluoride (AlFz), iron
fluoride (FeF3) and cryolite (Na3AlF¢) are used as fluorinating agents. The feasibility of
this conversion is studied from thermodynamic point of view using FactSage software



4 Fout! Gebruik het tabblad Start om Heading 1 toe te passen op de tekst

die u hier wilt weergeven.

as well as with laboratory experiments. In Chapter 4 we investigate the conversion
method for NdFeB magnets using the same research approach and the same
fluorinating agents.

Once the conversion step is examined, the subsequent topic of the study is avoiding
fluorine or fluorocarbon gas generation as the anodic product during the electrolysis of
rare earth fluoride. Chapter 5 studies the use of a novel anode as a substitute for the
graphite anode in the industrial processes. In the electrolysis process, iron is used as a
reactive anode, promoting electrochemical dissolution of iron into the melt, thus
preventing fluorine gas evolution at the anode. Therefore, the fluorinating agent is
constantly generated in situ which enables the continuous conversion of neodymium
oxide feed. In this chapter the electrochemical behaviour of different fluoride salt
systems is studied using cyclic voltammetry, chronopotentiometry and square wave
voltammetry techniques.

In the absence of information on thermodynamic data and phase equilibria in the
literature and considering the importance of these data for optimal design of molten
fluorides electrolysis processes, thermodynamic modelling of LiF-DyF3-NdF3 system is
carried out. In Chapter 6 we study the thermodynamic modelling of LiF-DyF3-NdF3
system using the CALPHAD approach. Gibbs free energy modelling for LiF-NdF3 and LiF-
DyF3 systems is carried out using the constitutional data from literature. Moreover, ab
initio calculations were used to obtain enthalpy of formation of LiDyF4, an intermediate
phase that is found to exist in the LiF-DyF3 system. Experiments of thermal analysis are
carried out for four compositions within the NdF3-DyF3 system. Subsequently, liquidus
and solidus temperatures at these compositions are measured using differential
thermal analysis (DTA). Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) are employed to confirm the nature of the solid phases. The
obtained Gibbs energy functions for limiting binaries determined in this work along
with DTA analysis for LiF-NdF3-DyF3 system are used for modelling Gibbs free energy
functions of equilibrium phases in the ternary system.

The conclusions of the proposed methods in this thesis are summarized in Chapter 7. In
this chapter some avenues for further research are also presented.
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Chapter 2 Chlorinating treatment of NdFeB
magnets and study on fluorinating

Abstract

In the present research, the feasibility of the recovery of neodymium and dysprosium
from end-of-life Nd-Fe-B magnets (~6 wt% Dy) is investigated by using molten salt
processes. The salt bath consisted of eutectic composition of NaCl-KCI-LiCl mixture. In
order to enable efficient dissolution of the metals into the molten salt phase, AlCl3 is
used as a chlorinating agent. Iron-free electrodeposition is carried out. Energy
Dispersive Spectroscopy (EDS) analysis of the electrodeposit revealed that co-
deposition of the dysprosium occurs along with neodymium at the cathode. The process
shows that this method is well-suited for recovering rare earth metals from the
magnetic scrap containing these metals.

Furthermore the set-up design for recovery of neodymium and dysprosium from their
oxides is investigated. Stability of different fluorides and chlorides salts is studied by
means of thermodynamic calculations. AlF3 based molten salt systems are studied in
detail as the electrolyte for electrochemical extraction of rare earth (RE) oxides into RE-
Al alloys.

Keywords: rare earth, electrodeposition, molten salts, neodymium magnet, rare earth
oxides.

Chapter 2 is based on the published book chapter:

A. Abbasalizadeh, L. Teng, S. Seetharaman, J. Sietsma and Y. Yang, Rare Earths Industry, D. Lima, I. Borges
and W.L. Filho, 2015, Elsevier, 357
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2.1 Introduction

International concerns have been raised on the supply shortages of rare earth elements
since China, the largest producer of rare earths, reduced the export of these elements,
while, on the other hand, global demand has increased over last years.

Among the rare earth elements, neodymium is extensively applied for production of
permanent magnets. These magnets are used in different applications, such as computer
hard disk drives, generators in wind turbines, magnetic resonance imaging sources,
because of their superior magnetic properties. Dysprosium is often used as additive
element in neodymium magnets in order to retain the magnetic properties at high
temperatures. An effective recovery method for Dy and Nd is needed, since REs in
magnets are not recovered after being used [1].

Electrochemical deposition is one of the methods for the recovery of rare earth
elements. However, electrochemical deposition in aqueous solutions is not a feasible
method since rare earth elements have highly negative electrode potentials and also
they react with water and oxygen. Therefore, molten salt electrolytes are selected for
electrowinning of rare earths [2]. In this work we use molten chloride salt in order to
electro-reduce the rare earth elements from NdFeB magnets.

The other important issue which has been discussed in the recent years is the recovery
of rare earths from rare earth oxides (REOs). Different methods were used in order to
remove the oxygen from rare earth oxides: direct electrochemical deoxidation process
[3], solid state electrotransport [4-6], oxyhalide formation [7] and calcium-halide
deoxidation [8], which was further combined with electrolysis in order to balance the
CaO activity in the molten salt [3]. Yet the strong affinity of rare earth metals to oxygen
[9] has made it difficult to industrialize any of these methods except molten salt
electrolysis. Nowadays the main technology for producing pure rare earth metals and
rare earth master alloys is the rare earth oxide electrolysis in fluoride molten salts [10].
In general, because of the higher efficiency, lower energy consumption, no limitation
due to H; evolution and higher purity of the deposits, a number of reactive metals such
as aluminium, magnesium, sodium and potassium are produced by molten salt
reduction or electrolysis [11]. Metal chlorides are mostly used for different applications
since, as compared to fluorides, they are less expensive, less corrosive and also have
lower melting temperatures [12]. However, fluorides have higher stability, higher
conductivity and in particular higher solubility of oxides, compared to chloride salts.

In this chapter we discuss the possibility of using aluminium chloride as the
chlorinating agent in LiCl-KCI-NaCl ternary electrolyte for reduction of Nd and Dy from
NdFeB magnets. Using eutectic composition of LiCl-KCI-NaCl electrolyte (eutectic point
at 354 °C) made it possible to perform the experiments at lower temperatures
compared to fluoride salts. However, due to the low solubility of metal oxides in molten
chlorides salts and low stability of these salts, it was decided to use the fluoride salts for
electrochemical reduction of rare earth metals from rare earth oxides. Hence
thermodynamic calculations are performed in order to study the aluminium fluoride as
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a fluxing agent in the molten fluorides to react with rare earth oxide and form rare earth
fluoride which can be further subjected to electrolysis under the applied voltage.

2.2 Thermodynamic considerations

2.2.1 Electrochemical reduction of NdFeB magnets containing Dy

Efficient dissolution of metal in the molten salts depends on the choice of the additives.
Earlier studies on the extraction of Fe, Cr and Nd from industrial electric arc furnace
slag (EAF), chromite ore [13] and spent neodymium magnets [14], have proven that
AlCI3 can act as a powerful chlorinating agent. The reaction between the NdFeB magnet
and AlClz leads to the selective metal chloride formation. The formed metal chloride will
be subjected to electrolysis and will be reduced on the cathode.

The standard Gibbs energy for formation of different metal chlorides (for the metals
present in the magnets), using AlCl3 as the chlorinating agent, is calculated by using the
FactSage software (FactSage 6.3). The results show that Nd and Dy trichlorides are
more stable than AlCls, while the formation of FeCls, FeCl; and BCls is not favoured. The
Gibbs free energies AG? and enthalpies AHO of the corresponding reactions are listed in
Table 2.1.

Table 2.1- Gibbs free energy and enthalpy values of the reaction of AlCl; with the different metals in the
system.

AG°[k]/mol] AH°[k]/mol] AG°[k]/mol] AH°[Kk]/mol]

Chlorination Reactions

at 800 °C at 25°C
AlCl3(salt)+Dy(s) 2 DyCls+Al(liq.) -206.2 -353.5 -291.2 -293.9
AlCl5(salt)+Nd(s) = NdCls+Al(lig.) -247.8 -368.0 -331.4 -330.2
AlCl3(salt)+Fe(s) 2 FeCls +Al(lig.) 296.7 337.7 296.4 306.6
AlCl3(salt)+3/2Fe(s) 23/2FeCl,+Al(lig.) 207.0 165.1 176.8 193.2
AlCl3(salt)+B(s) = BCls +Al(liq.) 180.2 195.3 242.4 303.0

From the Gibbs energy values given in Table 2.1, it can be concluded that Nd and Dy
react with AlClz and as a result, NdCl3 and DyCl3z are formed in the salt bath. These can
be further electrolyzed under the applied voltage. Iron (II, III) chloride as well as boron
chloride will not form in the system due to their positive Gibbs energy value. Selective
chlorination of the rare earth elements by aluminium chlorides is very important since
it separates the rare earth elements from iron and boron in the magnet. It should be
noted that these calculations are based on the pure substances at their standard state at
800 °C, whereas the activity of Nd and Dy in the magnet as well as the activity of the
chlorides will change after the dissolution in the salt bath.
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Figure 2.1- Calculated standard decomposition voltage as a function of temperature for the chlorides
formed in LiCl-KCI-NaCl-AlCl; molten salt bath.

The formed rare earth chloride can be decomposed according to the reaction under
external voltage in the molten electrolytes:

RECl; —» RE3* + 3CI™ (2.1)

The decomposition voltages of the different metal chlorides and alkali chlorides are
calculated using FactSage software and the results are presented in Figure 2.1.

An over-potential of 0.8 V is suggested for the decomposition of NdClz [14]. Considering
that Nd and Dy possess similar properties and also based on the decomposition voltage
of DyClz shown in Figure 2.1 (2.6 V at 800 °C), a voltage of 3.4 V was applied for the
electro-decomposition of DyCls.

2.2.2 Electrochemical reduction of rare earth oxides for Nd-Al alloy
production

For the electrochemical reduction of REOs, the first step is the electrolyte selection. The
reduction potential of the electrolyte should be more negative than the reduction
potential of the rare earth oxides, meaning that the molten salt electrolyte has to be
more stable than the rare earth compounds in the system. In order to compare the
stability of different chloride and fluoride electrolyte systems, thermodynamic studies
are performed on these salt components as well as on the oxides. The decomposition
voltages of the neodymium oxides, neodymium fluoride and the most common molten
salts, calculated using FactSage, are compared in Figure 2.2. Due to the similarity of the
chemical behaviour of the rare earth elements, the thermodynamic calculation has been
done only for neodymium compounds, as the representative for other rare earth
elements.
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Figure 2.2- Calculated comparison of decomposition voltages of different salts and oxides at different
temperatures.

Figure 2.2 exhibits that fluorides have higher decomposition voltages comparing to the
chlorides, since they are more stable. However, the solubility of REOs in chloride salts is
lower compared to fluoride salts. Among chlorides, KCl is the most stable one and NaCl
has the lowest stability. From the thermodynamic results, it can also be seen that
between CaF, LiF, KF and NaF at different temperatures, the most stable fluoride is
CaF2. Hence the relative stability of these metal fluorides is: CaF;>LiF>NaF>KF.
Comparing the decomposition voltage of rare earth fluorides and the alkali fluorides
and chlorides, it can be seen that only CaF; and LiF are more stable than NdFs. In other
words, in the case of using NaF, NaCl, KF, KCl, CaCl; and LiCl, we can expect that Na, K,
Ca and Li will be reduced on the cathode from their corresponding halides before the
reduction of neodymium from neodymium fluoride. Therefore, for the electrochemical
decomposition of rare earth fluorides, the most suitable electrolytes among fluorides
are CaF; and LiF. In China since 1990s fluorides are substituted for chloride salts in rare
earth metals production. LiF-REF3-REO (RE = La, Nd, Dy, Ce, Pr and rare earth master
alloys) is the main electrolyte system in the rare earth electrochemical production
industry [10]. Considering the high melting point of calcium fluoride (1418°C), the
eutectic composition of LiF-CaFz (79-21 mol%, reducing the melting temperature to 768
°C, shown in Figure 2.3), is a suitable option to be used as the molten salt electrolyte for
the electrochemical reduction of the rare earth oxides.
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Figure 2.3- LiF-CaF; phase diagram from FactSage software package [15]

The experimental results of Hamel et al. [16] support the thermodynamic results in the
present study. These authors have measured the standard potential of different fluoride
electrolytes in order to find the most suitable electrolyte for reduction of Nd. Their
results show that in LiF-NaF and LiF-KF systems, no electrochemical reduction of Nd is
observed.

In the present work AlF3 is suggested for electrochemical reduction of neodymium from
neodymium oxide, while AlCl3 is used for Nd and Dy extraction from neodymium
magnets. Comparing the relative advantages of AlF3 to AlCl3, experiments with AlCI3
indicated the loss of some of the aluminium chloride added to the vapour phase from
the molten chloride bath before being dissolved in the molten salt due to the high
vapour pressure of chloride salts [14]. AlF3 on the other hand, is found in the present
work as a suitable fluorinating agent for the electrolysis of rare earth oxides in molten
fluorides. From the negative Gibbs energy value of the reaction

Nd,0; + 2AIF; - Al,0; + 2NdF; AG°(atT = 900°C) = —183kJ/mol  (22)

it is seen that aluminium fluoride can react with rare earth oxides forming rare earth
fluorides, which can be further reduced at the cathode. In situ formation of REF3 is very
important since the solubility of REOs is very low in the molten fluorides, which is the
main challenge for the current industrial operation. Moreover REOs form rare earth
oxyfluoride in molten fluorides according to the reaction [17]

Nd,0; + NdF; + 3(x — 1LiF 2 3NdOF¥ M~ 4 3(x — DLi* (23)

The preliminary experiments in our laboratory show the formation of oxyfluoride in a
LiF-NdF3-Nd203 system.

Figure 2.4 shows the EDS line scan of the sample cross-section after 3 hours at 900 °C.
The changes of oxygen and fluorine exhibit the same trend, showing the formation of
oxyfluoride compounds in this system. It is not possible to determine Li changes using
EDS line scan since lithium is a light element.
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Figure 2.4- Line scan graph of the quenched LiF- NdF3-Nd,03 sample after 3 hours at 900°C shows the
same trends in the concentrations of oxygen and fluorine, indicating the formation of oxyfluoride
compound.

Stefanidaki et al. [17] have studied the oxide solubility and Raman spectra of Nd203 in
the alkali fluorides. They have reported that the NdFs3™ anion is the dominant complex
in the eutectic NdF3-LiF melt system and when Nd:03 is added, NdOFs#* complex might
form in the melt. They have found that the solubility of Nd203 varies from 0.15 to 0.38
mol% when the NdF3 concentration changes from 15 to 30 mol% at 900°C. This is in
support of the earlier results that rare earth oxide solubility in electrolyte is enhanced
by the presence of rare earth fluoride salt [17].

Contradictory results have been reported on the electrochemical reduction of rare earth
oxyfluorides in the molten salts, which shows that further investigation is needed.
According to Taxil et al. [18], Ln fluorides in the presence of the metal oxides will form
lanthanum oxyfluoride, which is an insoluble product. Stefanidaki et al. [19] have shown
that the neodymium oxyfluoride is not reduced to neodymium metal. In the
voltammetric characterization of LiF-NdF3-Nd203 system, they have observed the same
voltammogram as the one for LiF-NdF3 system. They have concluded that neodymium is
reduced on the tungsten cathode by electroreduction of neodymium fluorides (present
in the form of [NdFe]3), while oxygen is generated on the glassy carbon anode by
oxidation of neodymium oxyfluorides (present in the form of [NdOFs]4"), producing CO
and CO2 gasses. They proposed that electrochemical production of neodymium in an
oxyfluoride melt is possible at low voltage electrolysis, in which fluorocarbon
compounds are not formed. Thudum et al. [20] have shown that neodymium in LiF-
CaF2-NdF3-Nd203 and LiF-CaF2-LaF3-Nd203 systems can be reduced both from
neodymium oxyfluorides and neodymium fluoride ions, depending on the molar ratio of
neodymium oxyfluorides to neodymium fluoride ions (OF/F). At low OF/F ratios,
[NdF¢]3" is reduced to neodymium. Meanwhile above a critical Nd203 concentration,
[NdOFs]4 are cathodically active ions and are reduced on the cathode. Kaneto et al. [21]
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have suggested that in the oxyfluoride system, oxygen is generated on the anode, while
fluorine can be produced at the anode at higher cell voltage.

Role of AlF3: Based on the Gibbs energy value of reaction (2.2), rare earth fluoride
formation is possible at 900°C. One important advantage of in-situ formation of REF3 as
the result of reaction of REO with aluminium fluoride is that the formation of rare earth
oxyfluoride might be avoided. Based on reaction (2.2) aluminium oxide is also formed in
the system. We should consider whether the aluminium oxide participates in
electrochemical reactions or not. There would be two scenarios after aluminium oxide
formation in the system: either it is dissolved in the molten fluorides or it remains
undissolved in the molten salt. The density of aluminium oxide at 950°C is 3.95 g/cm3.
An estimation based on the density of the LiF containing different contents of NdF3 [22],
shown in Table 2.2, shows that the density of lithium fluoride containing 5 mol%
neodymium fluoride is about 4 g/cm3. This means that the critical composition in which
the aluminium oxide starts to float is LiF-5 mol% NdFs. For higher solubility of
neodymium oxide in molten salt, more than 5 mol% neodymium fluoride is added to the
electrolyte. Moreover, based on reaction (2.2), neodymium fluoride is also formed in the
salt as the result of the reaction between aluminium fluoride and neodymium oxide.
Thus, we expect that the undissolved aluminium oxide will float on top of the salt. In this
case, Al203 can be removed from the salt. In the case that the formed aluminium oxide is
not dissolved in the molten fluoride salt, an alternative is the addition of cryolite
(NazAlFe) to the system. Cryolite is used in aluminium production industry as the
solvent for aluminium oxide.

Electrochemical decomposition voltages of aluminium oxide, neodymium oxide and
neodymium fluoride are calculated and compared in Figure 2.5.

Table 2.2 - Density of LiF at different NdF3 content at 950°C [22].

NdF3 contents (mol.%) 0 25 30 35 40 45 50

Density (g/cm3) at950°C  1.541 4.451 4.618 4.763 4.856 4.952 5.031
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Figure 2.5- Decomposition voltages of different components in the system.

From Figure 2.5 it is seen that aluminium fluoride (AlF3) that is used as additive to LiF-
CaF2-NdF3 electrolyte system and the aluminium oxide (Al203), which is formed in the
system as the result of chemical reaction between the aluminium fluoride and
neodymium oxide, have lower decomposition voltages than neodymium fluoride (NdF3)
and neodymium oxide (Nd203). This means that when the voltage for electrolysis of
neodymium fluoride is applied to the system, the formed Al203 and the remaining AlF3
in the system will go through the electrolysis process as well. Hence the co-deposition of
aluminium along with neodymium will occur. In this case anodic and cathodic reactions
at the cell voltage higher than 4.8 V (neodymium fluoride decomposition voltage at
900°C) are

Cathodic reactions:

Nd3++ 3e — Nd (2.4)
AR+ + 3e - Al (2.5)
Anodic reactions (on graphite anode):

0% (salt) + C (anode) = CO (g) + 2e~ (2.6)
207" (salt) + C (anode) — CO2 (g) + 4e” (2.7)

According to Al-Nd phase diagram, shown in Figure 2.6, formation of six different
intermetallics is possible on the cathode. It is possible to control the alloy formation by
adjusting the voltage of the system. More investigation on the electrochemical
behaviour of LiF-CaF;-NdF3-Al203 is necessary. A cyclic voltammetry analysis of the
system can give us a better insight in this regard. The results of electrochemical
behaviour studies of these systems are presented in chapter 5.
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Nd-Al co-deposition is beneficial since it would cause the potential that is needed for the
neodymium ions reduction on the cathode to move to more positive values, based on
the “depolarization effect” [23]. The depolarization effect is expected in the case of
binary systems which form intermetallic compounds. In the Nd-Al binary system,
neodymium reduces at lower potential since the activity of neodymium is decreased in
the intermetallic compound. This phenomenon would increase the extraction efficiency
of neodymium. Nd-Al alloy, which is formed on the cathode, can be used as the master
alloy for the NdFeAl bulk amorphous alloys which are attractive because of their glass-
forming ability and also their ferromagnetic properties at room temperature [24].

As was discussed earlier, in-situ formation of NdF3 might reduce the problem of low
solubility of REOs in molten fluorides. Moreover, the alloy formation would increase the
rare earth extraction efficiency due to lower activity of the metal in the alloy, which
decreases the reduction potential of the rare earth. A suited Al-Nd alloy with industrial
applications should be explored as the target cathodic product.

2.3 Experiments

The ternary eutectic composition of LiCl-KCI-NaCl salt (55 mol% LiCl, 35 mol% KCl and
10 mol% NaCl) was dried at 200 °C for 24 hours. High purity aluminium chloride (99%)
was added as the chlorinating agent. Neodymium magnets containing approximately 6
wt% dysprosium were crushed into small particles (about 1 mm). According to the
results from scanning electron microscopy (SEM) equipped with an energy dispersive
spectroscopy probe (EDS) analysis, the chemical composition of the magnet is
Fe14Nd14Dyos, in which boron, being a light element, remains undetermined in EDS
analysis).

Experiments on the reduction of Nd and Dy from scrap magnets in molten chlorides
were performed at 800 °C for 6 hours. The flux/neodymium and flux/salt ratios were
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Figure 2.6- Nd-Al phase diagram [25].
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Table 2.3 - Fractions of different components used in the electrolysis experiment (wt%).

Composition AlCl3 Nd2Fe14B NaCl KCl LiCl
(wt%) 3.14 9.18 1.59 7.48 6.63

chosen as 2 (molar fraction) and 20 wt% respectively. Table 2.3 shows the fractions of
different components used in the experiments.

Salt mixture, flux and magnets are heated up to 800 °C in an alumina crucible in a
vertical furnace. Inert atmosphere, containing argon gas, is used which was dehydrated
by passing through silica gel. Graphite rods are chosen as anode and cathode in view of
their additional advantage as oxygen getters. The mixture is kept at 800 °C for 3 hours,
so the neodymium chloride is formed and subsequently dissolves in the molten fluoride
electrolyte. Then the electrolysis is started by dipping the electrodes into the salt bath
and a constant voltage of 3.4 V is applied between anode and cathode by a DC power
supply (HP, Hewlett, 6632A) based on the decomposition voltage of the DyClz at 800 °C.
Figure 2.7(a) shows the schematic diagram of the set-up. After 6 hours electrolysis, the
crucible is cooled down under argon gas. The deposited layer on the graphite cathode,
shown in Figure 2.7(b), is separated and washed with distilled water in order to
dissolve the salts. After removing the salts, the deposited powder is dried and prepared
for analysis. To investigate the morphology and composition of the deposited product,
SEM/EDS analysis is carried out.

2.4 Results

The microstructures of the cathode samples were analysed by SEM and are presented in
Figure 2.8. The phase with bright contrast in this image, indicated by A, is confirmed to
be a metallic phase with dysprosium and neodymium as the main elements. The phase
with dark contrast indicated by B is aluminium-oxide and the remaining salt. The
composition of the metallic phase on cathode samples, analysed by EDS, is presented in
Figure 2.9. The data from EDS point analysis show the presence of neodymium and
dysprosium in the deposited product to be dominant in comparison to other elements.
It should be noted that oxygen detection with EDS is not reliable.
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Figure 2.7- (a) Schematic diagram of the set-up (b) Image taken from graphite cathode after
electrolysis at 800°C for 6 hours in argon atmosphere.

MAG: 500 x HV: 20.0 kV. WD: 10.6 mm

Figure 2.8- SEM image of cathode deposition after electrolysis of magnet, using AlCl; as flux, at V=3.4 V
and T=800°C during 6 hours. A is the metallic phase (Dy-Nd), B is the oxide phase.

The formation of Dy-Nd metallic phase on the cathode was also investigated by EDS
mapping analysis on the same region of the sample, shown in Figure 2.10. The intensity
of the colour in the image related to neodymium is very low, however it can be seen that
dysprosium and neodymium are distributed in the same areas, confirming the
formation of metallic phase, since these regions are poor in oxygen. Dysprosium
deposition along with neodymium was confirmed using molten salt electro-deposition
method. It can be also seen that aluminium and oxygen are distributed in the same
areas, which shows the presence of aluminium oxide phase.
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Figure 2.9- EDS pattern of Dy-Nd deposit on graphite cathode in LiCl-KCI-NaCl molten salt at 800°C.

It is not possible to detect boron in the EDS analysis due to it being a light element. In
the earlier studies on the electrochemical reduction of neodymium from Nd magnet
scraps [26], the results from wavelength dispersive spectroscopy (WDS) showed that
boron remains in the bulk salt bath, and the intensity of the boron peak in the cathode
sample was lower than the detection limit, shown in Figure 2.11. Detection limit is
usually defined as three times the background intensity.

Figure 2.10- Mapping images of Dy-Nd-Al-O deposit on graphite electrode in LiCl-KCl-NaCl molten salt at
800 °C.
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Figure 2.11- Intensity scan over the boron peak position in the salt bath sample and cathode sample
from the earlier study [26].

2.5 Discussion

The eutectic composition of LiCl-NaCl-KCI ternary mixture was used as electrolyte for
the electrochemical decomposition of NdFeB magnets containing dysprosium.
Aluminium chloride was used as the chlorinating agent in order to selectively react with
the rare earth metals in the neodymium magnet. It was shown by Licham and
Osteryoung [27] that aluminium chlorides exist in the form of AlCI*" ionic species in the
alkali chlorides solvents, which results in the formation of a pseudo-binary solution.

The results from SEM/EDS show the presence of Nd-Dy metallic phase in the deposited
material. This is explained by the proximity of their electrode potentials. It can be
concluded that neodymium and dysprosium have been dissolved in the alkali chloride
melt, forming RECI3. In fact, the results from Raman spectrometry have confirmed that
neodymium(III) exists as NdCle3" complex with octahedral symmetry in the molten
alkali chlorides [28]. Thus, in the chloride melt, the rare earth elements dissolve
according to [29]

RE3* + 6Cl- - RECI3~ (2.8)

Considering the cathodic and anodic electrochemical reactions, these can be
represented as

Anodic reaction 3CI" - %Clz + 3e” (2.9)

Cathodic reactions Nd3* 4+ 3e~ - Nd
Dy3* + 3e”~ - Dy (2.10)

RE3* is the most stable state of the rare earth elements in the molten salts [30]. It has
been reported that most of the rare earth elements (La, Ce, Pr, Y) have a single
decomposition signal in the molten chlorides, however Nd reduction in chloride salts
occurs in two steps [29]. The formation of divalent rare earth metal ions in the chlorides
melt is most likely one of the reasons for the low current efficiency in RE reduction



Chapter 2 21

processes, which would be caused by two-step reduction of the rare earth metals
according to

RE3* + e~ - RE?* (2.11)
RE?* +2e~ > RE (2.12)

Contradictory results have been reported on the electrochemical mechanism of
neodymium and dysprosium reduction in molten salts. It has been reported that the
reduction process of NdCls to Nd metal in LiF-CaCl; melts [16], LiF [19], LiF-CaF2 [23]
and LiCl-KCl [31] is a one-step mechanism. However, De Cérdoba et al. [32] and Masset
et al. [33] have confirmed that the reduction of NdCls takes place in two steps.

The electrode material is one of the factors that can influence the electrochemical
reduction behaviour of the rare earth elements in molten salts. Castrillejo et al. [34]
have observed that their cyclic voltammogram results exhibit different behaviour of
dysprosium on the W and Al wire electrodes. They have observed that, on the W
electrode, which is used as inert cathode, Dy is reduced in two steps, viz. Dy(lll) —
Dy(II) = Dy(0), while on the Al electrode the electrochemical reaction would be
[Stefanidaki, 19] :

Dy3* + 3Al + 3e™ - DyAl, (2.13)

in which Dy is reduced at more positive potentials compared to those on an inert W
cathode, due to the lower activity of dysprosium in the formed DyAls intermetallic.

The study of the electrochemical reduction of Nd and Dy from neodymium magnets
containing dysprosium is based on a new process line for the electrolytic recovery of
rare earth elements [35]. In the proposed molten salt process the rare earth
compounds, which can be magnet scrap or rare earth oxide, are mixed with the molten
salts and are heated to the specific temperature.

LiF+ RE,O,/RE magnet
Fluorinating agent

€| Heating

RE * and F-ions
formation
Applying
-
cell voltage
Selective

electrodeposition

Reduction of RE Gas evolution on
alloy on cathode anode
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Figure 2.12- Schematic diagram of the salt extraction process.

The working temperature depends on the salt system and the state in which the rare
earth elements are reduced on the cathode. The mixture is kept at this temperature for
a certain time (about 3 hours), so that the magnet or REOs are dissolved in the
electrolyte and the metal ions are formed in the salt. Subsequently, based on the rare
earth metal which will get deposited on the cathode, a specific voltage is applied to the
cell, and the pure RE metal or the alloy is reduced on the cathode. The process steps are
shown in Figure 2.12.

2.6 Conclusion

Feasibility of neodymium and dysprosium extraction from Nd;Fe;4sB magnets
containing 6% dysprosium was investigated using a combined method of molten salt
extraction and electrolysis. LiCl-NaCI-KCl ternary composition was used as electrolyte.
Aluminium chloride was proven to be a strong chlorinating agent which reacted with
neodymium and dysprosium in the magnet and as the result NdCl3 and DyClz were
formed. On the other hand, the formation of iron chloride and barium chloride was not
feasible, which makes the selective extraction of Nd and Dy possible. The formed rare
earth chlorides were subsequently subjected to electrolysis, hence neodymium and
dysprosium were reduced on the cathode. In the present approach it was shown that
neodymium and dysprosium recovery from magnetic scrap enables a direct separation
of these metals from iron, eliminating the oxide or halide conversion steps. The
simplicity of this method, due to the single step recovery of the RE metals from the
magnet scrap, makes this process attractive from the industrial point of view. This
process has the advantage of being environmental-friendly since the salt bath can be
reutilized without contaminating the environment.

Further, based on thermodynamic calculations, it was shown that the strong tendency
for AlF3 towards reaction with Nd203 and Dy203 would enhance the in-situ formation of
rare earth fluorides in the salt bath and thereby increase the solubility of REOs in the
molten fluorides. Hence AlF3 can act as an efficient flux agent in the fluorides melt for
recovery of rare earth metals from their oxides. In such a system, RE-Al alloy will be
produced on the cathode. The use of AlF3 will be experimentally explored in the
forthcoming chapters.
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Chapter 3 Fluorinating treatment of NdFeB
magnets

Abstract

In the present work, selective extraction of rare earth (RE) metals from NdFeB magnets
is investigated by studying the effects of various fluxes, viz. AlF3, ZnF;, FeF3 and Na3AlF¢
in the LiF-NdFeB system. The aim is to convert RE elements from NdFeB magnet into
the fluoride salt melt. The results show the complete selective separation of neodymium
(also dysprosium) from the magnet and the formation of rare earth fluoride, leaving
iron and boron unreacted. The formed rare earth fluoride can subsequently be
processed in the same reactor through an electrolysis route in which RE metal can be
deposited as a cathode product. The results of X-Ray Diffraction (XRD) and Electron
Probe MicroAnalysis (EPMA) analysis of the reacted samples indicate that AlF3, ZnF;
and FeF3 can act as strong fluorinating agents for extraction of rare earth elements from
NdFeB magnet, converting the RE to REF3. The results confirm the feasibility of the rare
earth metals recovery from scrap NdFeB magnet as raw material. The fluoride
conversion-electrolysis route suggested in the present work enables the extraction of
rare earth metals in a single step using the above-mentioned fluxes.

Keywords: rare earth, recycling, rare earth magnet, fluorination
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3.1 Introduction

In view of the issues of supply and demand of the rare earth metals due to the uneven
distribution of these metals, there is a strong demand for recycling waste products, for
example, rare earth magnets. Due to the lack of technologically and economically
feasible recycling methods, only less than 1% of the rare earth elements were recycled
until 2011 [1]. An effective process for the recycling of rare earth containing scrap is a
major concern since most developed countries import their required rare earth
elements [2].

Hydrometallurgical and pyro-metallurgical process routes have been the subject of
investigation by a number of researchers [3-7]. However, the drawbacks of
hydrometallurgy processes are the low reaction rates and the serious environmental
problems arising from the huge amounts of waste water generated in the process,
which, in turn, need further processing. Alternatively, molten salt processing routes
offer a more attractive flow sheet in view of the lower energy consumption, higher
efficiency and higher purity of the deposits [8-10]. The molten salt process is currently
used in the production of reactive metals such as aluminium, magnesium, sodium,
potassium and also in general for the production or separation of lanthanides from
actinides [11].

Based on the Salt Extraction Process [12, 13] and for recovery of metal in the molten salt
systems [14], the feasibility of the neodymium extraction from NdFeB magnet in
chloride salt electrodeposition method has been investigated [15]. A new approach
involving molten fluoride bath has been proposed in chapter 2 of this thesis for solving
the problem of low solubility and oxyfluoride formation of rare earth oxides (REOs) in
molten fluorides. In this approach, AlF3 was used as fluorinating agents in the LiF-Nd203
system. The rare earth oxide is converted into rare earth fluoride, which can
subsequently be processed in the electrolysis route in which rare earth metal is
electrochemically extracted as the deposition on the cathode. Complete conversion of
REO in molten fluorides can circumvent the problem of the low solubility of REOs in the
molten fluorides. The objective of the present work is to examine the applicability of
this process concept for the extraction of neodymium and other rare earth elements
from NdFeB magnets, using AlF3, ZnF»;, FeF3 and NazAlFs as addition to the LiF-NdFeB
system. It is interesting to examine the possibility of selective extraction of the rare
earth metal from Nd magnet by fluorination. The REF3 which is formed as the result of
the chemical reaction between the additives and the RE-containing components of the
magnet, will be subjected to electrolysis to extract the RE metal as the cathodic product.
To overcome fluorocarbon formation on the anode a reactive anode is employed instead
of the conventionally used graphite anode. This reactive anode is anodically dissolved to
re-generate the fluorinating agent in situ in the electrochemical reactor. This method
provides a one-step process for direct recycling of rare earth metal from neodymium
magnet scrap by molten fluoride salt extraction and electrolysis.
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3.2 Thermodynamic evaluations

Thermodynamic calculations in chapter 2 confirm the feasibility of the conversion of
neodymium oxide to neodymium fluoride using AlF3 (ZnF; and FeF3 in chapter 4) as
fluorinating agents, and experimental results will be discussed in Chapter 4. These
fluorides are used in the present work for the rare earth extraction from neodymium
magnet (NdFeB). Due to the high price of AlF3 compared to cryolite, the use of NazAlFs
as a substitute for AlFs3 is also studied. Hence the LiF-NdFeB-NazAlFs system is also
investigated as part of the present work.

Thermodynamic calculations on the pure components show that AlFs3, ZnF;, FeFs and
NazAlFs act as the fluorinating agents, leading to formation of REF3 (RE=Nd, Dy), while
Fe from the magnet remains unreacted in the molten fluorides. The standard Gibbs free

energies AGO of the binary reactions of the four systems were calculated using FactSage
( Tables 3.1 and 3.4).

Table 3.1 - Gibbs free energies of possible binary reactions for the formation of fluoride in the LiF-
Nd,Feq4B-AlF3 system at T = 950 °C.

Reaction AG° [K]/mol]
Nd + AlF3 2 NdFs+ Al -176

Dy + AlF3 2 DyFs+ Al -199

Fe + AlF; 2 FeF3+ Al 411

3Fe + 2AlF3 2 3FeF,+ 2Al 769

B + AlF; 2 BF3+ Al 130

Table 3.2 - Gibbs free energies of possible binary reactions for the formation of fluoride in the LiF-

Nd,Fe14B-ZnF; system at T = 950 °C.

Reaction AGe [k]/mol]
2Nd + 3ZnF,; 2 2NdF3+ 3Zn -1076

2Dy + 3ZnF, 2 2DyF3+ 3Zn -1121

2Fe + 3ZnF,; 2 2FeF3+ 3Zn 99

Fe + ZnF, 2 FeF,+ Zn 15

2B + 3ZnF; 2 2BF3+ 3Zn -462
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Table 3.3 - Gibbs free energies of possible binary reactions for the formation of fluoride in the LiF-
Nd;Fe14B-FeF3 system at T = 950 °C.

Reaction AGe [K]/mol]
Nd + FeF3 2 NdFz+ Fe -588
Dy + FeF; 2 DyF3+ Fe -610
B + FeF3; 2 BFz+ Fe -281

Table 3.4 - Gibbs free energies of possible binary reactions for the formation of fluoride in the LiF-NdFeB-
NazAlFs system at T =950 °C.

Reaction AGe [K]/mol]
Nd + NazAlF¢ 2 NdFs+ 3NaF + Al -67
Dy + NazAlFs 2 DyF3z+ 3NaF + Al -89
Fe + NazAlF¢ 2 FeFz+ 3NaF + Al 521

3Fe + 2NasAlF¢ 2 3FeF,+ 6NaF + Al 989

B + NazAlFs 2 BF3+ 3NaF + Al 240

According to the standard Gibbs free energies of the reactions in Tables 3.1 and 3.4,
aluminium fluoride reacts only with the RE elements in the magnet. The formation of
FeF3 and BF3 are not thermodynamically feasible in the standard state. However, ZnF;
and FeF3 do not only react with REEs but also with B in the magnet (Tables 3.2 and 3.3),
showing the feasibility of BF3 formation in both cases. Yet, the formation of FeF3 in the
LiF-NdzFe14B-ZnF; and LiF-Nd;Fe14B-Na3AlF¢ systems at T = 950 °C is not favoured. In
the case of the presence of Dy in the magnet, DyF3 would be formed in all systems. It is
important to note that these reactions refer to the case of the reacting species at their
standard state as pure substances. In the real salt systems, the activity of the
components would be lower than unity. Due to the absence of thermodynamic data for
the fluoride systems, it is not possible to calculate the equilibrium potential of the
fluorides in a similar way as it has been calculated for chlorides [16]. Therefore, the
ideal Temkin model is used in order to calculate the activities of the different fluorides
in the system, assuming that the magnet is dissolved in the salt, thereby forming
fluorides which are completely ionized in the salt melt. Hence, the system is a mixture of
cations and fluorine ions. Based on this model, the activity a; of a compound j, such as
NdFj3, is calculated as:

andry = (Xnaz+) (Xe-)3, (3.1)
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in which the X-parameter refers to the ionic fraction of cations and anions, according to

Xpygs+ = Nygs+ [ 2Ny and Xp-=np- /Xn_ (3.2)

n; is the number of moles of i-ions. Using these activities, the relative partial molar Gibbs
free energies (chemical potentials) AG of the fluorides species in the LiF-NdFeB-AlF3,
LiF-NdFeB-ZnF», LiF-NdFeB-FeF3 and LiF-NdFeB-Na3AlF¢ systems are calculated using
the expression:

AENdFS = RT ln aNdF3 (33)

where R is the universal gas constant (8.314 J.mol-1.K1), T is the temperature in K and a
is the activity.

The activities and relative partial molar Gibbs free energies of the fluorides are listed in
Table 3.5. The relative partial molar Gibbs free energies of NdF3 in all systems are lower
than the corresponding values for FeFs. Using a reactive iron anode in which FeF3 is
constantly generated in the system will generate sufficient FeFs that are instantly
consumed in the fluorination of the magnet scrap. This should enable NdF3 formation.
The same approach can be used in the case of using molten aluminium or zinc as
reactive anodes, in which ZnF2 and AlF3 are constantly being generated and consumed
in the system.

The REF3 formed in the system will dissolve in the LiF melt which will further
participate in the electrolysis process. Based on the calculated Gibbs free energies for
the formation of the pure substances (Tables 3.1 and 3.4), the decomposition voltage of
NdF3 at 950 °C for pure substances is about 4.7 V, not considering the over-potential
which needs to be determined experimentally. This enables the extraction of Nd from
the fluoride bath. In case of BF3 formation, B can be co-deposited on the cathode with
the RE elements, since it has a lower decomposition voltage than NdF3. As the boron
concentration in the magnet is however quite low (1 wt%), the B co-deposition on the
cathode will be negligible. Using cryolite as the extracting agent, NaF will form in the
molten salt, which has a lower decomposition voltage than NdF3 (decomposition voltage
of NaF at 950 °C considering calculation with pure substances is ~ 3.6 V). The cathodic
reactions will be:

RE3+ + 3e"— RE (3.4)

Na*+e — Na (3.5)
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Table 3.5 - Relative partial molar Gibbs energies and activities of the fluoride species in the systems with
different fluorinating agents, assuming ideal Temkin behaviour of the systems at T = 950 °C.

System LiF-NdFeB-AlF3; LiF-NdFeB-ZnF, LiF-NdFeB-FeF; LiF-NdFeB-NazAlFs
a AG[kJ/mol] a AG[kJ/mol] a AG[kJ/mo] a AG[KJ/mol]
LiF 0.26 -13.6 0.237 -14.6 0.260 -13.6 0.211 -15.8
NdFs 0.077 -25.9 0.071 -26.9 0.077 -25.9 0.063 -28
FeF; 0.544 -6.1 0.496 -7.1 0.622 -4.8 0.441 -8.3
BF3 0.039 -33 0.035 -33.9 0.039 -33 0.031 -35.1
ZnF; 0.160 -18.6
AlF; 0.077 -25.9
NasAlFe 0.0004 -78.8

Reaction (3.5) will occur only in the case of using cryolite. The general anodic reaction
using a reactive anode (M) is:

M (anode) + xF (salt) = MF; (salt) + xe~ (3.6)

The formed metal fluoride (MFx) would be ideally the fluorinating agent for the NdFeB
magnet scrap. A schematic diagram of the salt extraction process, including the
fluorinating step and the electrochemical extraction step is shown in Figure 3.1.
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Figure 3.1 - Schematic diagram of the salt extraction process
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3.3 Experiments

In this chapter the feasibility of fluorinating NdFeB magnet with aluminium fluoride,
zinc fluoride, iron fluoride and cryolite is investigated. Lithium fluoride (98.5%-Alfa
Aesar) is mixed in a glove box with NdFeB magnets (supplied by Magneti Ljubljana),
which are ground into fine powder. The magnet composition as provided by Magneti
Ljubljana is shown in Table 3.6.

Table 3.6 - Composition of the neodymium magnet supplied by Magneti Ljubljana analyzed with XRF.

Element Nd Dy Al Fe B Co Pr Cu Ga Total

(wt. %) 28.9 2.72 0.14 63.4 - 291 0.67 0.19 0.07 99.0

Either aluminium fluoride (99+%-Alfa Aesar), zinc fluoride (99%-Alfa Aesar), iron
fluoride (97%-Alfa Aesar) or cryolite (99%-Alfa Aesar) powder is added to the lithium
fluoride and magnet mixture. This mixture is then charged into a graphite crucible. The
fluorinating agents are added in the stoichiometric amount that is needed for
fluorinating the rare earth element in the magnet. The mixtures are heated up to 950 °C
for 3 hours under argon atmosphere. The Ar gas is purified by passing through KOH
flakes for CO2 removal and also through silica gel and P20s to remove moisture. The gas
is further purified by passing through a tube furnace containing Ti sponge which is
heated to 950 °C in order to remove the traces of 0;. After 3 hours treatment, the
samples are quenched in liquid nitrogen.

The samples are analysed by X-Ray Diffractometry (XRD) as well as by Electron Probe
Micro Analysis (EPMA) in order to determine the phases that are formed during the
experiments and their compositions. For the EPMA analyses, Wavelength Dispersive
Spectrometry (WDS) point analyses and mappings are performed at either 15 kV-15 nA
or 5 kV-15 nA. For the quantification, standards are used.

3.4 Results

3.4.1 AlF3in LiF-NdFeB system

From the XRD pattern of the LiF-NdFeB-AlF3 sample after fluorination treatment
(Figure 3.2), the peaks of NdF3 phase are identified along with LiF, a-Fe and the Fe3Al
intermetallic phase. Because of the low concentration of B in the magnet, B-containing
phases are not detected by the XRD analysis.

Figure 3.3 shows the EPMA mapping of the LiF-NdFeB-AlF3 sample after fluorination
treatment. Nd and Fe are distributed separately in the sample. This indicates that Nd is
selectively extracted from the Nd magnet, whereas Fe remains in the magnet matrix. F is
detected in the Nd-containing regions and Al is distributed in the Fe-containing regions.
B could not be detected in the EPMA mapping due to its low atomic number and low
concentration in the NdFeB magnet.



32 Fluorinating treatment of NdFeB magnets

T
4 v NdF,
- L -
6000 & TF
* a-Fe
5000 - e Fe,Al
v v

4000 u

3000 =

Intensity (a.u.)

2000

1000 H

2 Theta (degree)

Figure 3.2- XRD pattern with phase identification of the LiF-Nd;Fe14B-AlF3 sample after fluorination
treatment.

The sample is also analyzed using EPMA point analysis. A BackScatter Electron (BSE)
image and the measured composition of the RE-fluoride, the FeAl and the FeAlB phase
are shown in Figure 3.4. The results clearly show the formation of an FeAl intermetallic
phase (89 at% iron and 9 at% aluminum). Boron is quantified in the FeAlB phase with

Figure 3.3- EPMA mapping of the LiF-NdFeB-AlF3 sample after fluorination treatment showing F, Nd, Fe
and Al distribution
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Element REF FeAl FeAlB
F 72 - -
Al - 9 15
Nd 25 - s
Dy 2.5 i .
Fe - 89 80
B - - 1.1

X 1,500 150KV COMPO NOR WD 11.0mm

Figure 3.4- BSE image and composition of the phases (in at%) of the LiF-NdFeB-AlF3 sample after
fluorination treatment showing the presence of REF, FeAl and FeAlB phases.
concentrations of 80 at% iron, 15 at% aluminum and 1.1 at% boron. The quantification
data show a fluorine concentration of 72 at% and Nd concentration of 25 at% in the REF
phase. The presence of 2.5 at% dysprosium along with 25 at% neodymium is detected
in the rare earth fluoride phase.

3.4.2 ZnF;in LiF-NdFeB system

The XRD result of the experiment of the LiF-NdFeB-ZnF; system after fluorination
shows the formation of NdF3 in the sample (Figure 3.5). LiF, Fe-Zn, Li2ZnF4 and Fe;B are
the other identified phases. Nd is thus selectively extracted by ZnF> as extracting agent
and Fe remains unreacted. B also stays unreacted in the Fe;B phase. Part of the Zn has
formed FeoZn with Fe and the rest is dissolved in the salt by forming Li>ZnF4.
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Figure 3.5 - XRD pattern with phase identification of the LiF-NdFeB-ZnF, sample after fluorination
treatment.
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The EPMA mapping of the LiF-NdFeB-ZnF; sample after fluorination treatment is shown
in Figure 3.6. The formation of NdFz is confirmed by Figure 3.6(a). The areas with
higher concentration of fluoride correspond to the LiF phase. Fe and Zn are distributed
in the same areas and are separated from Nd and F. In order to detect B, an EPMA
mapping is performed at 5 kV (Figure 3.6(b)). B is present in the areas with the highest
Fe concentration. In agreement with the XRD results, this can be the Fe;B phase. In the
areas where both Fe and Zn are present, B is present in a lower concentration. This is
the FeZnB phase. The areas where both Nd and F are detected correspond to the NdF3
phase.

In Figure 3.7, the BSE image of the LiF-NdFeB-ZnF; sample after fluorination is shown.
The light areas in this image are REF3 phase (RE being 23 at% neodymium and 2 at%
dysprosium) with 74 at% fluorine and the dark matrix is FeZnB intermetallic phase
consisting of 91 at% iron, 8 at% zinc and 1 at% boron.

In Figure 3.7, the EPMA quantification results show that the dark grey grains
correspond to iron boron phase with high concentration of boron (25 at% boron and 73
at% iron).

For more detailed detection of the element distribution and especially for a better
detection of B, a WDS mapping is also performed at 5 kV (Figure 3.6 (b)). This mapping
agrees with Figure 3.6(a), viz. the white phase is the NdF3 phase dispersed in the grey
matrix of Fe-Zn-B phase and the darker grains on the sample are Fe borides. A BSE
image of the same area in the LiF-NdFeB-ZnF; sample after fluorination is shown in
Figure 3.7 together with the measured phase compositions.
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(b)
Figure 3.6- EPMA mapping of the LiF-NdFeB-ZnF; sample after fluorination treatment (a) at 15 kV and (b)
at 5 kV.
Element NdFe; FeB FeZnB
F 74 2 z
o) - - -
Nd 23 - -
Zn - - 8
Fe - 73 91
Dy 2 - -
B - 25 1

15.0kV COMPO

Figure 3.7- BSE image of the LiF-NdFeB-ZnF; sample in at% after fluorination treatment showing the
presence of NdF3, FeB and FeZnB.
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3.4.3 FeF3in LiF-NdFeB system

The XRD result of the LiF-NdFeB-FeF3 sample after fluorination treatment is shown in
Figure 3.8. NdF3 has formed from the reaction between FeF3 and the Nd in the magnet.
LiF and a-Fe are the two other identified phases. For the same reasons mentioned
earlier, B-containing phases are not detected with the XRD analysis.

The elemental mappings of F, Nd, B, Fe and Co elements are shown in Figure 3.9. Nd is
extracted from the Nd magnet and forms NdF3 (the white appearing phase). Fe and Co
are distributed in the same areas indicating that no FeF3 or CoFs has formed during
fluorination treatment. The slightly darker grains in the FeCoB matrix consist of Fe and
B, indicating the presence of Fe borides. The concentration of Co in these grains is lower
than in the FeCoB matrix. The EPMA mapping images show the presence of NdF3, FeCo
and FeB phases.
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Figure 3.8- XRD pattern with phase identification of the LiF-NdFeB-FeF; sample after fluorination
treatment.
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Figure 3.9- EPMA mapping of the LiF-NdFeB-FeF3 sample after fluorination treatment.
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3.4.4 NazAlF¢ in LiF-NdFeB system

The XRD result of the LiF-NdFeB-NazAlFs sample after fluorination treatment is shown
in Figure 3.10. The formation of NaisNdisFs shows that Nd in the magnet has
substituted Al in the cryolite, hence Nd is extracted from the magnet. The small peaks
related to cryolite show that a low concentration of this phase remained in the sample.
The XRD pattern also shows peaks related to a-Fe and LiF.

The EPMA elemental mappings of the LiF-NdFeB-NazAlFs sample after fluorination are
shown in Figure 3.11. Different phases in the sample are identified and are marked in
Figure 3.12. Fe and Co are present in the same areas. Al is distributed in the same areas
as Nd and F, but its concentration is low compared to Nd. The light appearing grey
grains contain Fe and Co and are clearly separated from the dark appearing phase
consisting of Nd, Dy, F and Al. The very bright appearing phases in the middle of the Fe-
rich grains are the phases in which the concentrations of Nd and F are very high and Al
is not present. This can be related to the Nai;sNdisFs phase. According to the XRD
results, both Na1sNd1sF¢ and NazAlFe phases are present in the sample. The small black
spots on the sample have high concentration of F; in these Nd and Al are absent. This
can be LiF phase. Cobalt, being a minor additive to the NdFeB magnet, is difficult to
detect by EPMA. This can be a reason that it could be detected in the EPMA mapping of
the samples after fluorination with FeF3 and NazAlF¢ and not in the samples of ZnF2 and
AlF3.
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Figure 3.10- XRD pattern with phase identification of the LiF-NdFeB-NazAlFs sample after fluorination
treatment.
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Figure 3.11- EPMA mapping analysis of LiF-NdFeB-NazAlFs sample after fluorination treatment. Note
that the colour scale for Co and Dy is rescaled by a factor 10.
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Figure 3.12- BSE image of the LiF-NdFeB-NazAlF¢ sample after fluorination treatment.

3.5 Discussion

In all experiments, Nd and Dy (in the case of the fluorinated samples after treatment
with cryolite) are completely extracted from the NdFeB magnet and have formed rare
earth fluoride. No (intermetallic) phases consisting of both rare earth elements and Fe
are found by XRD and EPMA. This shows the complete extraction of the rare earth
elements from the magnet. Extracted Nd is completely converted to NdF3 after reaction
with AlF3, ZnF; and FeFs. In the case of using cryolite as the fluorinating agent,
Na1s5Nd15Fs is formed instead of NdF3s. Dissolution of NaisNdisFs in molten LiF during
the electrochemical extraction process will lead to reduction of both Nd and Na on the
cathode, due to the lower stability of NaF compared to NdFs3:

NaF 2 Na+1/2F; AG°(T=1223 K)=571 kJ/mol 3.7)
NdF;2 Nd +3/2 F; AG°(T=1223 K)=1665 k] /mol (3.8)

The decomposition voltages of NaF and NdF3, which are calculated from the standard
Gibbs free energy of these reactions at their standard states, are —4.6 and —4.7 V for NaF
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and NdFs, respectively. Na will therefore deposit on the cathode at lower voltages
compared to Nd and co-deposition of Nd and Na will occur.

Both the XRD and EPMA results of the experiments with AlF3 show that Al replaces Nd
in the magnet, forming FeAl and FeAlB phases and no Al in the form of fluoride is
present in the system. The same results can be seen using FeF3 as fluorinating agent. All
FeF3 reacts with Nd in the magnet and Fe replaces the rare earths in the magnet matrix,
thereby forming FeCo and Fe boride phases.

In the experiment with ZnF2, XRD and EPMA results show that different Zn compounds
are formed. The XRD result indicates the presence of the Li»ZnF4 phase. It is expected
that Zn from Li;ZnF4 phase will co-deposit together with Nd during the electrochemical
extraction process of Nd from NdF3, hence forming NdZn alloy. Besides formation of
Li2ZnF4 phase, EPMA analysis indicates that Zn replaces Nd in the matrix, thereby
forming FeZnB phase.

The results from the experiments with NazAlF¢ show that not all cryolite reacts with Nd,
hence dissolution of the excess cryolite in LiF during the electrolysis process will lead to
co-deposition of not only Na with Nd, but also Al.

Assuming that FeAl, FeB, FeZn and FeCo compounds (with varying stoichiometry) do not
dissolve in the molten salt, it is expected that only rare earth deposition will occur
during the electrolysis process. However, as was discussed earlier, in the case of cryolite
treatment, co-deposition of Na and Al along with the rare earth elements can be
expected.

Based on the thermodynamic calculations, the formation of boron fluoride is feasible
using FeF3 as the fluorinating agent. However, the experimental results analysed by
EPMA mappings show that B and Fe are distributed in the same area, indicating the
presence of Fe borides. The reason that boron does not react with iron fluoride can be
the fact that stoichiometric amount of FeF3 was used in the experiment and since REF3
has higher stability than BF3, REF3 is formed and no excess iron fluoride is present for
reaction with boron. Another reason might be related to the kinetics of the reactions.

3.6 Conclusion

This study shows that AlF3, ZnF;, FeF3 and Na3AlF¢ can act as strong fluorinating agents
for extraction of Nd and Dy in the NdFeB magnet. In all treatments, Nd is separated from
the Fe and B in the magnet and is converted to rare earth fluoride. Al, Zn and Fe from
AlF3 (NazAlFe), ZnF2 and FeFj3, respectively, replace the rare earth element in the magnet
matrix, thereby forming intermetallic compounds with Fe which all remain as solid and
are separated from the formed NdF3 and DyFs. In the case of cryolite, co-deposition of Al
and Na along with the rare earth elements, makes cryolite as fluorinating agent
unsuitable for the recovery of rare earth elements from NdFeB magnet. Based on the
results, FeF3 and ZnF; among all studied fluorinating agents, have the highest potential
to be used as fluorinating agents for Nd in the magnet.
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Once NdF3z is formed, Nd can subsequently be reduced on the cathode by an electrolysis
process in the same batch. Hence, conversion of the rare earth elements in the magnet
to rare earth fluorides provides the possibility of a one-step recycling process of the
rare earth elements from magnets.
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Chapter 4 Fluorinating treatment of rare earth
oxides

Abstract

In the present research on rare earth metal extraction from rare earth oxides (REOs),
conversion of rare earth oxides into rare earth fluorides with fluoride fluxes is
investigated in order to overcome the problem of low solubility of the rare earth oxides
in the molten fluoride salts as well as the formation of oxyfluorides in the fluorination
process. Based on thermodynamic calculations a series of experiments are performed
for converting the rare earth oxides into rare earth fluorides using AlF3, ZnF», FeF3 and
NazAlFs as fluorinating agents in a LiF-Nd203 system. The formation of neodymium
fluoride as the result of the reactions between these fluxes and neodymium oxide is
confirmed with nearly complete conversion. The rare earth fluoride thus formed can
subsequently be processed through the electrolysis route in the same reactor and rare
earth metal can be produced as the cathodic deposit as rare earth metal or rare earth
alloys depending on the nature of the anode materials and the used fluorinating agents.
In this concept, the REO dissolution in the molten fluorides would become unnecessary
due to the complete conversion of the oxide into the fluoride, REF3. The results of X-Ray
Diffraction (XRD) and Electron Probe MicroAnalysis (EPMA) analysis of the reacted
samples indicate that AlF3, ZnF; and FeF3 can act as strong fluorinating agents for the
neodymium oxide giving rise to a complete conversion of neodymium oxide into
neodymium fluoride.

Keywords: rare earth oxides, rare earth fluorides, recycling, fluorination
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4.1 Introduction

Rare earth oxides are among the most stable oxides of the elements in the periodic
table. Oxygen removal from rare earth metals is therefore very difficult due to the
strong affinity of these metals to oxygen.

Chen et al. [1] have developed a direct electrochemical process; FFC process for the
reduction of solid metal oxides into their metals in molten salts. This method has been
extensively studied in metal extraction for a number of elements including rare earth
metals (RE = Gd, Tb, Dy, Er and Ce) [2-4]. The direct electrochemical reduction of oxide
into metal is influenced by a number of parameters such as duration of electrolysis,
temperature, applied voltage, open porosity of the oxide pellet and mode of electrolysis
[5]. The efficiency of the oxygen removal by direct electrochemical reduction of oxides
is mainly determined by the geometry of the samples, the surface area of the solid
sample in contact with the molten salt and the initial oxygen concentrations. The FFC
process has not yet been commercialized and one of the main challenges is the residual
oxygen concentration in the reduced metal.

Electrowinning (molten salt electrolysis) is the dominating industrial method for rare
earth metal extraction from their oxides in the salt extraction process [6-8]. It is
generally considered that in an electrowinning process, it is the dissolved oxide in the
electrolyte that is subjected to electrolysis [9]. Hence in fluoride systems, the solubility
of the oxide in fluoride electrolytes is an important parameter. Except for cryolite,
which has a high solubility for alumina (about 10 wt%), generally molten fluorides have
a low oxide solubility; the solubility of neodymium oxide in molten alkali fluorides was
reported to be 2-4 weight percent [10, 11]. The concentration of dissolved oxide cannot
be increased by adding excess oxide into the melt at a constant temperature and fixed
salt composition. Nevertheless, exposure of an excess quantity of oxide into the melt can
increase the kinetics of the reactions. Besides the low solubility of rare earth oxides in
molten fluorides, another problem for RE metals extraction that needs to be addressed
is that these oxides can form rare earth oxyfluorides in the LiF-NdF3 molten salt. It has
been reported that neodymium oxyfluorides cannot be reduced to neodymium metal
[12]. It has been confirmed that neodymium oxyfluoride participates in the anodic
reaction to generate oxygen [13]. However, the role of neodymium oxyfluoride in the
anodic and cathodic reactions is not very clear and needs to be clarified further in detail
[12-16]. This issue has also been discussed in chapter 2 of this thesis.

Similar to the fluorinating treatment of NdFeB magnet scrap (chapter 3), in the present
work, a new approach is proposed for solving the problem of low oxide solubility and
oxyfluoride formation of rare earth oxides (REOs) in molten fluorides. Addition of
fluorinating agents such as AlF3, ZnF; and FeF3 to the LiF-Nd203 system changes the
thermodynamic equilibrium and thus allows for converting rare earth oxides into rare
earth fluorides. Use of cryolite (Na3AlFs) as fluorinating agent is also investigated as a
substitute for AlF3 due to its availability and cost advantages. By treatment with
fluorinating agents, the REO is converted into rare earth fluoride. The rare earth
fluoride thus formed can subsequently be processed through the electrolysis route in
the same reactor to extract rare earth metal or more likely the rare earth based alloy as
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the cathodic deposit. In this concept, the REO dissolution in the molten fluorides would
become redundant due to the complete conversion of the oxide into the fluoride, REFs.

4.2 Thermodynamic evaluation of the process

The Standard Gibbs free energies (AG®) of formation of the reacted fluorides and oxides
at 950°C, calculated using FactSage, are given in Table 4.1. The values indicate a
decreasing stability of the fluorides in the order CaF; LiF, NaF and KF. The
decomposition voltages of rare earth fluorides and the alkali fluorides are also
compared in Table 4.1. It can be seen that only CaF: and LiF are more stable than NdF3
and DyFs. Thus, after fluorination of rare earth oxide into rare earth fluorides using the
fluorinating agent, the most suitable solvents among fluorides for electrochemical
decomposition of the formed rare earth fluorides are CaF; and LiF.

Table 4.1 Standard Gibbs free energies and the decomposition voltages of different fluorides salts and
REOs and REF;3 (RE=Nd, Dy).

AG°(k]/mol) Decomposition potential (V) AG°(k]/mol)
Reaction at 950 °C at 25°C
CaF; 2 Ca+F; 1020 -5.3 1173
LiF 2 Li + %2F; 497 -5.2 584
NaF 2 Na + %4F; 442 —4.6 544
KF 2 K + 12F; 433 —4.5 538
NdF3 (s) & Nd(s) + 3/2F2(g) 1370 —4.7 1590
DyF3(s) 2 Dy(s) + 3/2F2(g) 1392 —4.8 1614
Ndz03(s) 2 2Nd(s)+ 3/202(g) 1464 -2.5 1718
Dy203(s) 2 2Dy(s)+ 3/202(g) 1508 -2.6 1771

In the present work, AlF3, ZnF;, FeF3z and NazAlFs are investigated as candidates for the
fluorination of rare earth oxides prior to electrolysis in molten fluoride bath. From the
calculated standard Gibbs free energies of the following reactions at 950 °C:

Nd203 + 2AlF3(salt) - 2NdF3 + Al203 AG° =-177 KJ/mol (4.1)
Nd203 + 3ZnF>(salt) - 2NdF3 + 3Zn0 AG° =-274K]/mol (4.2)
Nd203 + 2FeF3(salt) = 2NdF3 + Fe203 AGo =-222Kk]J/mol (4.3)

Nd203 + NazAlFe(salt) = NdF3 + Al,03 + 3NaF AG° =-23.4Kk]/mol (4.4)
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it is evident that these metal fluorides can react with rare earth oxides to form rare
earth fluorides, and the formed NdFs can further be reduced at the cathode. The metal
oxides Al;03, ZnO and Fe;03 are formed in the system during formation of NdFs. It
should be noted that in argon atmosphere and low oxygen pressure, in reaction (4.3) it
is expected that instead of Fe;03, FeO could be formed, which means that Fe;03 will
convert to FeO and Oz under experimental conditions.

NdF3 formed as the result of the reaction between Nd203 and MFyx (M=Al, Zn, Fe) or
NazAlFs will be subjected to electrolysis. In this process, in theory, the main cathodic
reaction would be:

Nd3* +3e = Nd (4.5)

According to reactions (4.1)-(4.4), during the Nd203 conversion into NdF3 by AlF3, ZnF>,
FeF3, or NazAlFs the corresponding oxides, Al203, ZnO, FeO and Al;03, respectively, are
formed in the salt. Since the stability of these oxides is lower than that of the NdF3, parts
of Al;03, ZnO and FeO might dissolve in the fluoride melt and can go through the
electrolysis process. The solubility of alumina in the molten fluorides is 6 mol% [17].
Based on the density of the LiF containing different concentrations of NdF3 [18], an
estimation shows that the density of LiF-5mol% NdF3 is 4.03 g/cm?3 (aluminium oxide
density is 3.95 g/cm3). This means that the critical composition in which the aluminium
oxide will float is LiF-5mol% NdFs. The floating oxide can be then removed from the top
of the liquid before it substantially dissolves back into the fluoride salt. The density of
the LiF-NdF3 system can go up to 5 g/cm3 when NdF3 reaches 50 mol%. Yet ZnO and
FeO have a higher density (5.60 and 5.74 g/cm3, respectively), so the formed oxide will
sink in the liquid and should be removed. If the newly formed oxide could be removed
before electrolysis, the co-deposition could be minimised. For separation of newly
formed oxide solids from the molten salt (for electrolysis), a two chamber inter-
connected furnace system can be designed: NdF3 conversion in chamber 1 and NdF3
electrolysis in chamber 2. By arranging the connection channel in the middle or the
bottom level (depending on the density of the newly formed oxide), the new oxide
particles can be removed from the top or bottom, before entering the electrolysis
chamber.

The decomposition voltages of these oxides as well as their corresponding fluorides are
compared with neodymium fluorides as shown in Figure 4.1. These data are calculated
for the pure substances at their standard states at the specified temperatures. In the
real system, the activity values of the fluorides and the oxides will deviate from unity
(standard state) due to the dissolution in the salt bath. Yet these data from pure
substances are very useful and crucial for the comparison of the different fluorides.
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Figure 4.1- Decomposition voltages of metals oxides and fluorides calculated by FactSage

Based on the stability line of the different compounds in Figure 4.1, addition of AlF3,
ZnF,, FeF3 and NazAlFs to the LiF-Nd203 system and subsequent electrolysis (with a cell
voltage of ~4.8 V at T=950°C, without considering the over-potential) would enable the
extraction of neodymium from neodymium fluoride. It is also expected that Al, Zn and
Fe will be co-deposited on the cathode, forming Nd-Al, Nd-Zn and Nd-Fe alloys if there
AlF3, ZnF; or FeF3 are remaining in the salt or the formed oxides of Al;03, ZnO or Fe;03
are dissolved in the salt and participate in the electrochemical reactions. In the case of
using cryolite, Na can also deposit. Hence, along with the reaction (4.5), one of the
following reactions can take place at the cathode:

A3+ + 3¢ - Al (4.6)
Zn%* + 2e = Zn (4.7)
Fe3* + 3e - Fe (4.8)
Nat+e — Na (4.9)

The anodic reactions will be as follows if a graphite anode is used:

0% (salt) + C(anode) = CO(g) + 2e” (4.10)
207" (salt)+ C(anode) — CO2(g) + 4e” (4.11)
2F (salt) » F2 (g) + 2e” (4.12)

4.3 Experiments

Lithium fluoride (98.5%-Alfa Aesar) is mixed with neodymium oxide (Rhodia) in a glove
box. A fluorinating agent of aluminium fluoride (99+%-Alfa Aesar), zinc fluoride (99%-
Alfa Aesar), iron fluoride (97%-Alfa Aesar) or cryolite (97%- Sigma Aldrich) is added to
the mixture separately and the mixture is charged into a graphite crucible. The ratio of
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neodymium fluoride to fluorinating agent are prepared based on the stoichiometry of
equations (4.1)-(4.4); Nd203:2AlF3, Nd203:3ZnF;, Nd203:2AlF3 and Nd203:Na3AlFe. No
excessive fluorinating agents is added more than theoretical requirement. LiF
concentration is determined assuming that after reaching the complete conversion of
Nd203 to NdF3, the eutectic composition of LiF-23 mol% NdFs [19] is formed in the
system. The total amount of the mixture for all the systems is about 30 grams. The
mixtures are heated at 950°C for 3 hours in a purified argon atmosphere. The Ar gas is
purified by passing through KOH flakes in order to remove sulphur and also through
silica gel and P20s to remove moisture. The gas is passed through a tube furnace
containing Ti sponges which is held at 850°C in order to remove the traces of O2. The
samples are quenched in liquid nitrogen after the experiment.

The samples are analysed by XRD as well as Electron Probe Micro Analysis (EPMA), in
order to determine the phases that are formed during the experiments. For the EPMA
analyses, Wavelength Dispersive Spectrometry (WDS) point analyses or mappings are
performed at either 15 kV-15 nA or at 5 kV-15 nA. For the quantification, standards are
used. The EPMA quantification data are within 1% error.

4.4 Results
4.4.1 AlF3in LiF-Nd203 system

The XRD analysis results of the sample from the LiF-Nd203-AlF3 mixture after the
fluorination treatment, shown in Figure 4.2, indicate the formation of NdFj3, LiF, AINdO3
and Al;03 phases. These results thus confirm the formation of NdF3 based on reaction
(4.1).
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Figure 4.2- XRD pattern of LiF-Nd203-AlF; sample after fluorination treatment with identified phases.
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Figure 4.3- EPMA mapping images of LiF-Nd»03-AlF3 sample after fluorination treatment.

Al, Nd and oxygen distributions shown by EPMA mapping in Figure 4.3 provide further
evidence for the formation of Al-Nd-O Phase, which is identified as AINdO3 in XRD
results. Formation of AINdO3 could inhibit the complete conversion of Nd203 to NdFs.
Furthermore, Nd is distributed in the fluorine areas, which indicates neodymium
fluoride formation. The dark phase in the sample is possibly LiF, since the fluorine
concentration is very high in this area. Lithium, being a light element, could not be
measured by EPMA.

The microstructure of the liquid nitrogen-quenched sample is shown in Figure 4.4.
From the EPMA point analysis, different phases present in the samples are identified
and are marked. The dark phase with high fluorine concentration is identified as lithium
fluoride and the fibrous phase is NdFs. Fibrous pattern of NdFs-LiF eutectic structure
can be seen in this picture. The large light grains correspond to oxides (Al203, AINdO3).
Both aluminium oxide and aluminium neodymium oxide are identified by XRD. The
EPMA analysis shows the distribution of neodymium, aluminium and oxygen in the
same areas which can be referred to AINdO3 phase.

Point analysis of the LiF-Nd203-AlF3 sample shows the presence of 77 at% fluorine and
19 at% neodymium, forming NdFs3 phase, a fluorine-rich phase (LiF) and AINdOz (20
at% aluminium, 17 at% neodymium and 62 at% oxygen). Al03 is not identified in the
EPMA results. This could be due to the fact that EPMA point analysis is limited to the
certain areas, whereas in XRD analysis which detect the whole sample Al203 phase is
identified.
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Figure 4.4- BSE image and EPMA quantification result of the LiF-Nd,03-AlF3 sample in at% after
fluorination treatment, showing the presence of NdF3 and AINdO:s.

4.4.2 ZnF; in LiF-Nd:03 system

The XRD analysis result for LiF-Nd203-ZnF; after fluorination is shown in Figure 4.5.
The identified phases are NdF3, LiF and ZnO. This confirms the complete conversion of
Nd203 to NdF3 based on reaction (4.2).
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Figure 4.5 - XRD pattern of LiF-Nd,03-ZnF, sample after fluorination treatment with identified phases.

Very strong peaks of neodymium fluoride show that the neodymium oxide is converted
to neodymium fluoride after reaction with ZnF,. Oxygen is detected only in the zinc
oxide phase, and there are no peaks corresponding to the remaining neodymium oxide
in the sample. Hence neodymium oxide is considered to have been completely converted
to neodymium-fluoride. It should be noted that no oxyfluoride phase is detected by XRD
analysis.
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The EPMA mapping images in Figure 4.6 also clearly show the formation of NdF3 and
ZnO0 as separate phases. Mapping (a) in this figure is analysed at 15 kV voltage; in order
to see more detail and distinguish between the two phases, mapping (b) is performed at
the lower voltage level of 5 kV. The LiF-NdF3 eutectic microstructure, lamellar NdF3
phase in the LiF phase, is clearly visible in this image. In this figure, it is clearly shown
that neodymium is distributed in the lamellar phase and fluorine is found in both
microstructural constituents. The level of fluorine in the black phase is twice that of the
lamellar phase which is a reflection of LiF presence as the basic salt constituent
(solvent).

The EPMA point analysis of the LiF-Nd;03-ZnF> sample after fluorination treatment with
the elemental quantification is shown in Figure 4.7. The results show the presence of
dark grey ZnO grains in a lamellar LiF-NdF3 eutectic matrix. The quantifications show
that no oxyfluoride phase is formed and that all neodymium oxide has been converted to
neodymium fluoride. The lamellar light grey phase having fluorine and neodymium in a
3:1 atomic ratio indicates the formation of neodymium fluoride. NdF3-LiF eutectic
structure is clearly shown in the BSE image. The composition measurement of the NdFx
phase indicates (referring to the table under Figure 4.7) that the fluorine concentration
is relatively high (9 times the Nd concentration). This data results from the area analysis
with a radius of 7 um, could contain both NdF3 and LiF. Li cannot be detected by EPMA.
The small grey grains correspond to the presence of the ZnO phase (52 at% Zn and 47
at. % 0).

Figure 4.6- EPMA mapping images of LiF-Nd»03-ZnF, sample after fluorination treatment, (a) analysed at
15 kV and (b) at 5 kV.
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Element NdF; Zn0O NdF,
F 74 - 89
(0} - 47 -

Nd 25 - 10
Zn - 52 -

Figure 4.7- BSE image and EPMA quantification result of LiF-Nd,03-ZnF; sample in at% after fluorination
treatment showing the presence of NdF3; and ZnO.

4.4.3 FeFsin LiF-Nd:03 system

The result of the XRD analysis of the LiF-Nd203-FeF3 sample is shown in Figure 4.8. The
strong peaks of neodymium fluoride show the oxide to fluoride conversion. FeO is
formed in the reaction of iron fluoride with neodymium oxide. As mentioned earlier, in
the Ar ambient and low oxygen pressure atmosphere, hematite (Fe;03) will not be
formed or, depending upon the oxygen pressure prevailing, the formed Fe;03 is
decomposed to Fe304 and FeO. At temperatures higher than the eutectoid temperature
(ca. 560°C) for FeO in equilibrium with metallic iron and Fe304, the stable oxide is
wistite (FeO). Furthermore, three peaks were detected in the XRD pattern
corresponding to the presence of NdOF phase.
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Figure 4.8 — XRD pattern of LiF-Nd,03-FeF3 sample after fluorination treatment with identified phases
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In the EPMA mapping (Figure 4.9) the distribution of iron and oxygen is clearly shown.
Based on the mapping images, neodymium has a high concentration around the FeO
grain boundaries. Oxygen and fluorine are also present in these areas in very low
concentration. Hence these areas could be neodymium oxyfluoride that is detected by
XRD. Based on the mapping images, the lamellar phase is NdF3 in the LiF, indicating LiF-
NdF3 eutectic microstructure.

The BSE images and EPMA quantification results are shown in Figure 4.10. In this figure,
the presence of FeO (45 at% Fe and 54 at% O) grains is seen. This phase can be a
mixture of FeO and Fe;03, since concentration can also be related to magnetite phase
(Fe304). From reaction (4.3), Fe203 formation is expected, but as both XRD results and
EPMA results show, the oxide of iron which is formed is wiistite or non-stoichiometric
FeOx. However, oxygen measurement by EPMA at 15 kV is not precise.

In Figure 4.10, the presence of needle-shaped grains of neodymium fluoride is seen. No
neodymium oxyfluoride phase is detected by EPMA for the selected area of the sample.
However, in XRD results of the same sample (Figure 4.9), small peaks corresponding to

Figure 4.9- EPMA mapping of LiF-Nd,03- FeF3; sample after fluorination treatment showing the presence
of NdF3 and FeO.

NdF;  FeO
72 -

- 54
26 .

- 45

Figure 4.10- BSE image and EPMA quantification result of LiF-Nd»03-FeF3 sample in at% after fluorination

treatment showing the presence of NdF; and FeO.
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NdOF phase are detected. Considering the fact that XRD analysis is valid for the whole
sample while EPMA analysis is limited to the certain areas, it is assumed that NdOF is
formed as the result of the chemical reaction. The EPMA quantitative analysis shows the
presence of 26 at% Nd and 72 at% F

4.4.4 NazAlFein LiF-Nd203 system

Figure 4.11 shows the XRD results of the LiF-Nd203-Na3AlF¢ system after fluorination. It
can be seen that unlike the NdF3 formation in other systems, in this system Na1.sNd15Fe
compound is formed. It seems that neodymium from the neodymium oxide reacts with
the cryolite and substitutes the aluminium in the cryolite. Furthermore, there are peaks
corresponding to AINdO3 and also three peaks related to aluminium metal which is
considered as an unexpected result. This observation is inexplicable at this stage and is
not discussed further in this chapter.

The EPMA analysis results in Figure 4.12 show the distribution of fluorine and
neodymium in the same areas, indicating the presence of neodymium fluoride. It can be
seen that the large grains in the sample consist of aluminium, oxygen and neodymium,
which shows the presence of AINdO.

The BSE image and the EPMA quantification results of LiF-Nd203-NazAlFe sample shown
in Figure 4.13, indicate the formation of NdisNa1sFs lamellar structure containing 18
at% Nd, 11 at% Na and 70 at% F and the AINdO phase with 21 at% Nd, 22 at% Al and
54 at% O. These results confirm the XRD results on the same sample.
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Figure 4.11- XRD pattern of LiF-Nd,03-NazAlF¢ sample after fluorination treatment with identified
phases
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Figure 4.12— EPMA mapping of LiF-Nd»03- NazAlFs sample after fluorination treatment showing the
presence of NdF3,

Element Nd,Na,F, NdAIO
F 70 =
O - 54
Al - 2
Nd 18 21
Na 11 -

Figure 4.13— BSE images and EPMA quantification result of LiF-Nd,03- Na3AlFs sample in at% after
fluorination treatment showing the presence of NdisNa1.sFs and NdAIO.

4.5 Discussion

4.5.1. Reactions

Among the four fluorides used as fluorinating agents, the complete conversion of rare
earth oxide to rare earth fluoride is observed only in the case that ZnO is used.
According to the Gibbs formation free energy of reactions (4.1)-(4.4) at 950 °C,
formation of NdF3 as the result of reaction of Nd203 with ZnF; is the most favourable
reaction since it has the lowest Gibbs energy under the standard conditions.

The reaction related to cryolite has the highest Gibbs free energy, hence the lowest
tendency for the formation of NdFs. Instead of neodymium fluoride, NaisNdisFs is
formed. Some of the oxide phase is also found in the form of AINdO3. In the next step of
the process, which is electrochemical reduction of rare earth on cathode, neodymium
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should be extracted from NaisNdisFe. It is expected that Na will be co-deposited with
Nd on the cathode.

Results of the LiF-Nd203-AlF3 system show that aluminium is substituted with the
neodymium from neodymium oxide, resulting in the formation of neodymium fluoride.
But this conversion has obviously not reached completion since some neodymium is
detected in the oxide phase in AINdO3. Adding an excess amount of AlF3 to the system
can result in the complete conversion of neodymium oxide, which needs to be proven in
the future research.

In the case of FeFs, three small peaks in XRD are identified as corresponding to the
neodymium oxyfluoride phase; in the EPMA mappings of this system, neodymium has
the high concentration on the FeO grain boundaries, whereas oxygen and fluorine are
present with very low concentrations. This leads to the conclusion that a small fraction
of oxyfluoride is present in this system, however most of the neodymium oxide is
converted to neodymium fluoride.

In-situ formation of REF3 is very important since the solubility of REOs is very low in
molten fluorides [20]. Furthermore, the additional advantage is that the formation of
rare earth oxyfluoride is likely to be inhibited. Based on the suggested reaction by
Stefanidaki et al. [20] for the solubility of neodymium oxide in LiF-NdF3 eutectic melt

Nd,O0; + NdF; + 3(x — 1)LiF 2 3NdOF¥ ™V~ 4 3(x — 1)Li* x=4,5 (4.12)

oxyfluoride compounds are formed. Taxil et al. [15] results show that the oxyfluoride is
an insoluble compound. Dysinger and Murphy [21] have explained that formation of
neodymium oxyfluoride could be one factor to decrease the current efficiency.

Hence, formation of rare earth oxyfluoride as an insoluble product is a significant
drawback in the extraction of rare earth in molten salts, since they do not participate in
the cathodic reactions and they lower the current efficiency by participating in anodic
reaction [12]. However, conversion of neodymium oxide to neodymium fluoride
preempts the formation of neodymium oxyfluoride, since neodymium fluoride
formation is thermodynamically favorable and it is formed directly as the result of the
chemical reaction between neodymium oxide and fluorinating agents.

4.5.2 Microstructure

The maximum conductivity of the electrolyte is usually at the eutectic compositions of
the fluoride salts. In all experiments in this work the stoichiometry of neodymium oxide
and the fluorinating agent is calculated based on theoretical values of reactions (4.1) -
(4.4), assuming that if the conversion of neodymium oxide completes, the LiF-NdF3
forms the eutectic composition. The eutectic composition of the LiF-NdF3 system is
experimentally determined to be 0.23 mole fraction of NdF3 [19] and is calculated to be
about 0.25 mole fraction of NdF3 by Van der Meer et al [22]. The LiF-NdF3 phase
diagram determined by the same researchers using the experimental data, is shown in
Figure 4.14.
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Figure 4.14— The optimized LiF-NdF3; phase diagram: (M) experimental data liquidus; (4 ) experimental
data solidus [19, 22]

In many systems, the microstructure is dependent on the growth conditions; thus the
cooling rate and other thermal conditions. Hence it does not directly resemble the
molten state of the salt. However, the volume fraction ratio of the two eutectic phases
can lead to formation of lamellar, fibrous or mixed microstructures. In general, when
both phases have camparable volume fractions, a lamellar structure is formed [23].

In all four systems, due to the fast cooling using liquid nitrogen, a fine eutectic structure
with fine alternations of LiF and NdF3z lamellae is formed (Figures 4.4, 4.7, 4.10 and
4.13). In LiF-Nd203-ZnF; and LiF-Nd203-FeF3 systems, XRD analysis shows that most of
the neodymium oxide is converted to neodymium fluoride. Hence the composition of
the LiF-NdF3 mixture would be close to the eutectic. The lamellar microstructure of
NdF3 light phase in the LiF dark phase which can be seen in Figures 4.7, 4.9 and 4.10,
shows that the volume fraction of LiF and NdFs3 is close to the eutectic composition. Also
in the case of the system LiF-Nd;03-NazAl3Fe, the lamellar microstructure is observed;
however in this system, Nd1.sNa1s5Fs is formed instead of NdFs. There is insufficient data
in the literature for this system; but the microstructure observations show that LiF-
NdisNa1sFs behaves very similarly to the eutectic composition of the LiF-NdF3 system.
In LiF-Nd203-AlF3 system, presence of NdAlO3 shows that not all the neodymium oxide
is converted into neodymium fluoride. Hence the volume fraction of NdF3 is expected to
be lower than 0.25 (eutectic composition of LiF-NdF3 system). With decrease in the
volume fraction of one phase below 0.29, the microstructure forms the fibrous pattern.
The fibrous microstructure in Figure 4.4 indicates that the microstructure corresponds
to a non-eutectic phase. With increasing growth velocity, the dimensions of the two
phases are expected to decrease [23, 24].
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4.5.3 Alloy formation

The neodymium fluoride which is formed will be dissolved in the molten LiF and will be
subjected to electrolysis when the appropriate voltage is applied. As shown in Figure
4.1, the voltage needed for NdF3 electrolysis would be higher than the decomposition
voltage of the other oxides which are present in the system. Hence the dissolved Al203,
ZnO and FeO will also participate in the electro-decomposition process, and co-
deposition of Al, Zn and Fe will occur at the cathode. The challenge would be to remove
the undissolved oxides in order to minimize their side effect on cathodic deposition of
Nd. A new design of a two-chamber furnace system is one way for removing the
undissolved oxide. The density difference between the formed oxide and the fluoride
bath could also be used to separate the oxides from the molten salt.

In the case that dissolved metal oxides (Al203, ZnO and FeO) participate in the
electrochemical reactions, there is likely to be a competition between oxygen gas and
fluorine gas evolution at the carbon anode. In the former case, the oxidation reactions
between the carbon anode the oxygen gas lead to the CO or CO: gas formation
(reactions (4.10) and (4.11)) and in the latter case, reaction between fluorine gas and
the carbon anode would result in the formation of fluorine gas (reaction (4.12)), more
specifically such as CFs4 and CzFs [25]. CO and CO2 evolutions have more negative
potentials than fluorocarbon or fluorine gas evolution. According to Stefanidaki et al
[12], fluorocarbon generation on the anode can be inhibited by controlling the cell
voltage. However, in order to avoid fluorine gas formation, the use of an alternative
anode is proposed, which will be discussed in chapter 5.

Regarding the cathodic reactions, formation of Nd-Fe alloy is desirable since it can be
used as master alloy for magnet production. In this regard using FeF3 as the fluorinating
agent would be a great advantage.

In general, RE-Al alloy can be applied to improve the magnetic properties of the RE
magnets. Dy-Ni-Al eutectic alloy is used in grain boundary diffusion treatment in the
neodymium magnets in order to improve the coercivity [26]. Alloying pure aluminium
with rare earth elements is also an effective means to reduce the defect formation in the
films which are used as interconnect lines in large scale integration circuits [27]. This
will give support for using AlF3 as fluorinating agent and producing Nd-Al alloy on the
cathode.

In the case of using cryolite instead of AlF3, Nd203 converts to NaisNd1.5Fs and not NdFs.
In the electrolysis step Na reduction with Nd from Na;sNdisFs and Al reduction from
Al203 are expected. Hence Nd-Al-Na alloy is formed on the cathode. In order to avoid Na
reduction, AlF3; should be used instead on NasAlFs.

Nd-Zn alloy can be used for magnesium alloying in production of novel composites. Zn is
the major alloying element of the magnesium materials and it has been proven that rare
earth elements are the most effective alloying elements to improve the strength and
corrosion behaviour of zinc [28, 29].
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4.6 Conclusion

The results of XRD and EPMA analyses show that AlF3, ZnF; and FeF3 can act as strong
fluorinating agents for neodymium oxide. In all these systems, neodymium oxide is
converted to neodymium fluoride. By the addition of AlF3, ZnF; and FeF3 to the LiF-
Nd203 system, aluminium oxide, zinc oxide and iron oxide are formed, respectively. In
the case of NasAlFs, Nai1sNdisFs is formed instead of NdFs. Also as the result of the
conversion reaction, instead of Al03, AINdO3 is formed. In general, cryolite has the least
tendency for the formation of NdF3 compared to other fluorinating agents that are
studied in this research. The reaction related to cryolite has the highest Gibbs free
energy, hence the lowest tendency for the formation of NdFs.

The results show the feasibility of the conversion of the rare earth oxide to rare earth
fluoride using fluorinating agents. Conversion of neodymium oxide to neodymium
fluoride solves the problem of low solubility of the neodymium oxide in molten
fluorides, to a large extent. Once neodymium fluoride is formed, it can subsequently be
electrolysed and extracted on the cathode. One consequence of extracting rare earth
metal through rare earth fluoride electro-decomposition would be formation of
fluorocarbon at the anode. In order to prevent this, use of an alternative reactive anode
as a substitution for conventional graphite anode is suggested which is studied in
chapter 5.
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Chapter 5 Use of iron reactive anode in RE
extraction process

Abstract

Electrolytic production of metallic neodymium is carried out in fused neodymium
fluoride salts containing neodymium oxide. Two major challenges pertaining to
neodymium production in fluoride salts are a) low solubility of neodymium oxide in
fluoride melt, b) possibility of anodic gas evolution (CO, CO2, CF4, C2Fs). In this study we
propose a two-pronged approach to address both issues. Addressing the former
challenge, rare earth oxide is converted to rare earth fluoride by the use of fluorinating
agent. Regarding the second challenge, iron is used as a reactive anode in the
electrolysis process, promoting electrochemical dissolution of iron into the melt, thus
preventing fluorocarbon gas evolution at the anode. Therefore, the fluorinating agent is
constantly regenerated in situ which enables the continuous conversion of neodymium
oxide feed. The cathodic product is Nd-Fe alloy which can be directly used as a master
alloy for the production of NdFeB magnets.

Keywords: rare earth metals, electrochemical extraction, reactive anode, fluorocarbon
gas, molten salts.



5.1 Introduction

Rare earth (RE) metals and their alloys have important applications in different fields of
modern technology, in particular in green technologies for clean energy such as wind
turbines and electric vehicles [1].

Deoxidation of rare earth metals is very difficult due to the strong affinity of these
metals to oxygen. Direct electrochemical process for the reduction of solid oxides into
their metals has been studied in metal extraction for a number of rare earth metals (RE
= Gd, Tb, Dy, Er and Ce) [2-5]. The low efficiency of this process is the main obstacle for
commercializing this process.

Traditionally, RE metals have been produced by the calciothermic reduction of REFs.
However, molten salt electrolysis is becoming the dominant industrial method for the
extraction of RE metals from their oxides in the molten salt process [6-8]. Because of
very negative deposition potential, RE metals cannot be electrochemically extracted in
aqueous media.

Solubility of the rare earth oxide (REO) in the fluoride electrolyte is an important factor,
since it is the dissolved oxide that is subjected to electrolysis. However, the solubility of
rare earth oxide in molten alkali fluoride does not exceed 4 weight percent [9-11].
Moreover, neodymium oxide is likely to form neodymium oxyfluoride in molten fluoride
salts. Oxyfluoride formation has been reported to effect the neodymium
electrodeposition adversely [12]. However, the role of neodymium oxyfluoride in the
anodic and cathodic reactions is not very clear and needs to be clarified further in detail
[12-16]. Another challenge in neodymium production by fluoride electrolysis is the
evolution of fluorine associated gasses on the carbon anode when the electrolysis rate
exceeds the rare earth oxide feeding and dissolution rate [14].

In the framework of this research for electrochemical extraction of rare earths from
their oxides in molten fluoride media, a two-fold approach is adopted in order to
address the solubility issue of neodymium oxides in fluoride melts. Initially, a treatment
is proposed to convert the neodymium oxide into neodymium fluoride using strong
fluorinating agents such as iron(III) fluoride [17]. The results prove the feasibility of the
conversion of Nd203 to NdF3 in molten salts which solves the problem of low solubility
of the neodymium oxide in molten fluorides to a large extent. Once neodymium fluoride
is formed, it can subsequently be electrolyzed and deposited on the cathode, along with
CO, CO2, potentially also CF4 or C2F¢ evolution on the anode side. However, fluorocarbon
gas generation on the graphite anode in the rare earth metal/alloy production industry
is a serious drawback of this process, in common with aluminium production industry
[18, 19]. The present study is aimed to address this problem. An alternative reactive
anode is employed to overcome the problem of halogen or fluorocarbon gas evolution
on the anode. In this situation, iron is anodically dissolved, generating the fluorinating
agent FeF2/FeF3 in situ in the electrochemical reactor. The rare earth fluoride thus
formed can subsequently be processed through the electrolysis route in the same
reactor to extract rare earth metal as the cathodic deposit. In this concept, the REO



Chapter 5 65

dissolution in the molten fluorides would become redundant due to RE oxide
conversion into the fluoride as REFs.

5.2 Thermodynamic evaluations of the process

In the present study, use of iron anode is suggested for the electrolysis process in which
instead of CO/CO: or fluorocarbon gas formation, the anodic reaction is iron dissolution.
The dissolved iron would react with the fluorine ions which are formed as the result of
decomposition of added NdF3 or FeF3 to LiF-Nd203 mixture and subsequently FeF; and
FeF3 are formed in situ in the system as the result of anodic reactions:

Fe2++ 2F — FeF; (5.1)

Fe3* + 3F — FeF3 (5.2)

Iron(II) fluoride is more stable than iron(Ill) fluoride. However, depending on the
electrolysis conditions, FeF3 is formed in the electrolyte. The anode potential indicates
the concentration ratio of FeF;/FeFs. The generated iron fluoride will act as fluorinating
agent and convert Nd;03 to NdFz. From the calculated standard Gibbs free energy (AG°)
of the reactions (5.3)-(5.4) at 950°C using FactSage:

Nd203(s) + 3FeFz(salt) + = 2NdF3(salt) + 3FeO (s) AG° =-215Kk]/mol (5.3)
Nd203(s) + 2FeF3(salt) = 2NdF3(salt) + Fe203(s) AG° =-222K]/mol (5.4)

it is evident that FeFs can react with Nd;03 to form NdFs, and the formed NdF3 can
further be reduced on the cathode. As the result of the fluorinating reaction, FeO/Fe;03
is formed in the system. The results in chapter 3 confirm the feasibility of the
conversion of neodymium oxide to neodymium fluoride using FeF3 as fluorinating agent
[17].

In Table 5.1 the standard Gibbs free energies of formation of the reacted fluorides and
oxides in the system at 950°C, calculated using FactSage, are given. It is important to
note that these reactions refer to the case of the reacting species at their standard state
as pure substances. In the real systems, the activity of the components would be lower
than unity. From Table 5.1 it is evident that iron fluoride has lower decomposition
voltage than neodymium fluoride. Hence, from the thermodynamic perspective, two
scenarios are possible for the formed iron fluoride generated in the system as the result
of anodic dissolution. In one scenario iron fluoride acts as the fluorinating agent and
converts Nd203 to NdF3. Moreover, iron fluoride can undergo the electrolysis process
and decompose along with Nd on the cathode, since NdF3 has higher decomposition
voltage. Hence the cathodic reactions would be:
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Fe3* +3e- - Fe / Fe2* + 2e- —>Fe (5.5)

Nd3+ + 3e-— Nd (5.6)

From Table 5.1 it can also be concluded that the dissolved neodymium oxide and iron
oxide can participate in the electrochemical process resulting to Nd and Fe extraction
on the cathode, respectively. Hence the solubility of these oxides plays a significant role
on their participation in the electrochemical reaction process. In order to prevent the
accumulation of the oxide in the LiF-Nd»03 salt bath, the undissolved iron oxide should
be removed from the system.

Table 5.1- Standard Gibbs free energies and the decomposition potential of different fluorides salts and

REOs and REF3;
Reaction AG°(Kk]/mol) Decomposition potential (V) AG°(Kk]/mol)
at 950°C at 25°C
LiF 2 Li+ 1/2 F2(g) 497 -5.2 584
NdF3; 2 Nd(s) + 3/2F2(g) 1370 —4.7 1590
FeFs 2 Fe(s) + 3/2F(g) 780 -2.7 972
FeF; 2 Fe(s) + F2(g) 538 -2.8 663
Nd203 2 2Nd+ 3/202(g) 1464 -2.5 1718
Fe;03 2 2Fe + 3/20(g) 508 —-0.88 744

5.3 Experiments

Pure lithium fluoride (98.5%-Alfa Aesar) was used as the electrolyte bath and is mixed
with neodymium oxide (Solvay) or neodymium fluoride or iron fluoride (97%-Alfa
Aesar) in a glove box. A schematic of the experimental apparatus used for the
electrochemical extraction of metals in molten salt [20] is shown in Figure 5.1. A
graphite crucible served as the container of the mixtures. The crucible was placed in an
electric furnace under the inert argon atmosphere. A water cooling system was used for
both flanges at the top and bottom. All experiments were carried out at 950 °C within
the limit of + 3°C at the hot zone. A K-type thermocouple was used for the measurement
of the temperature at the bottom of the graphite crucible.

5.3.1 Electrochemical behaviour of LiF-NdF3/Nd203 systems

Cyclic voltammetry, chronopotentiometry and square wave voltammetry experiments
were conducted using Parastat 4000 potentiostat (Ametek) and the data was recorded
using Versastudio software. A molybdenum rod (2 mm diameter) was used as the
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working electrode and the immersion depth of the Mo rod was measured after each
experiment. The auxiliary electrode was an iron rod (silver steel 98% iron - Salomon
metals, 3 mm diameter) or graphite. The potentials were referred to a 1 mm diameter
platinum wire immersed in the molten electrolyte, acting as a quasi-reference electrode
Pt/PtOx/0% [21].

5.3.2 Electrochemical extraction of Nd

Electrochemical extraction of Nd is carried out in LiF-NdF3 and LiF-Nd203 systems. The
metallic deposit on the molybdenum electrode after the experiments are analysed by
Bruker D8 Advance X-Ray diffractometer (XRD) Bragg-Brentano geometry with
graphite monochromator and Vantec position sensitive detector. Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) are also performed to
analyse the microstructure of the samples with a JEOL JSM 6500F (hot Field Emission
Gun) equipped with a Thermo Noran Ultradry detector (40 mm? SDD crystal) using
Noran System 7 data acquisition and analysis software. The electron beam is operated
at 15 keV energy level with a beam current of about 1 nA. Some samples are also
analysed with Wavelength Dispersive Spectroscopy (WDS) mapping (Jeol 7000F FEG-
SEM).
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Figure 5.1- Schematic diagram of the experimental set-up for electrochemical extraction.
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5.4 Results and Discussion

5.4.1 Electrochemical behaviour studies of different systems

Electrochemical dissolution of iron anode

In order to examine the use of iron as anode, it is important to investigate whether it is
dissolved chemically or electrochemically in the molten salt. An iron bar is inserted in
the LiF- 0.2 mol% Nd203 bath at 950 °C for 3 hours. The length and the mass of iron is
not changed after 3 hours experiment, showing that iron is not chemically dissolved in
the LiF molten salt. Moreover, the positive Gibbs free energies of the reactions of Fe
with Nd203 and LiF in their standard states and as pure substances, shows that chemical
dissolution of Fe in LiF-Nd203 is not feasible:

3Fe + Nd203(s) - 3FeO(s) +2Nd AGe [T=950 °C] = +911 kJ/mol (5.7)
2Fe + Nd203(s) = Fe203(s) +2Nd AGe [T=950 °C] = +960 KkJ/mol (5.8)
Fe + 2LiF — FeF2+ 2Li AGe [T=950 °C] = +462 k] /mol (5.9)
Fe + 3LiF — FeF3+ 3Li AG° [T=950 °C] = +763 kJ/mol (5.10)

On the contrary, when a current of 2 A is passed between the iron anode inserted 1 cm
in the bath and Mo as the cathode in the molten salt electrolyte, after 840 s the cell
potential suddenly decreased from -2.5 V and the electrolysis is terminated, showing
that all the iron immersed in the salt is consumed (Figure 5.2). Considering the density
of the iron bar, the weight of the immersed iron in the salt bath would be 0.55 g and
based on Faraday’s law, the iron mass dissolution in 840 s for n=2 would be 0.48 g. This
is expressed as

m= M It/(nF) (5.11)

where m is the mass in grams, M is the molar mass in g.moll, n is the number of
exchanged electrons, F is the Faraday constant in C.mol™, 7 is the current in A and ¢ is the
time in s.
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Figure 5.2- Change of cell potential with time between Fe anode (¢ 3 mm) and Mo electrode (¢ 2 mm) in

LiF solvent at 950 °C at constant currents of 2 and 2.5 A.

LiF-NdF3 system

Cyclic voltammetry is carried out on a molybdenum electrode in LiF-0.3mol%NdF3 melt
at 950 °C. LiF is chosen as the solvent since the deposition potential of the Li in the
solvent is more cathodic than the deposition potential of Nd3+. LiF is also the main
solvent used in industry for the extraction of neodymium in molten fluoride process [6].

Reduction of Li* is the cathodic limit and oxidation of molybdenum is the anodic limit in
the potential window of this system. The cyclic voltammogram of LiF-NdF3 in Figure 5.3,
recorded two peaks in the cathodic run at approximately -1.6 V and -2.3 V and two
anodic peaks in the reverse run at approximately -2.2 V and -1.5 V versus the quasi-
electrode Pt/PtOx/0%. The cathodic peak at —1.6 V and the anodic peak at —1.5 V are
associated with reduction and dissolution of neodymium, respectively. The stripping
shape of the peaks is typical of deposition and dissolution of a metal. Based on this
voltammogram, it is reasonable to assume that Nd3* is reduced to Nd metal in a single
step. It is suggested that Nd3* ions are deposited from three-electron reduction of
[NdF¢]3 in LiF salt [12]. The present observations are in agreement with the results
from other researchers [22, 23] which show that the neodymium ion reduction is a
single step reaction of Nd3* to Nd metal. At further negative potentials to —2.3 V, an
exponential increase of deposition current with no apparent peak is observed. This can
be attributed to the decomposition of LiF. The corresponding anodic peak of lithium
dissolution can be observed at approximately —2.2 V.
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Figure 5.3- Cyclic voltammograms of LiF-0.3 mol% NdF3 on a Mo electrode (¢ 2 mm x 40 mm) at 950 °C,

counter electrode: glassy carbon, reference electrode: Pt wire, scan rate: 100 mVs-1.
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Figure 5.4- Cyclic voltammograms of LiF-0.3 mol%NdF; for different scan rates a Mo electrode (¢ 2 mm x
40 mm) at 950 °C, counter electrode: glassy carbon, reference electrode: Pt wire

Figure 5.4 shows the cyclic voltammograms on the LiF-NdF3; system at different
potential scan rates (200 mV.s'1). The intensity of the peaks is increased with increase in
scan rate. The analysis of the curves in Figure 5.4 and the relationship between the peak
currents and the square root of the scan rates indicates the reversibility of the system. A
relationship between maximum intensity of the peak and the square root of the
potential scan rate is suggested for the reversible systems [24]:

I, = —0.61nFSC° (nF /(RT))*/2D/2p1/2 (5.12)
where F is the Faraday constant (96500 C/mol), S the electrode area in cm?, C° the

solute concentration in mol.cm-3, n the number of exchanged electrons, D the diffusion
coefficient in cm? s and v the potential scanning rate in V s-1. The reduction peak
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current density versus square root of the potential scan rate is plotted in Figure 5.5.
Based on the relationship between these two parameters, we can assume that LiF-NdF3
system acts as a not fully reversible system but a quasi-reversible process. Hence the
diffusion coefficient of Nd3+ ions can be calculated from the slope of the line in Figure
5.5 based on equation (5.12):

L,/(S. v/?) = —0.61nFC° (nF/(RT))/2DY2=-3.1 As1/2V~1/2cm~2 (5.13)

Assuming n=3 for Nd3*/Nd reduction in one step, C°= 5x10-* mol.cm-3 and T=950 °C, the
calculated diffusion coefficient is 4 x 10-5 cm?2 s~1 which is in good agreement with the
result from Hamel et al. [22] being 1.3 x 107> cm?2 s~1.

The number of exchanged electrons for a quasi-reversible system can be calculated
based on

Wy, = 3.52 RT/(nF) (5.14)

where W;/, is the width of the half peak in volts. R is the universal gas constant (8.314
J.mol-1.K-1), T is the temperature in K, n is the number of exchanged electrons. Using the
square wave voltammetry technique, the width of the half peak is determined using
OriginLab software and is shown in

Figure 5.6. Hence the number of exchanged electrons for neodymium is calculated to be
2.8, which confirms the exchange of 3 neodymium electrons in one step reduction.
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Figure 5.5- Linear relationship of Nd3* reduction peak current density vs. the square root of the
scanning potential rate of LiF-NdF3z on Mo electrode (¢ 2 mm x 40 mm); counter electrode: glassy
carbon; reference electrode: Pt, T = 950 °C
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Figure 5.6- Square wave voltammogram of the LiF-0.3 mol. %NdF3z mixture at 10 Hz. Determination of
the width (W1,2) of the half peak on Mo electrode (surface area = 0.25 cm?2); counter electrode: glassy
carbon; reference electrode: Pt; T =950 °C.

The chronopotentiograms of LiF-NdF3 system at different current densities are shown
in Figure 5.7. Reduction of neodymium ions into metal starts in the same potential
range as that observed on the cyclic voltammogram (-1.6 V) and the steady state is
reached after 1 s. Hence the reduction of NdF3 can be regarded a diffusion controlled
process.

E vs PV

Figure 5.7- Chronopotentiograms of the system LiF-0.3 mol.% NdF3 system on: Mo electrode (surface
area = 0.25 cm?); counter electrode: glassy carbon; reference electrode: Pt; T= 950 °C.

LiF-FeF3 system
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The cyclic voltammetry is carried out on the LiF-FeF3 system on a Mo electrode at 950
°C. The cyclic voltammogram of this system presented in Figure 5.8 shows three
reduction peaks at the cathodic run at approximately —0.3 V, —0.85 V and —1.5 V, and the
two dissolution peaks at the anodic run at approximately —0.7 V and —0.4 V. The first
two peaks in the cathodic run and the peaks at the anodic run are associated with the
reduction and dissolution of iron, respectively. It can be assumed that the reduction of
Fe3* to Fe is a two-step process, first from Fe3* to Fe2* at -0.3 V and secondly from Fe?2+
to metallic iron at -0.85 V:

Fe3* + e~ 2 Fe?* (5.1)
Fe?* + 2e- 2 Fe (5.2)

The peak at -1.5 V is the Li reduction, however there is no peak related to oxidation of Li
to Li*. It is to be noted that, as mentioned earlier, the Li reduction peak in LiF-NdF3
system was found at -2.3 V. However, in the case of LiF-FeF3 system, Li reduction takes
place at more positive potential of -1.5 V. This difference can be explained with regard
to the surface layer of the reduction. In the case of LiF-NdF3 system, Li is reduced on the
Nd, while in the LiF-FeF3s, Li reduction takes place on the Fe layer which is already
formed on the Mo.

The anodic peaks in the reverse run are associated to the dissolution of Fe, first to Fe2+
and then to Fe3*. There is a small peak at approximately —0.43 V in the cathodic run
which can be related to the reduction of possible contamination of the salt.
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Figure 5.8- Cyclic voltammograms of LiF-0.5 mol%FeF3 on a Mo electrode (¢ 2 x 40 mm) at 950 °C,
counter electrode: glassy carbon, reference electrode: Pt wire, scan rate: 100 mVs-1

LiF-Nd;03 system
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Cyclic voltammetry is performed in LiF-Nd;03 system at 950 °C on molybdenum
working electrode using graphite as the counter electrode and Pt/PtOx/02" as quasi-
reference electrode. The voltammogram is shown in Figure 5.9. The observed cathodic
limit at approximately —1.5 V is assumed to be lithium fluoride and a sharp oxidation
peak (approximately —1.38 V) on the anodic run are associated with the reverse
reaction on molybdenum electrode. No other peak related to neodymium reduction or
dissolution is present in the LiF-Nd;03 voltammogram. Stefanidaki et al. [12] have
claimed that the formation of neodymium oxyfluoride in the LiF-Nd203 system prohibits
the neodymium reduction [25], hence Nd203 cannot be used for Nd extraction in the
absence of NdFs in the electrolyte.
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Figure 5.9- Cyclic voltammograms of LiF-Nd,03 on a Mo electrode (¢ 2 mm x 40mm) at 950 °C, counter
electrode: glassy carbon, reference electrode: Pt wire, scan rate: 100 mVs-!

5.4.2 Nd extraction in LiF-NdF3 using iron anode

Nd electrochemical extraction in LiF-10 mol% NdFs3 is performed at 950 °C using Mo as
cathode and Fe as anode. First cyclic voltammetry on the Mo cathode is performed to
measure the decomposition voltage of NdF3 which is found to be —1.59 V. Subsequently,
electrodeposition is performed at a constant potential mode of —1.7 V. The changes of
current with time is recorded and is shown in Figure 5.10. It can be seen that after about
3 hours (10 ks), the current reaches zero which shows that the iron bar inserted in the
salt bath is dissolved in the bulk. The inserted graph in this figure is the cyclic
voltammetry of the system, which was performed at the beginning of the experiment to
obtain the decomposition voltage of the Nd extraction on the Mo working electrode.
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Figure 5.10- Changes of current with time in the —1.7 V constant cell potential mode of Nd electrolysis in

LiF-NdF; using Fe as anode.

A metallic layer is seen after the experiment on the surface of the salt bath under the
anode. This layer is analysed by XRD and the results are shown in Figure 5.11. The XRD
results show that there is an accumulation of Fe in the form of FeCo.053 and Fe186Co.14 in
vicinity of the Fe anode as the result of anodic dissolution. These phases are marked as
Fe(C) on the XRD graph. The peaks related to LiF and NdF3 are marked as salt phase on
the XRD graph. The formation of carbide might be due to the carbon presence in iron
(silver steel that is used as iron anode contains about 0.95% carbon). The use of
graphite crucible can also explain the presence of carbon in the salt bath.
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Figure 5.11- XRD result of the part of the salt under the Fe anode in LiF-NdF3 salt bath.



76 Use of iron reactive anode in RE extraction process

The cathodic product on the Mo cathode is analysed by SEM/EDS after the experiment.
The EDS analysis of the sample shows that the deposition of Nd and Fe on the Mo
cathode, as is shown in Figure 5.12. In order to investigate the distribution of the Nd
and Fe on the cathode, an EDS mapping is performed which is shown in Figure 5.13. It
can be concluded from the EDS quantification and the mappings that an Fe rich Nd-Fe-
Mo phase is formed on the cathode. From these results we can see the formation of
Fe1sNd and Fe17Nd2 and Fei62Nd2 phases. However, it is noticed in Figure 5.12 that the
concentration of Mo in the phases close to the cathode is high (21 at%). In the Fe-Nd
binary phase diagram, which is shown in Figure 5.14, Fei7Nd: and Fei7Nds are
intermetallic compounds [26]. The existence of the Fe;Nd is also indicated [27].
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Figure 5.12- SEM image and EDS quantification (in at%) of the deposit on the cathode showing the
formation of Fe-Nd alloy
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Figure 5.13- Elemental EDS mapping of the deposit on the cathode showing the distribution of Nd-Fe-F
on the Mo cathode.
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Figure 5.14- The Fe-Nd binary phase diagram [28].

5.4.3 Nd extraction in LiF-Nd203 using iron anode

The feasibility of FeF3 formation in LiF-Nd203 system is shown based on
thermodynamic calculations in section 5.2. It is shown that FeF3 can be generated in situ
in the system and it converts the Nd203 to NdF3. Subsequently the formed NdFs3 will be
subjected to electrolysis and Nd can be extracted on Mo cathode. The extraction of Nd
from Nd:03 using Fe anode is performed at 950 °C under argon atmosphere. The
electrodeposition is performed at a constant potential mode of —1.7 V for 3 hours. A Mo
bar is used as the cathode and 0.1 mol% FeF3 is used in the LiF-Nd»0s3 salt to initiate the
fluoride ion formation in the electrolyte. The deposited material on the Mo electrode
and the composition of the bulk are analysed by XRD and WDS and are shown in Figure
5.15 and Figure 5.16, respectively.
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Figure 5.15- XRD result of the sample of LiF-Nd,03-FeFs electrolyte after electrolysis with iron anode and
Mo cathode.
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Figure 5.16- WDS mapping of the deposit on the cathode in of LiF-Nd»03-0.1 mol%FeF; using Fe as anode.

Once the electrolysis starts, FeF3 decomposes and metallic Fe is reduced on the Mo
cathode as the result of cathodic reaction (5.5) and anodic dissolution of iron is initiated
in the anodic part, leading to the formation of FeF, and FeF3 based on reactions (5.1)-
(5.2). The WDS mapping in Figure 5.16 also clearly shows the formation of Fe layer as
the first deposited layer on the Mo cathode. Once FeF; and FeF3 are formed in the
system, they participate in the fluorination process of Nd203 based on reactions (5.3)-
(5.4).

From this reaction, the formation of FeO and Fe203 would be expected. The XRD results
in Figure 5.15 show the presence of Fe in the form of FeO (wiistite) and also NdFeO3
phase in the samples from molten salt. Presence of NdF3 shows that fluorination
reaction of Fe has taken place.

In the WDS mapping in Figure 5.16 Nd and Fe co-deposition can be seen on the Fe layer.
Decomposition of NdF3 might occur at more positive potentials since Nd-Fe alloy is
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reduced in a potential range between the deposition of pure Nd and Fe. This
phenomenon has been studied on the Ti-B, Zr-B, Ta-B, Sm-Co, Ti-Nb and Nd-Al alloy
formation by different research groups [29-33]. In all above-mentioned systems, the
electrodeposition voltammogram peak of these compounds is identified in a potential
between their corresponding pure metals.

Iron fluoride that is formed in the system as the result of anodic dissolution can either
be decomposed through the electrochemical reaction or convert the Nd203 to NdF3
through the chemical reaction. The applied cell potential for decomposition of NdF3
would be enough for both FeF; and FeF3 decomposition since they have more positive
decomposition voltage. The negative Gibbs free energy of the reaction at 950 °C shows
the feasibility of the Nd203 to NdF3 conversion by FeF3 which is also experimentally
investigated as a part of this project in our group [17, 34, 35]. The Nd-Fe alloy formation
from WDS results in LiF-Nd203 system shows that Fe participates in the electrochemical
process. It is to be noted that, while the present results identify the electrochemical
reactions involved in the deposition of Nd as well as Fe-Nd alloys, the parallel chemical
reactions (5.3)-(5.4) cannot be ruled out. The presence of FeO and NdF3 shown in the
XRD results shows that the conversion has taken place. Further experiments need to be
conducted to investigate the impact of the chemical reactions on the overall process.
Moreover, design of a set-up in which the accumulated iron oxide is removed from the
salt bath is of great importance for the continuity of the process.

5.5 Conclusion

During the extraction of neodymium by electrolytic deposition, problems associated
with the choice of the suitable halide, generation of CO, CO; and fluorocarbon gases and
the low solubility of the neodymium oxide in molten fluorides are solved by fluorinating
the oxide to fluoride and the use of reactive anode. In this study, a novel method is
adopted in which iron is used as anode, promoting electrochemical dissolution of iron
into the melt, thus preventing CO, COz and fluorocarbon gas evolution at the anode.
Thus, the fluorinating agent is constantly regenerated in situ, which enables the
continuous conversion of neodymium oxide feed to the corresponding fluoride. Once
neodymium fluoride is formed, it is possible to electrolyze and deposit Nd on the
cathode. The cathodic product is Nd-Fe alloy which can be directly used as a master
alloy for the production of NdFeB magnets. Furthermore, more research is needed to
investigate the parallel chemical reactions of fluorination by FeF3 on the overall process
and the chemical composition of the cathode product.
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Chapter 6 Thermodynamic modelling of LiF-
NdF3-DyF; system

Abstract

Electrolysis of molten fluorides is one of the promising methods for the recovery and
recycling of rare earth metals from used magnets. Due to the dearth of phase equilibria
data for molten fluoride systems, thermodynamic modelling of LiF-DyF3-NdF3 system
using the CALPHAD approach is carried out. Gibbs energy modelling for LiF-NdF3 and
LiF-DyF3 systems is performed using the constitutional data from literature. Ab initio
calculations are used to obtain enthalpy of formation of LiDyF4, an intermediate phase
that is found to exist in the LiF-DyF3 system. Differential thermal analysis is carried out
for selected compositions in the NdF3-DyF3 system, in order to determine liquidus and
solidus temperatures. The Gibbs energy parameters for the limiting binary phase
diagrams determined in this work is used for modelling the Gibbs energy functions of
equilibrium phases in the ternary system. Selected compositions of LiF-NdF3-DyF3 are
investigated by Differential Thermal Analysis (DTA) in order to validate the calculated
phase temperatures involving melt.

Keywords: Calphad, phase equilibria, LiF-DyF3, DyF3-NdFs, LiF-NdF3, LiF-DyF3-NdF3,
DTA

Chapter 6 is based on the published scientific paper:

A. Abbasalizadeh, S. Sridar, Z. Chen, M. Sluiter, Y. Yang, |. Sietsma, S. Seetharaman and K.C. Hari Kumar,
Journal of Alloys and compounds, 2018, (753), 388



6.1 Introduction

Rare earth elements are essential in the green and low-carbon economy due to their
superior magnetic properties. They play a key role in hybrid and electric vehicle
industries as well as in wind turbines and many other high-tech applications [1].
Neodymium along with dysprosium are expected to dominate the future of magnetic
material industry, increasing their demand over the next 25 years by 700 and 2600%,
respectively [2-4]. Due to the uneven distribution of the resources and recent issues in
the supply and demand of the rare earth metals, demand for recovery of these metals
from waste products is strongly rising.

Molten salt electrolysis process is the dominant industrial method for extraction of rare
earth elements [5]. Electrolysis of molten fluorides has been the subject of many studies
on the recovery of rare earth metals [6-8]. Evolution of fluorine associated gasses
(fluorocarbons), low solubility of the rare earth oxide in the fluoride electrolytes and
formation of oxyfluoride complexes are the challenges of the recovery of the rare earth
elements which were discussed in the previous chapters.

In order to optimally design such processes, knowledge of phase equilibria and
thermodynamics of molten fluorides system is crucial. However, there is a dearth of
such information in the literature. In this chapter, we report thermodynamic modelling
of the LiF-DyF3-NdF3 system using the CALPHAD approach.

6.2 Experiments

In order to investigate the phase transformation temperatures for NdF3-DyF3z binary
and LiF-NdF3-DyF3 ternary system, differential thermal analysis (DTA) is carried out.
Anhydrous LiF (99.98% - Alfa Aesar, USA), DyF3 (99.9% - Alfa Aesar, USA) and NdF3
(99.9% - Alfa Aesar, USA) are used for preparing the samples for thermal analysis.
Various compositions investigated in the NdF3-DyF3 and LiF-DyF3-NdF3; systems are
listed in Table 6.1 and Table 6.2, respectively. The samples are prepared by mixing the
chemicals in a glove box and heating the mixture to a temperature above the melting
point under Ar atmosphere and subsequently quenching the molten mixture using
liquid nitrogen.

DTA is carried out using Netzsch STA 409C apparatus with DTA/TG sample carrier. The
instrument is calibrated by measuring the melting point of high purity metals such as Al,
Ag, Au, Ni and Sn [9]. The signal related to temperature difference between the sample
and the reference measured by DTA is converted into heat flux difference by means of
appropriate calibration. Hence the DTA results are reported as heat flux change with
temperature. Each sample (weighing between 60 and 90 mg) is loaded in a platinum
cup with a lid because of the corrosive character of fluoride salts. The platinum cup is
positioned inside an alumina crucible. An empty alumina crucible serves as the
reference material. For each experiment, three cooling and heating runs are carried out.
Heating rate is fixed at 10 K min-1, based on the instability of the fluoride salts. All
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experiments are carried out under high purity nitrogen atmosphere with a flow rate of
40 ml.min-1.

6.3 Experimental results

6.3.1 Thermal analysis

The extrapolated onset temperature is less affected by heating rate and other
experimental factors in comparison with offset temperature [10]. Hence, the DTA peaks
are analysed using the onset technique [11] in order to determine the phase
transformation temperatures. Liquidus and solidus temperatures thus calculated from
the heating and cooling curves, respectively, have an uncertainty of +8 K. The
uncertainty is high due to the instability of the fluoride system and the difference
between the second and third heating/cooling cycles.

DTA curves of NdF3-DyFz samples (Figure 6.1(a)) do not show any solid state
transformation, which could be due to the small enthalpy of the orthorhombic to
hexagonal transformation in DyF3 [12]. The results from DTA analysis for the NdF3-DyF3
mixtures indicate complete solubility of NdF3 and DyF3 and provide no evidence for any
solid state phase transformation. All samples show only one peak in the heating curve
corresponding to the solidus. Results are given in Table 6.1. The maximum weight loss
of the samples measured by thermogravimetric analysis (TGA), is 1.43%.

The phase transformation temperature for the LiF-DyF3-NdF3 system is also obtained
using the DTA. In Figure 6.1(b), the DTA curves corresponding to LiF-30 mol% NdF3-30
mol% DyF3 composition show two peaks. The transformation temperatures are
measured to be 955 and 1053 K, respectively. Except for LiF-30 mol%NdFs-30
mol%DykF3s, all DTA results for the ternary compositions show one peak while three
thermal events are expected for each composition. High heating rate and mass loss in
the samples can be two of the possible reasons that these transitions are not captured
by DTA. Because of the high evaporation of salts, especially LiF, which results in the
mass loss of the samples, reliable measurement of the transformation temperatures of
LiF-DyF3-NdF3 system using DTA is difficult. The mass loss of the samples increases
with the increase in the amount of LiF in the samples. For the sample LiF-10 mol%
NdF3-10 mol% DyFs3, the mass loss is measured to be about 34%. Moreover, in ternary

Table 6.1- Solidus and liquidus of NdF3-DyF; measured by DTA and calculated by Calphad.

Composition (mol% DyFs;) Solidus (K) Liquidus (K)
experimental / modelled experimental / modelled

20 1569 /1603 1646 / 1640

40 1519 /1491 1606/ 1612

60 1449 /1444 1549/ 1560

80 1418 /1429 1492 / 1465
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Table 6.2- Experimental (DTA) and calculated temperatures of phase transformations for LiF-NdFs-DyFs.

Composition Temperature (K)
(mol% DyF3)  (mol% LiF) Experimental Calculated Phase transformation
10 80 982 981 L+Cub2L+Cub+Hex
20 60 948 955 L2Cub+Hex+LiDyF4
40 40 1063 1063 L+Hex2L+Hex+LiDyF4
30 40 1053 1045 L+Hex2L+Hex+LiDy4
20 20 1038 1037 L+Hex2L+Hex+LiDyF4

systems some of the compositions go through four-phase as well as three-phase regions
in addition to the two-phase region before melting is completed. Some of these events
are not necessarily captured in a DTA experiment. Hence, the DTA results are only used
for comparing with the calculated results. The liquidus temperature determined by DTA
results for all ternary compositions are listed in Table 6.2.
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Figure 6.1- DTA thermograms of representative compositions.

6.3.2 Microstructure analysis

In order to investigate the solubility of the solid phase at high temperatures in the NdFz-
DyF3 system, the samples are heated below the liquidus temperature and quenched in
liquid nitrogen. The quenched samples are investigated by SEM/EDS to determine the
phases present at various compositions of NdF3-DyF3s. The results (Figure 6.2) show the
presence of a single phase in all investigated samples, proving extended solid solubility
just below their solidus. No evidence of phase separation could be detected in any of the
samples.
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Figure 6.2- BSE image and EDS spectra of selected compositions.

6.4 Ab initio calculations

Due to lack of experimental thermochemical information for the compound LiDyF4
forming in LiF-DyF3 system, ab initio calculations are performed to estimate its enthalpy
of formation. The Vienna Ab initio Simulation Package (VASP) [13, 14] is used. The input
parameters used for relaxing the structures are listed in Table 6.3. The enthalpies of
formation of LiDyFs in tetragonal (tI24,I41/a) and orthorhombic (oP24,Pbcn) are
estimated. It is found that tetragonal LiDyF. is more stable in comparison with
orthorhombic LiDyF4. The formation enthalpy A-H%29g is calculated by

Ay H3og(LiDYF,) ~ Eo(LiDyF,) — Eq(LiF) — Eo(DyF3) (6.1)

In order to validate the calculated A, H9yg for LiDyF4, the enthalpies of formation of LiF
and DyF3 are calculated with the same input parameters as in Table 6.3 using VASP. The
values of A H3qg for these compounds are calculated using Equation (6.1).

The enthalpy of the reaction LiF+DyF3 2 LiDyF4 is calculated according to:
ArH3og(AF,) =~ Eo(AR,) — Eo(A) — (v/2) Eo(F2) (6.2)

in which A represents Dy or Li.

The enthalpy of formation of LiF is calculated with respect to Li (bcc) and F2 (gas) and
DyF3is calculated with respect to Dy (dhcp) and F» (gas). The total energy of F» (gas) is
calculated using the same procedure as in [15] for calculating the total energy of N>
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(gas). The difference in total energies of DyF3 with hexagonal (P3c1) and orthorhombic
(Pnma) structures is also calculated. The calculated enthalpies from the present work
and the comparison with experimental data from literature are listed in Table 6.4.

Table 6.3- VASP input parameters.

Potential PAW [16]

Exchange-correlation functional GGA-PBE [17]

Energy cut-off 600 eV

k-point mesh spacing <0.8A-1

Force convergence 1x10-3 eV/A

Stress convergence 0.1kB

SCF convergence 1x10-*eV

Integration scheme Tetrahedron method with Blochl correction [18]

Table 6.4- Calculated enthalpies using ab initio calculations

Phase A, H3og /A H3og (kK] /mol)
Ab initio Experiment
LiDyF, -19.156 -
LiF -574.626 -594.581 [19]
DyF3 -1606.664 -1665.23 [20]
-1692 [21]

Table 6.5- Crystallographic data for solid phases

Phase Space group Stability range (K)
Cub (LiF) Fm3m <1121

Ort (DyF3) Pnma <1300

Hex (DyF3) P63/mmc 1300-1430

Hex (NdF3) P63/mmc <1650

LiDyF, 141/a <1093
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6.5 Thermodynamic models

There are five equilibrium phases in the LiF-DyF3 system: Liquid, Cubic (Cub),
Orthorhombic (Ort), Hexagonal (Hex) and LiDyF4. The crystallographic information for
the solid phases of the system is listed in Table 6.5.

The liquid phase is modelled using the two-sublattice model for ionic melts [22, 23].
This is based on Temkin’s model[24] assuming that cations and anions occupy separate
sublattices (indicated in parentheses in Table 6.6) and mix randomly within each
sublattice. The mixing model for liquid phase is thus (Dy3*Li*,Nd3+),: (F",LiDyF4),.

Initially, the liquid phase is modelled without a neutral species in the anion sublattice. It
is found that several model parameters are required to obtain the best fit to
experimental data. Hence, LiDyF4 (corresponding to the stoichiometry of the most
stable compound in the system) is added as a fictitious neutral species to account for
the short range ordering in LiF-DyF3 melt. In order to keep the electroneutrality, the
number of sites on each sublattice, p and g, must satisfy the following constraints:

b =Yr- (6.3)

q = 3Ypys+ + Y+ + 3Yngs+ (6.4)

Cubic, orthorhombic and LiDyFs phases are modelled as stoichiometric phases.
Hexagonal phase is modelled as solid solution based on the compound energy
formalism [25, 26]. According to this approach, the structure of a phase is represented
by two or more sublattices and constituent species mix randomly within the sublattices.
Table 6.6 summarizes the sublattice formulations used in the Gibbs free energy
modelling of various phases. The Gibbs free energy expressions for LiF (cubic and
liquid), NdF3 (hexagonal and liquid) and DyF3 (hexagonal and liquid) are from the SGTE
substance database (version 5.1) [27]. The Gibbs free energy expression for DyF3
(orthorhombic) is estimated using enthalpy and temperature DyF3 (orthorhombic) to
DyF3 (hexagonal) transformation. This is explained in Section 6.7.1.

Table 6.6- Sublattice formulations for the phases.

Phase Sublattice formulation
Liquid (Dy3+,Li*,Nd3+), : (F-,LiDyF4),
Cub (Li)e: ()

Hex (Dy*,Nd*)s: (F)s

ort (Dy3*)1: (F)3

LiDyF4 (Dy3+)1 : (Li+)1 : (F')3
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6.6 Optimization

The Gibbs free energy parameter optimization is carried out using the PARROT module
[28] of the Thermo-Calc database system [29] using relevant constitutional and
thermochemical data as input. The method involves minimizing reduced sum of squares
of errors in an iterative manner, starting with estimated values for all optimizing
variables. The optimized Gibbs free energy description thus obtained is eventually used
for calculating phase diagrams and thermochemical properties at any desired
temperature and composition regime in which the functions are valid. The sources of
input data used in the optimization are shown in Table 6.7. Optimization is initiated by
providing estimated values for the parameters. The start values are refined iteratively
by minimizing the sum of the squares of deviation between input data and the
corresponding model calculated values. Finally the model parameters are rounded off
according to the method suggested by Hari Kumar et al. [30]. The Gibbs free energy
parameters of LiF-NdF3, LiF-DyF3 and NdF3-DyF3 are optimised based on this method.
No optimisation is performed for the ternary system.

Table 6.7- Data sources used for the optimisation.

Method Reference
LiF- NdF3
Liquidus DTA [31]
LiF- DyF3
Liquidus DTA [31]
A HYog DFT Present work
NdF3-DyF3
Liquidus/Solidus DTA Present work

6.7 Results

6.7.1 Binary Systems

The optimised thermodynamic parameters for LiF-NdFs3, LiF-DyFz and DyF3-NdF3
systems obtained in this work are listed in Table 6.8.

The phase diagram of LiF-NdF3 calculated using the model parameters obtained in this
work is shown in Figure 6.3 along with the experimental data from [31]. The phase
diagram of LiF-NdF3 is a simple eutectic phase diagram without any significant solid
solubility in cubic and hexagonal phases. The optimized eutectic composition and
temperature for this system are 22 mol% NdF3 and 1007 K, respectively.
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LiF-DyF3 phase diagram is optimised using the experimental data by Thoma et al. [31]
along with the enthalpy of formation of LiDyF4 obtained from ab initio calculation. The
calculated phase diagram is shown in Figure 6.4. Here also the terminal solid phases
have zero solubility.

Zalkin and Tempelton [32] were the first to recognize the dimorphism among the rare
earth trifluorides. They observed hexagonal structure for LaFs; to NdF3 and
orthorhombic structure for GdFs to LuF3, while SmF3, EuFs, HoF3 and TmF3 could have
both hexagonal and orthorhombic structure. Thoma and Brunton [20] also studied the
dimorphism of lanthanide trifluorides systematically. They observed tysonite-type
hexagonal structure for the LaFsz to NdF3 group. However, they have found that all
lanthanide trifluorides with the orthorhombic structure transform to hexagonal crystal
structure on heating. They have demonstrated that SmFs, EuF3, TbF3 and DyF3 form
tysonite-type hexagonal structure, while ErFz to LuFs form a-YF3 type structure.
Spedding et al. [33, 34] confirmed the orthorhombic to hexagonal transformation for
TbF3 and DyF3 by high temperature XRD. However, the enthalpy of the transformation
for these two fluorides was not large enough to be detected by drop calorimetry. Greis
and Cader [12] have not observed any first-order solid state transformation for TbFs,
DyF3 and HoFs.

Sobolev et al. found that presence of oxygen can influence the structure of lanthanide
trifluoride, which can be a source of discrepancy [35, 36]. Meanwhile, Garashina et al.
[37] have observed that the transformation of orthorhombic to hexagonal structure
takes place as a result of a deformational mechanism and over a broad temperature
range. Stankus et al. [38] have proposed that orthorhombic to hexagonal transformation
in lanthanide trifluorides proceeds in two stages: first a continuous transformation up
to the transformation temperature (7T;) and then a sharp change of lattice parameters at
T

The enthalpy of the orthorhombic to hexagonal transformation in DyF3 was measured
by drop calorimetry by Lyaponov et al. [39]. They reported that the transformation
takes place at 1300 K and the corresponding enthalpy change is +2400 + 1700 ]J.mol-L.
Since there is large uncertainty in the reported enthalpy value, we prefer using the
corresponding DFT calculated value (+3383 ].mol!) along with the measured
temperature of transformation (1300 K) to describe the Gibbs free energy of DyF3
(orthorhombic).

The solidus-liquidus data obtained by DTA in the current work are used for
optimization of Gibbs energy model parameters in the NdF3-DyFs; system. The
calculated phase diagram along with experimental data from the present work is shown
in Figure 6.5. The phase diagram shows extended solubility in the hexagonal phase in
the high temperature region. As was discussed earlier in this chapter, both the DTA
measurements and microstructure analysis indicate the complete solubility of NdF3 and
DyFs.
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Table 6.8- Gibbs free energy parameters for DyF3-LiF-NdF3 system (in J/mol, with the temperature T in K).

GHSERDF =-1722267.41+512.6701347-92.91541T In(7)-0.01096079T2-2.12147x 10-1073 +235586.75T1
(298.15 < T < 1430)
-1791020.92+1010.0659T-156.9T In(T) (1430 < T < 6000)
GHSERLF =-634621.638+305.64556T-50.30632T In(7)+0.0012289475T2-2.30170167x 10-6T3
+399408.8T1 (298.15 < T < 700)
-633813.702+278.759762T-45.75246T In(T)-0.006033035T2-4.40324167x 10773 +433813.85T"!
(700 < T<1121)
-644878.626+411.074928T-64.18256T In(T) (1121 < T < 3000)
GHSERNF =-1710301.85+510.6650617-92.69601T In(7)-0.0117148572-1.08333333x 10-1073 +322770T!
(298.15 < T < 1650)

-1809836.14+1142.45411T-172.4T In(T)-1.1335104T% (1650 < T < 6000)

Liquid (Dy?*,Li*,Nd3+),: (F-,LiDyF4),

ogliauid _ | GHSERDF+58576-40.9622387T

py*3.F~

ogliguid _ | GHSERLF+27087.2-24.1569607T

Lit:F~

o Liquid
GDy+3: F~

= +GHSERNF+54810-33.2181818T

°Gliust = GHSERLF+GHSERDF+85663.2-65.1191994T

0Gp s v, e = -46814
LG5t o = +10509

2Go N o = +18849

0G e s, pe = +27447-41.475T
OGS s, o = ¥9956

LG s vars, o = -3863

oG = +178255

Dy*3,Lit: LiDyF,

Cub (Li")1: (F)1
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Figure 6.5- Calculated NdF3-DyF3 phase diagram and comparison with the experimental data from
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6.7.2 DyF3-LiF-NdF3

The liquidus projection along with the isotherms is shown in Figure 6.6. It is calculated
using the Gibbs free energy parameters of binary systems alone. The projection shows
two ternary invariant reactions, whose co-ordinates are also listed in Table 6.9. This
table gives a comparison of DTA results with calculated phase transformation
temperatures and the corresponding phase reactions. The corresponding Scheil
reaction scheme is shown in Figure 6.7.
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6.8 Conclusions

The Gibbs energy parameters for LiF-DyF3 and LiF-NdF3 systems are optimised with
experimental data from literature. Ab initio calculations are used to obtain the enthalpy
of formation for LiDyF4, which is a stable phase in the LiF-DyF3 system. NdF3-DyF3
system optimization is performed with the experimental data obtained from DTA
analysis in this work. The phase diagram of DyF3-LiF-NdF3 system is computed based on
the Gibbs free energy parameters of the three limiting binary systems and compared
with the phase diagram data obtained by DTA experiments. All calculated phase
diagrams are in good agreement with the experimental data.
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Table 6.9- Details of phase reactions in LiF-NdF3-DyF3 system.

Reaction Liquid composition (mol%) Temperature (K) Reference
LiF DyF3
LiF-NdF3
L 2 Cub+Hex (ey) 78 0 1007 This work
77 0 1011 [31]
74.7 0 1006.5 [40]
LiF-DyF3
L & Cub+LiDyF, (e,) 77.2 22.8 968 This work
76 24 973 [31]
L + Ort 2 LiDyF, (p,) 51.4 48.6 1078 This work
54 46 1093 [31]
L + Hex + Ort (d) 319 68.1 1300 This work

DyF;-LiF-NdFs

L + Ort 2 Hex+LiDyF, (U,) 48.64 48.25 1068 This work

L + Ort 2 Hex+LiDyF, (U,) 75.05 18.77 955 This work
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Chapter 7 Conclusions and future research

The objective of this research is to investigate new methods on the direct
electrochemical reduction of Rare Earth (RE) Oxides and RE magnets into RE metals or
RE alloys in the chloride/fluoride-based molten salts. The primary focus is on the low
solubility of the RE oxides in the molten fluorides, which limits the RE metal extraction
yield from RE oxides. Conversion treatment is proposed to convert RE oxides and RE
magnet (NdFeB magnet) into RE fluorides using effective fluorinating agents. Hence the
RE metal is extracted from RE fluorides through the electrochemical extraction route.
Another objective is to employ a reactive anode as the substitute for the conventional
graphite anode to prevent CO, COz halogen or fluorocarbon gas generation
accompanying the RE metal production from RE oxide and RE magnet in molten salt
electrolysis process.

7.1 Conclusions

The main contributions of this research are categorized and summarised as following
conclusions:

1- Chlorination and fluorination of NdFeB magnet

e Feasibility of the neodymium and dysprosium extraction from Nd:Fe14B magnets
containing 6% dysprosium is proven using a combined method of molten salt
extraction and electrolysis. Aluminium chloride in LiCl-NaCl-KCl electrolyte is shown
to be an effective chlorinating agent which reacts with neodymium and dysprosium
in the magnet which leads to NdClz and DyClz formation. As the result of this
approach, neodymium and dysprosium recovery from magnetic scrap is enabled by
a direct separation of these metals from iron, eliminating the oxide or halide
conversion steps. Subsequent electrolysis of NdClz and DyCl3 leads to the formation
of Nd and Nd/Dy metal as the cathode product.

e The same approach is used for the Nd extraction from RE magnet in fluorides salts
using AlF3, ZnF;, FeF3 and NasAlF¢ as fluorinating agents. Al, Zn and Fe from AlF3,
NazAlFe, ZnF; and FeF3, respectively, replaced the rare earth in the magnet matrix,
thereby forming intermetallic compounds with Fe in the magnet. In all conversion
treatments, Nd is separated from the Fe and B in the magnet and is converted to rare
earth fluoride which could be electro-chemically deposited on the cathode, hence
providing the possibility of a one-step recycling process of the rare earths from
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magnets. However, in the case of using ZnF, and FeF3s, the results show complete
conversion of Nd (in the magnet) to NdFs;. Hence ZnF; and FeF3 are better
fluorinating agents compared to AlF3 and NazAlFs for Nd extraction.

Fluorination of Nd203

The feasibility of the conversion of the RE oxide to RE fluoride using AlF3, ZnF>, FeF3
and NazAlFs as fluorinating agents is proven. Conversion of neodymium oxide to
neodymium fluoride solves the problem of low solubility of the neodymium oxide in
molten fluorides to a large extent. Once neodymium fluoride is formed, it can
subsequently be electrolysed for Nd production on the cathode. The formed solid
oxides of aluminium and zinc need to be removed from the electrolytes using e.g.
high temperature filtration to generate clean fluoride electrolytes. The design of the
reactor should be modified in a way that formed oxide can be collected and removed
from the top of the salt or at the bottom of the cell depending on the oxide density.

Use of reactive anode for Ndz203 electrolysis

A novel approach is developed in which iron anode is used as a substitute for
conventional graphite anode, promoting electrochemical dissolution of iron into the
melt, thus preventing CO, CO2, CF4 and C2F¢ gas evolution at the anode.

A new electrochemical set-up with the iron anode is used for the extraction of Nd
from Nd203 in LiF electrolyte. With dissolution of iron in the salt electrolyte as the
result of anodic reaction, fluorinating agent (FeFz) is constantly generated in situ
which enables the continuous conversion of neodymium oxide feed to the
corresponding fluoride. Once neodymium fluoride is formed, Nd and Fe are
simultaneously deposited on the cathode. Finally Nd-Fe is collected as the cathodic
product. The formed solid Fe;03 (or FeOx) should be removed from the bottom of
the electrolytic cell.

Nd-Fe alloy formation would increase the rare earth extraction efficiency due to
lower activity of the metal in the alloy, which decreases the reduction potential of
the rare earth. Nd-Fe alloy can be directly used as a master alloy for the production
of NdFeB magnets. The distribution of dissolved Fe between cathode deposition and
fluorination of Nd203 could be altered based on electrolysis conditions such as
applied current density.

Electrochemical reduction mechanisms

Studies of the electrochemical behaviour of NdF3 in LiF electrolyte by the means of
cyclic voltammetry prove that the neodymium ion reduction is a single step reaction
of Nd3* to Nd metal in the fluoride salt. From the chronopotentiograms of LiF-NdF3
system it is concluded that the reduction of NdF3 is a diffusion-controlled process.
From the linear relationship between the reduction peak current density and square
root of the potential scan rate, we assume that LiF-NdF3 system acts as a quasi-
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reversible system. Based on this assumption, the diffusion coefficient of Nd3+ ions is
calculated to be 4 x 10-2 m? s-1.

From the cyclic voltammetry analysis of LiF-FeF3 system, it is concluded that the
reduction of Fe3* to Fe is a two-step process, first from Fe3* to Fe2* and then Fe2* to
metallic iron.

No peak related to neodymium reduction or dissolution is found in the LiF-Nd203
cyclic voltammogram. It was suggested that neodymium oxyfluoride formation in
the LiF-Nd203 system prohibit the neodymium reduction, hence Nd203 cannot be
used for Nd extraction in LiF electrolyte (in the absence of NdF3).

Thermodynamic modelling of LiF-NdF3-DyF3 system

DyF3-NdF3 phase diagram is optimised with the experimental data obtained from
DTA analysis. DTA measurements together with microstructure analysis indicate
complete solubility of NdF3 and DyFs.

DyF3-LiF-NdF3 ternary phase diagram optimisation is performed based on the Gibbs
free energy parameters of LiF-NdF3, DyF3-LiF and DyF3-NdF3 binaries and the phase
diagram data obtained by DTA experiments. Ab initio calculations are used to obtain
the enthalpy of formation for LiDyF4, which is present in DyFs3-LiF system.

7.2 Recommendations for future research

The work presented in this thesis provides experimental analysis based on the
thermodynamic calculations for the electrochemical recovery of RE from RE oxides and
RE magnet in molten salt. The following recommendations for future work will provide
possible improvement in the subject towards the industrial applications.

Conversion of RE oxide to RE fluoride using fluorinating agents solves the problem
of low solubility of the neodymium oxide in molten fluorides to a large extent.
However, studies on the formation and the influence of oxyfluoride in the LiF-Nd203
system will provide insight for better control on the system which can result in
higher yield of the extraction. This analysis can be performed by the means of
Raman spectroscopy.

Based on the thermodynamic calculations, the dissolved Fe from Fe anode in LiF-
Nd203 system can participate in parallel in both the electrochemical process and the
chemical reaction with Nd203. The Nd-Fe alloy formation identifies that Fe is
involved in electrochemical reactions. Hence, the parallel electro-chemical reactions
cannot be ruled out. However, the presence of FeO and NdF3 proves that the
conversion has taken place. Further experiments should be conducted to investigate
the impact of the chemical reactions on the overall process. The study on the kinetics
of the reactions can also give a great insight into the subject. The distribution of
dissolved iron from anode between fluorination and direct cathodic reduction will
be a key.
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e In the current research, in-situ formation of FeF3 is performed with the use of iron
anode in the LiF-Nd;03 system. Considering the physical properties, the ability to act
as the fluoridising agent and the possibility of alloy formation on the cathode, other
reactive anodes can be investigated.



Summary

Electrochemical metal extraction in molten salts is the dominant industrial method for
production of Rare Earth (RE) metals from their oxides. Two major challenges
pertaining to RE metals extraction using this technology are a) low solubility of RE oxides
in molten salts and b) carbon monoxide or carbon dioxide generation and possibility of
fluorocarbon gas generation. The primary objective of this thesis is to find new methods
to overcome the problem of low solubility of RE oxides in molten fluorides in order to
increase the RE metal extraction yield from RE oxides. Another objective is to study
novel routes in order to prevent CO, COz and halogen gas generation in the RE metal
production from RE oxide and RE magnet scrap in molten salt electrolysis process.

In view of this, a treatment route is suggested for the conversion of RE oxide to RE
chloride/fluoride using strong chemical agents. Chapters 2, 3 and 4 investigate the
conversion routes for RE oxides as well as RE magnet scrap in both chlorides and
fluorides molten salts. Chapter 5 investigates the electrolysis step in which iron as a
reactive anode is used, preventing generation of fluorocarbon, CO and COz gas in the
extraction process. In Chapter 6 a thermodynamic modelling of the fluoride salt using
CALPHAD approach is carried out. The phase equilibria and thermodynamics of molten
fluorides system can be used for optimal design of RE extraction processes.

Chapter 2 of this thesis gives an overview of the previous studies on electrochemical
extraction of rare earth oxides and NdFeB magnets containing dysprosium both in
molten chlorides and fluorides. In this chapter the conversion of RE in the magnet into
RE chloride using AIClz in LiCl-NaCl-KCl electrolyte is studied. Subsequently the
electrochemical extraction of RE from RE chloride in this system is investigated.

The concept of chlorination for the RE in the magnet is used for fluoride salts. In chapter
3 conversion of RE oxide to RE fluorides using fluorinating agents is studied. Zinc
fluoride (ZnF:), aluminium fluoride (AlF3), iron fluoride (FeF3) and cryolite (NazAlFs)
are used as fluorinating agents. The feasibility of this conversion is investigated from
thermodynamic point of view using FactSage software as well as with experiments.
Conversion of RE oxide to RE fluoride in the LiF electrolyte solves the problem of the
low solubility of RE oxide in LiF to a large extent. After the conversion, RE can be
reduced on cathode from RE fluoride instead of RE oxide.

In Chapter 4 we investigate the conversion method for NdFeB magnet using the same
fluorinating agents that was used for RE oxides in chapter 3. Al, Zn and Fe, from AlF3,
NazAlFe¢, ZnF2 and FeF3, respectively, replace the rare earth element in the magnet
matrix, thereby forming compounds with Fe in the magnet and RE fluorides are formed.
Nd fluoride formation provides the possibility of a one-step recycling process of the rare
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earth elements from magnets. Based on the results, ZnF; and FeF3 are the strongest
fluorinating agents among the other agents investigated in these experiments.

Chapter 5 studies the use of a novel reacting electrode as a substitute for the graphite
anode which is used in the industrial processes. In the electrolysis process, iron is used
as a reactive anode, promoting electrochemical dissolution of iron into the melt, thus
preventing carbon monoxide, carbon dioxide and fluorine or fluorocarbon gas evolution
at the anode during RE fluoride electrolysis. Therefore, the fluorinating agent is
constantly regenerated in situ, which enables the continuous conversion of neodymium
oxide feed. The final cathodic product is Nd-Fe alloy which can be collected from Mo
cathode. Iron dissolved from the anode will be distributed between FeF3 and cathode
product Fe-Nd alloy. Regarding this process, the proportion of Nd and Fe in the cathode
alloy needs to be further studied. The design of the reactor should be also modified in a
way that formed undissolved metal oxides can be collected and removed from the salt.

In this chapter the electrochemical behaviour of different fluoride salt systems is also
studied using cyclic voltammetry, chronopotentiometry and square wave voltammetry
techniques. The cyclic voltammogram of LiF-NdF3 system shows that neodymium ion
reduction is a single step reaction of Nd3* to Nd metal. The same study on the LiF-FeF3
system shows that the reduction of Fe3* to Fe is a two-step process, first from Fe3* to
Fe2* and then from Fe2* to metallic iron. In the cyclic voltammetry study of the LiF-
Nd203 system, no peak related to Nd reduction is observed. This result confirms that
Nd203 cannot be used for Nd extraction in the absence of NdF3 in the electrolyte.

Chapter 6 studies the thermodynamic modelling of LiF-DyF3-NdFs system. Gibbs
energies of LiF-NdF3 and LiF-DyF3 systems are modelled using the constitutional data
from literature. Moreover, ab initio calculations are carried out to obtain enthalpy of
formation of LiDyF4, an intermediate phase that is found to exist in the LiF-DyF3 system.
Differential thermal analysis (DTA) is performed for the optimization of NdF3-DyF3
system. The obtained Gibbs free energy functions for limiting binary phase diagrams
determined in this work along with DTA analysis for LiF-NdF3-DyF3 system are used for
modelling Gibbs free energy functions of equilibrium phases in the ternary system.



Samenvatting

Elektrochemische extractie in gesmolten zout is de meestgebruikte methode in de
industrie voor de extractie van zeldzame-aardmetalen (ZA) (Engels: Rare Earth metals,
RE) uit hun oxides. De ZA-metaal-extractie met deze techniek heeft twee grote
uitdagingen: a) de lage oplosbaarheid van de ZA oxides en b) de mogelijkheid van de
ontwikkeling van anodisch halogeengas of de productie van koolstofdioxide en
koolstofmonoxide. Het hoofddoel van dit proefschrift is het vinden van nieuwe
methoden om het probleem van de lage oplosbaarheid van ZA oxide in gesmolten
fluoriden te overkomen om zo het rendement van de extractie van ZA metalen uit hun
oxides te verhogen. Een tweede doel is onderzoek aan nieuwe routes om de evolutie van
CO, COz2 en halogeengassen te voorkomen in de productie van ZA metaal vanuit ZA
oxide en ZA-gebaseerde magneten in het gesmolten-zout elektrolyseproces. Het gaat bij
deze laatste categorie vooral om NdFeB magneten.

Met dit in gedachten is een behandelingsroute voorgesteld voor de conversie van ZA
oxide tot ZA chloride/fluoride die gebruik maakt van sterke chemische reactanten.
Hoofdstuk 2, 3 en 4 onderzoeken de conversieroute van ZA oxiden en ook ZA-
gebaseerde magneten in gesmolten chloride- en fluoride-zouten. Hoofdstuk 5
onderzoekt de elektrolysestap waarbij ijzer als reactieve anode wordt gebruikt, om zo
de ontwikkeling van halogeengas en CO, CO; te voorkomen tijdens het extractieproces.
In hoofdstuk 6 wordt een thermodynamische modelering van het fluoride-zout met de
CALPHAD methode uitgevoerd.

Hoofdstuk 2 van dit proefschrift geeft een overzicht van de vorige studies aan
elektrochemische extractie van zeldzame-aardoxiden en dysprosium bevattende NdFeB
magneten in gesmolten chloride- en fluoride-zouten. In dit hoofdstuk wordt de
conversie, gebruik makend van AlCl3 in een LiCl-NaCl-KCl elektrolyt, van ZA in de
magneet tot ZA chloride bestudeerd. Daarna wordt ook de elektrochemische extractie
van ZA metalen uit ZA chloride in het systeem behandeld.

Het concept van chlorinatie van de ZA in de magneet wordt gebruikt in het fluoride-
zout. In hoofdstuk 3 wordt de conversie van ZA oxide tot ZA fluoride bestudeerd. Zink
fluoride (ZnF2), aluminium fluoride (AlF3), ijzer fluoride (FeF3) en kryoliet (Na3AlFe)
worden gebruikt als fluoreringsreagentia. De haalbaarheid van deze conversie wordt
onderzocht via experimenten en ook vanuit thermodynamisch standpunt met de
FACTSage software. De conversie van ZA oxide tot ZA fluoride in het LiF elektrolyt lost
het probleem van de lage oplosbaarheid van ZA oxide in LiF grotendeels op.

In hoofdstuk 4 onderzoeken we de conversiemethode voor NdFeB magneten met
dezelfde fluoreringsreagens. Al, Zn en Fe, respectievelijk afkomstig van AlF3 / NazAlFe,
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ZnF; en FeF3, vervangen de zeldzame-aardmetalen in de magneetmatrix, en vormen zo
verbindingen met Fe in de magneet. De vorming van Nd fluoride voorziet in de
mogelijkheid voor een één-staps-recycling proces voor zeldzame-aardmetalen uit
magneten.

Hoofdstuk 5 onderzoekt het gebruik van een nieuwe anode-elektrode als vervanging
van de grafietelektrode die gebruikt wordt in de industrie. In het elektrolyseproces
wordt ijzer gebruikt als reactieve anode. Deze bevordert de elektrochemische oplossing
van ijzer in het gesmolten zout, om zo de ontwikkeling van fluorgas aan de anode te
voorkomen. Hierdoor wordt de fluoreringsreagens constant in situ geregenereerd,
hetgeen de continue conversie van de Nd oxide voeding mogelijk maakt. Het
uiteindelijke kathodische product is een Nd-Fe legering die verzameld kan worden aan
een Mo kathode.

In dit hoofdstuk wordt ook het elektrochemisch gedrag van de verschillende fluoride-
zoutsystemen  onderzocht, gebruik makend van cyclische voltametrie,
chronopotentiometrie en square wave voltammetry. Het cyclische voltammogram van
LiF-NdF3 toont aan dat de reductie van het neodymiumion een één-staps-proces is,
namelijk Nd3* tot Nd metaal. Dezelfde studie op het LiF-FeF3 systeem toont aan dat de
reductie van Fe3* tot Fe een twee-staps-proces is, van Fe3* naar Fe2* en dan van Fe2+
naar metallisch ijzer. In de cyclische-voltametrie studie van het LiF-Nd203 systeem
werden geen pieken gerelateerd aan de reductie van Nd waargenomen.

Hoofdstuk 6 bestudeert de thermodynamische modelering van het LiF-DyF3-NdF3
systeem. De Gibbs vrije energieén van de LiF-NdF3 en LiF-DyFs systemen zijn
gemodelleerd door gebruik te maken van de constitutionele data in de literatuur.
Bovendien werden ab initio berekeningen uitgevoerd om de vormingsenthalpie van
LiDyFs, een intermediaire fase in het LiF-DyF3 systeem, te bepalen. Differentiéle
thermische analyse (DTA) werd uitgevoerd om het NdF3-DyF3 systeem te optimaliseren.
De verkregen Gibbs vrije energie functies, bepaald via het limiteren van de binaire
systemen, samen met de DTA analyse van het LiF-NdF3-DyF3 systeem, werden gebruikt
om de Gibbs vrije energie functies van de evenwichtsfasen in het ternaire systeem te
modelleren.
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