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Summary

are earth elements (REES) are a group of 17 metallic elements, including

15 lanthanides, scandium and yttrium, which have remarkably similar
chemical and physical properties. Nowadays, rare earth metals are widely
used in such fields as electronics, petroleum, and metallurgy. Rare earth
elements are considered as vitamin to modern industry and critical resources
to many countries.

Neodymium is a light lanthanide, and its demand has been substantially
boosted due to the broad application of NdFeB permanent magnets in
electronics and new energy industries.

Oxide-fluoride electrolysis is the main commercial method to produce rare
earth metals and their alloys, especially light lanthanides, in both primary
and secondary production. The oxide-fluoride electrolysis process involves
first the dissolution of rare earth oxide(s) (REO(s)) in a molten fluoride, which
serves as both a solvent and an electrolyte. During an electrochemical
process, rare earth cations are reduced at the cathode and the respective
metal is formed. Even though this method was adopted from laboratory to
industrial production about 50 years ago, the exact mechanism of the
process is not fully clarified. A deeper understanding of the process from
both physicochemical and electrochemical points of view is crucial for process
optimization, improving its current efficiency and power consumption.
Maintaining enough REOs in the electrolyte and having a fast dissolution are
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crucial factors for good industrial practice. Identifying the electrochemical
reactions involved during the electrolysis is vitally important for promoting
target reactions and restricting side reactions, which are linked directly to
the economic indicators of the process.

Therefore, this thesis focuses on the solubility of REOs in molten fluorides,
developing a semi-empirical model for the estimation of REO solubility,
dissolution behavior of Nd.Os in molten fluoride, and electrochemical
behavior of Nd(III) in fluoride melt.

Chapter 1 gives an introduction of the thesis, which covers the general
background information of the thesis and how the thesis is organized.

In Chapter 2, an overview of the methods for preparing rare earth metals
from either oxides or salts are given. Their strong and weak points are also
summarized with respect to economic and environmental factors. The
emphasis is on oxide-fluoride electrolysis, of which the development as well
as the challenges are identified.

In Chapter 3, a comprehensive analysis of the available solubility data from
literature is presented to identify the key influencing factors on REO solubility
in molten fluorides. In general, the solubility of REO in molten fluorides is
rather low, usually lower than 3 mol.% (10 wt. %). Temperature and
composition of the melts are found to be two main influencing factors. There
is a linear relationship between the natural logarithm of the solubility and the
reciprocal of the absolute temperature. The solubility increases with the
concentration of the rare earth fluoride (RFs3). Addition of alkali metal fluoride
(AF) can lower the melting points of binary systems and improve their
electrical conductivity. Alkali earth metal fluoride (AeF.) can further lower the
melting points and improve the stability of the melts.

In Chapter 4, a semi-empirical model is developed to predict the REO
solubility in molten fluorides, based on the systematic analysis of different
influential factors and fundamental understanding of the dissolution
reactions. The model reflects the influence of temperature and melt
composition quantitatively. The average relative deviation of the model from
the experimental data extracted from the literature is approximately 8 % for
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Nd.Os and 7 % for Y,03, which is within the experimental uncertainty. The
solubility is also found to be qualitatively correlated with the ion charge
density of the cations in the molten salts.

In Chapter 5, three frequently used approximations, i.e., the invariant-field
(IF) (Laplace), reverse-growth (RG), and invariant-size (IS) (stationary-
interface) approximations, for the diffusion equation of a spherical particle
dissolving in infinite solution, are systematically discussed and compared
with numerical simulation results. The relative errors of the dissolution curves
and total dissolution time of the three approximations to the numerical
simulations are determined. It is found that the approximations have limited
application ranges in which the error can be controlled below a certain level.
With further experimental validation, this research provides a methodology
to properly describe the dissolution process of a spherical particle
quantitatively and adequately estimate effective diffusion coefficients and
activation energies within the experimental uncertainties. Two examples are
given to illustrate the application of the three approximations in practice for
the investigation of dissolution kinetics of spherical particles in melts.

Based on the outcomes from Chapter 5, Chapter 6 provides a methodology
to estimate the dissolution kinetics of rare earth oxides in molten fluorides.
The dissolution of rare earth oxides in molten fluorides is a critical step during
oxide-fluoride electrolysis. The dissolution behavior of Nd,Os particles in
molten fluorides is studied via /n-situ observation with confocal scanning
laser microscopy. Combining the direct observation with thermodynamic
analyses on the particle dissolution, the rate-limiting step(s) and the
influencing parameters, temperature, salt type, and composition, are
identified for the dissolution.

In Chapter 7, the electrochemical behavior of trivalent neodymium (Nd(III))
in molten LiF-CaF, is studied with cyclic voltammetry, square wave
voltammetry, and chronopotentiometry. Two neodymium compounds, Nd,O3
and NdFs, are applied as the source of NA(III) for the electrochemical
experiments. The results show that the cathodic process of Nd(III) reduction
is different in these two systems. The reduction of Nd,Os in LiF-CaF; involves
two steps, i.e., Nd(III)+e—Nd(II) and Nd(II)+2e —Nd(0) , while the

electrochemical reduction of Nd(III) in LiF-CaF,-NdFs; is a single reaction with
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three electrons being exchanged. The potentiostatic electrolysis
demonstrates that the electrowinning of neodymium metal can be achieved
in LiF-CaF,-Nd,O3 system and confirms the conclusion from the
electrochemical study that the neodymium metal precipitates at the second
step of the reduction of Nd,Os in LiF-CaF-.

In addition, an alloy mainly containing Nd was obtained by constant potential
electrolysis in LiF-NdF; from a REO mixture that was concentrated from two
type of REE urban resources, tailings from the iron ore mining industry and
magnetic waste material from WEEE recycling industry. The obtained rare
earth alloy fulfils the requirement of rare earth metals/alloys for the
application in general industrial sectors. This demonstrates the feasibility of
the recovery of REEs from waste streams via physical separation, chemical
upgrading, and molten salt electrolysis. This can have great impact on the
rare earth industry with respect to environmental issues, resource limitation,
and supply risks.

In Chapter 8, the main conclusions from this research are summarized. The
solubility and dissolution of rare earth oxides in molten fluorides are found
to be associated with temperature and the composition of the melts. The
electrochemical reduction of Nd>Os and NdFs in LiF-CaF; is different. Based
on the findings from this thesis, future work, which is crucial but still missing
in this field, is put forward.



Samenvatting

Z eldzame aardelementen (REE's) zijn een groep van 17 metaalelementen,
namelijk 15 lanthaniden, scandium en yttrium, die opmerkelijk
vergelijkbare chemische en fysische eigenschappen hebben. Tegenwoordig
worden zeldzame aardmetalen veel gebruikt in gebieden als elektronica,
aardolie en metallurgie. Zeldzame aardelementen worden als vitamine voor
de moderne industrie beschouwd en in veel landen gezien als cruciale
grondstoffen.

Neodymium is een licht lanthanide en de vraag ernaar is aanzienlijk gestegen
dankzij de brede toepassing van permanente NdFeB-magneten in de
elektronica- en nieuwe energie-industrie.

Oxide-fluoride-elektrolyse is de voor-naamste commerciéle methode voor
het produceren van zeldzame aardmetalen en hun legeringen, vooral lichte
lanthaniden, zowel in de primaire als in de secundaire productie. Het oxide-
fluoride-elektrolyseproces omvat eerst het oplossen van zeldzame-
aardoxide(n) (REO ('s)) in een gesmolten fluoride, dat zowel als oplosmiddel
als als elektrolyt dient. Tijdens een elektrochemisch proces worden kationen
van zeldzame aardmetalen aan de kathode gereduceerd en wordt het
betreffende metaal gevormd. Hoewel deze methode ongeveer 50 jaar
geleden werd ontwikkeld van laboratorium tot industriéle productie, is het
exacte mechanisme van het proces niet volledig opgehelderd. Een dieper
begrip van het proces vanuit zowel fysisch-chemisch als elektrochemisch
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oogpunt is cruciaal voor procesoptimalisatie, waardoor de huidige efficiéntie
en het stroomverbruik worden verbeterd. Het handhaven van voldoende
REOs in het elektrolyt en het hebben van een snelle ontbinding zijn cruciale
factoren voor een goede industriéle praktijk. Het identificeren van de
elektrochemische reacties die betrokken zijn bij de elektrolyse is van vitaal
belang voor het bevorderen van doelreacties en het beperken van
nevenreacties, die rechtstreeks verband houden met de economische
indicatoren van het proces.

Daarom richt dit proefschrift zich op de oplosbaarheid van REQ's in
gesmolten fluoriden, het ontwikkelen van een semi-empirisch model voor de
schatting van de oplosbaarheid van REO, het oplossingsgedrag van Nd;Os in
gesmolten fluoride en het elektrochemische gedrag van Nd(III) in een
fluoridesmelt.

Hoofdstuk 1 geeft een inleiding op het proefschrift, waarin de algemene
achtergrondinformatie van het proefschrift en de opzet van het proefschrift
worden behandeld.

In Hoofdstuk 2 wordt een overzicht gegeven van de methoden voor het
bereiden van zeldzame aardmetalen uit oxiden of zouten. Ook hun sterke en
zwakke punten worden samengevat met betrekking tot economische en
milieufactoren. De nadruk ligt op oxide-fluoride-elektrolyse, waarvan zowel
de ontwikkeling als de uitdagingen worden geidentificeerd.

In Hoofdstuk 3 wordt een uitgebreide analyse van de beschikbare
oplosbaarheidsgegevens in de literatuur gepresenteerd om de belangrijkste
beinvloedende factoren op de REO-oplosbaarheid in gesmolten fluoriden te
identificeren. In het algemeen is de oplosbaarheid van REO in gesmolten
fluoriden laag, gewoonlijk lager dan 3 mol.% (10 gew.%). Temperatuur en
samenstelling van de smelten blijken twee belangrijke invloedsfactoren te
zijn. Er is een lineair verband tussen de natuurlijke logaritme van de
oplosbaarheid en het omgekeerde van de absolute temperatuur. De
oplosbaarheid neemt toe met de concentratie van het zeldzame aardfluoride
(RF3). Toevoeging van alkalimetaalfluoride (AF) kan de smeltpunten van
binaire systemen verlagen en hun elektrische geleidbaarheid verbeteren.



SAMENVATTING XV

Aardalkalimetaalfluoride (AeF;) kan de smeltpunten verder verlagen en de
stabiliteit van de smelten verbeteren.

In Hoofdstuk 4 wordt een semi-empirisch model ontwikkeld om de REO-
oplosbaarheid in gesmolten fluoriden te voorspellen, gebaseerd op de
systematische analyse van verschillende invloedsfactoren en fundamenteel
begrip van de oplossingsreacties. Het model geeft de invioed van
temperatuur en smeltsamenstelling kwantitatief weer. De gemiddelde
relatieve afwijking van het model van de experimentele gegevens uit de
literatuur is ongeveer 8 % voor Nd>Os en 7 % voor Y,0s, hetgeen binnen de
experimentele onzekerheid valt. De oplosbaarheid blijkt ook kwalitatief
gecorreleerd te zijn met de ionenladingsdichtheid van de kationen in de
gesmolten zouten.

In Hoofdstuk 5 worden drie veelgebruikte benaderingen, namelijk het
invariant-veld (IF) (Laplace), omgekeerde groei (RG) en invariante grootte
(IS) (stationaire interface) benaderingen, voor de diffusievergelijking voor
het oplossen van een bolvormig deeltje in oneindige oplossing, systematisch
besproken en vergeleken met numerieke simulatieresultaten. De relatieve
fouten van de oplossingscurves en de totale oplostijd van de drie
benaderingen van de numerieke simulaties worden bepaald. Het blijkt dat de
benaderingen een beperkt toepassingsbereik hebben waarin de fout onder
een bepaald niveau kan worden beheerst. Met verdere experimentele
validatie biedt dit onderzoek een methodologie om het oplossingsproces van
een bolvormig deeltje correct kwantitatief te beschrijven en om de effectieve
diffusiecoéfficiénten en activeringsenergieén adequaat te bepalen binnen de
experimentele onzekerheden. Twee voorbeelden worden gegeven om de
toepassing van de drie benaderingen in de praktijk te illustreren voor het
onderzoek naar de oplossingskinetiek van bolvormige deeltjes in smelten.

Op basis van de uitkomsten van Hoofdstuk 5, biedt hoofdstuk 6 een
methodologie om de oplossingskinetiek van zeldzame aarden oxiden in
gesmolten fluoriden te schatten. Het oplossen van zeldzame aardoxiden in
gesmolten fluoriden is een cruciale stap tijdens de oxide-fluoride-elektrolyse.
Het oplossingsgedrag van Nd,Os-deeltjes in gesmolten fluoriden wordt
bestudeerd via in-situ observatie met confocale scanning lasermicroscopie.
Door de directe waarneming te combineren met thermodynamische analyses
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van het oplossen van de deeltjes, worden de snelheidsbepalende stap(pen)
en de beinvloedende parameters, temperatuur, zouttype en samenstelling,
voor het oplossen geidentificeerd.

In Hoofdstuk 7 wordt het elektrochemische gedrag van driewaardig
neodymium (Nd(III)) in gesmolten LiF-CaF, bestudeerd met cyclische
voltammetrie, blokgolfvoltammetrie en chronopotentiometrie. Twee
neodymiumverbindingen, Nd,Os; en NdFs, worden toegepast als bron van
Nd(III) voor de elektrochemische testen. De resultaten laten zien dat het
kathodische proces van Nd(III)-reductie in deze twee systemen verschillend
is. De reductie van Nd,O3 in LiF-CaF, omvat twee stappen, d.w.z.
Nd(III) +e —Nd(II) en Nd(II)+2e —Nd(0) terwijl de elektrochemische

reductie van Nd(III) in LiF-CaF,-NdFs; een enkele reactie is waarbij drie
elektronen worden uitgewisseld. De potentiostatische elektrolyse toont aan
dat de elektrowinning van neodymiummetaal kan worden bereikt in het LiF-
CaF,-Nd,0s3-systeem en bevestigt de conclusie uit de elektrochemische studie
dat het neodymiummetaal neerslaat bij de tweede stap van de reductie van
Nd203 in LiF-CaF,.

Bovendien werd een legering die voornamelijk Nd bevatte, verkregen door
constante potentiéle elektrolyse in LiF-NdFs uit een REO-mengsel dat was
geconcentreerd uit twee soorten secundaire REE-bronnen: residuen van de
ijzerertsindustrie  en magnetisch afvalmateriaal van de WEEE-
recyclingindustrie. De verkregen legering van zeldzame aardmetalen voldoet
aan de vereisten van zeldzame aardmetalen / legeringen voor toepassing in
algemene industriéle sectoren. Dit toont de haalbaarheid van het
terugwinnen van REE's uit afvalstromen via fysieke scheiding, chemische
opwerking en elektrolyse van gesmolten zout. Dit kan grote gevolgen hebben
voor de industrie van zeldzame aardmetalen met betrekking tot
milieukwesties, beperking van de exploitatie van grandstoffen en
leveringsrisico's.

In hoofdstuk 8 worden de belangrijkste conclusies van dit onderzoek
samengevat. De oplosbaarheid en ontbinding van zeldzame aardoxiden in
gesmolten fluoriden blijken geassocieerd te worden met temperatuur en de
samenstelling van de smelt. De elektrochemische reductie van Nd>Oz en NdFs;
in LiF-CaF; is anders. Op basis van de bevindingen uit dit proefschrift wordt
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toekomstig werk, dat cruciaal is maar nog steeds ontbreekt op dit gebied,
naar voren gebracht.
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Introduction

Rare earths are a group of 17 elements, including lanthanum, cerium,
praseodymium, neodymium, promethium, samarium, europium,
gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, and
lutetium. Rare earth elements (REES) are not ‘rare’ but fairly abundant. They
have extremely similar atomic structure, ionic radius, and electron
configuration. Therefore, they are very much alike in chemical, physical, and
metallurgical behavior.

REEs are widely used in both civil and military fields. They are essential
materials for advanced manufacturing, new energy, and high-tech products.
The annual global production of rare earth ore increased from 65 thousand
tons in 1994 to more than 170 thousand tons in 2018 (see Figure 1.1). The
rapid increase implies that the urgent demand for REEs due to their
irreplaceability in advanced technologies. REEs neodymium, dysprosium,
terbium and yttrium, are identified among elements with highest risk for
future development of low-carbon energy technologies 2.

REEcover is a project aiming to improve European supply of the critical REEs,
yttrium, neodymium, terbium, and dysprosium, through two different routes
for hydro/pyro metallurgical recovery of REEs from two different types of
deposited industrial wastes, i.e., tailing from the iron ore industry and
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magnetic waste material from the WEEE recycling industry, which represent
REE resources of high volume low concentration and low volume high
concentration, respectively.
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Figure 1.1 Global production of rare earth ores and its increase rate
from 1994 to 2018 (data collected from USGS 3)

REEcover includes 9 work packages, covering physical separation,
hydro/pyro metallurgical up-grading of dilute streams to produce rare earth
oxide (REO) or rare earth oxycarbide (REOC) concentrates, electrolytic
reduction of REO or REOC from upstream, integral value chain development,
and other supported elements.

This thesis is mainly based on the work done within one of these packages,
which focuses on the electrolytic reduction of REO in fluoride electrolytes and
investigates the electrolyte chemistry and its influence on electrolytic
processes and electro-chemical reaction mechanisms of electrolytic reduction
of REO in fluoride electrolytes to provide fundamental understanding for
process optimization.
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Rare earth metals (REMs) are highly reactive elements and found in various
stable compounds in nature. Therefore, considerable energy is required to
extract these elements by decomposing their compounds. Practical
metallurgical processes for the preparation of REMs are limited to electrolysis
or metallothermic reduction of their oxides or salts. The thermoreduction
requires expensive reductants as calcium. The raw materials of
electrowinning can be rare earth chlorides or oxides, while the electrolyte
systems can be chlorides or fluorides.

Oxide-fluoride electrolysis is an energy- and cost-efficient process, especially
for light lanthanides, and is the major commercial process for these metals.
The starting material is REO, which is concentrated from mineral processing.
The electrolyte is a mixture of fluorides, which can be a binary system of LiF
and rare earth fluoride (REF) or a ternary system of LiF, REF, and alkali earth
metal fluoride (AEF). Before precipitating at the cathode, rare earth cations
are formed via the interaction between REO and molten fluorides, i.e., REO
dissolving in the electrolyte. During the electrolysis, relatively low solubility
of REOs in the fluoride electrolyte as well as the diversity of solubility
behavior of the oxides in different electrolytes may bring difficulties during
the selection of a proper electrolyte composition. In addition, the dissolution
behavior of REOs including the kinetics and dissolution during electrolysis
also highly influences the electrolysis. The cathodic reaction during
electrolysis has not been clarified yet, which bring difficulties in controlling
electrolytic cell parameters for optimal operation.

This thesis is based on the state-of-the-art and is organized according to the
following chart (Figure 1.2):

Chapter 2: The methods for preparing REMs from either oxides or salts are
summarized. Their strong and weak points are discussed. The focus is on
oxide-fluoride electrolysis and its challenges.

Chapter 3: The solubility of REOs in fluoride melts is comprehensively
evaluated. The effects of different factors including temperature, electrolyte
composition, REO types are thermodynamically clarified.
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Figure 1.2 Thesis structure

Chapter 4: A semi-empirical model is developed to predict the REO solubility
in molten fluorides, based on the systematic analysis of different influential
factors and fundamental understanding of the dissolution reactions.

Chapter 5: Dissolution models of spherical particles are evaluated. Three
frequently used approximations, i.e., the invariant-field (IF) (Laplace),
reverse-growth (RG), and invariant-size (IS) (stationary-interface)
approximations, are systematically discussed and compared with numerical
simulation results. The results reveal the appropriate application ranges of
the approximations for given precision levels.

Chapter 6: The dissolution behavior of Nd.Os particles in molten fluorides
was studied via in-situ observation with confocal scanning laser microscopy.
Combining direct observation with thermodynamic analyses on the oxide
dissolution, the rate-limiting step(s) and the effects of parameters like
temperature, salt type, and composition on the dissolution rate are identified.

Chapter 7: The electrochemical behavior of trivalent neodymium (Nd(III)) in
molten LiF-CaF; is studied with cyclic voltammetry, square wave voltammetry,
and chronopotentiometry. The possibility of extracting REEs from
concentrated mixture of secondary resources of mine tailings and electronic
waste is demonstrated by electrolysis in molten LiF-NdF; melt.
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Chapter 8: In this chapter, the main conclusions from this study are
summarized, and future work in this field is recommended to continue and
extend the work done in this research.
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Literature Review

Abstract

his chapter gives an overview of the methods for preparing rare earth

metals from either oxides or salts. A discussion on different routes is
given to summarize the disadvantages and advantages of each technique.
More details about the state-of-the-art development in oxide-fluoride
electrolysis are also given in this chapter. The objective is to identify the
existing challenges and knowledge gaps in order to achieve effective rare
earth metals/alloys preparation using electrolysis both in primary production
and recycling.

2.1 Introduction

Rare earth oxides, as the final products of the ore processing and
separation operations and naturally the starting material for reduction
to metals, are extremely stable and therefore, difficult to be reduced to
metals'?. These difficulties linked to chemical bonds, in some cases, can be
mitigated by physical properties, e.g., melting point and vapor pressure of
reactants. The routes for rare earth metal (REM) preparation are summarized
in Figure 2.1.
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Figure 2.1 Routes for REM preparation

In general, the methods for preparation of REMs can be divided into two
groups: metallothermy and electrolysis.

The starting materials for metallothermic reduction can be rare earth
chlorides, fluorides, and oxides. Due to their strong chemical bonds, the
reductant candidates are rather limited. Under standard conditions, only
calcium can reduce rare earth oxides and fluorides while their chlorides can
be reduced by potassium, sodium and lithium as well as by calcium 3.
However, the real reduction often takes place under nonstandard conditions.
Change of the activities of the constituents alters the value of the Gibbs free
energy of the reaction. When it is negative, a favorable condition for the
reduction to proceed is created. The typical methods to change the activities
are the formation of a metal with low boiling point in gaseous state where
under-pressure or vacuum promotes the forward reactions, recovery of the
reduced metal as an alloy and separation of oxidized product as a complex
slag. These three routes have all been applied to the preparation of REMs 3.
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As given in Figure 2.1, depending on the upstream process, rare earth oxides
(REOs) may need to be converted into rare earth fluorides (REFs) or chlorides
in order to facilitate metallothermy during which metallic REMs can be easily
separated. In the process of REOs being converted to halides, distillation
may be used to primarily separate different rare earth elements (REES).
However, it is clear that this route requires more operational procedures than
electrolysis. The energy consumption of the former process is usually much
higher than that for electrolysis and the materials efficiency is also lower.
Regarding these concerns, metallothermy process is mostly used for
processing of REEs with high melting points (e.g., Y in Figure 2.2).
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Figure 2.2 REM melting and boiling points

2.2 Metallothermic reduction

2.2.1 Chloride reduction

T he main reaction can be formulated as:
XRECI, +3M = 3MCl, +xRE (2.1)

An appropriate reductant should have a stronger bond to chlorine than the
rare earth element. Magnesium and calcium are two successful reductants
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in preparing light lanthanides — lanthanum, cerium, praseodymium,
neodymium, and gadolinium. They both can obtain REMs with purities over
98% 3.

In early investigations, the metal products from metallothermic reduction
were in a powder form dispersed in slag, resulting from insufficient heat to
melt the reaction products. In order to get better metal-slag separation, a
booster was usually added to the reactants to supplement the enthalpy of
the main reaction and form a low melting alloy and slag *¢’. To be an
appropriate booster, the chemical should react with the reactants highly
exothermically, it should not introduce impurities into the product, and the
reaction should be controllable. Iodine, potassium chlorate, sulfur, and zinc
chloride were tested as a booster for calciothermic reduction of cerium,
lanthanum, neodymium, praseodymium, samarium and yttrium %. The charge
was a mixture of rare earth chloride, calcium, and a booster. Iodine was
proved to be particularly eligible as a booster. The reaction between calcium
and iodine was very exothermic and gave calcium iodide as a product,
forming a low melting slag with calcium chloride from the primary reaction,
which promoted the separation metal from the slag. Other inexpensive
substitutes, e.g., sulfur, potassium chlorate, and zinc chloride, were also
investigated *’. None of them showed satisfactory results compared with
iodine.

As shown in Figure 2.1, rare earth (master) alloys instead of REMs are
sometimes required and the preparation route can be re-constructed by
adding (alloy) metal powder or metal swarf along with RE salts. It is more
favorable to prepare rare earth elements with high melting points. For
instance, yttrium was prepared as an yttrium-magnesium alloy by calcium
reduction of yttrium trichloride in the presence of magnesium &, The yttrium-
magnesium alloy has a much lower melting point than yttrium itself and was
molten at the reaction temperature. Clean metal-slag separation was
therefore possible. The excess calcium and magnesium were removed by
vacuum heat treatment. A similar process was used to prepare scandium
metal as a low melting scandium-magnesium alloy by reducing scandium
trichloride with calcium °.
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Additionally, Fe-Nd, Fe-Ni-La-Ce, Ni-La, Nd-Zn etc. can also be prepared by
this route 2 (Figure 2.1). This process enables lower operational
temperatures. It can be further extended to prepare La-Sm, Ce-La-Sm
master alloys 912,

Another example is Sm-Co-M alloys. The reaction temperature is around
1050 °C. Either Sm halide or oxide is possibly used as the starting material
while Co powder of a suitable size/size distribution needs to be used 1314, Ca
metal is used as the reductant to reduce Sm compounds into metallic form.
The process takes a long time to ensure Sm diffuses into Co particles to form
SmCos. Afterwards, acidic leaching is usually used to recover SmCos powder
or Sm-Co-M alloy powder. This process is further developed to be a solid
state process known as reduction diffusion process *° (Figure 2.3).
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Figure 2.3 Sketch of the calcium metallothermic reduction
principles 12

It is also possible to obtain the metal/alloy in a sponge form, as in the Kroll
process for titanium production. Yttrium metal was successfully prepared by
lithium or sodium reduction of yttrium trichloride in argon atmosphere 117,
After reaction completion, the as-reduced metal was subjected to vacuum
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heat treatment to remove the excess reductants and chloride slags. The
yttrium recoveries in lithium reduction (95 % — 99 %) were higher than those
in sodium reduction (61 % — 85 %), while yttrium produced by sodium
reduction had less carbon and oxygen impurities than that obtained by
lithium reduction.

2.2.2 Fluoride reduction

Even though the method of producing rare earth metals by the
metallothermic reduction of the chlorides is feasible to most of the
metals, special care must be taken throughout the procedure on account of
their hygroscopicity and volatility. To overcome these two limitations,
scientists turned to fluoride reduction. It proved to be technically more
perfect than the chloride route for most of the rare earth elements.

Similar to chloride reduction, the reduction of REFs by metallic reductants
can be expressed as:

XREF, +3M = 3MF, + xRE (2.2)

Usually, the reaction is strongly endothermic. As shown in Figure 2.4, REFs
are mixed with metallic calcium and loaded into a crucible which may be
tantalum. The process is usually carried out with induction heating under
vacuum. It needs to be noticed that fluoride usually has a high melting point
and it is critical to keep the reaction temperature high enough to ensure
separation of slag and REMs.

The route, obtaining REMs by calciothermic reduction from their fluorides,
was also introduced to the industrial production of REMs 18,

Although the calcium reduction of REF was applicable to high melting REMs,
the contamination from the crucible material was severe at high reaction
temperature required for the processes. Scientists found a solution in the
intermediate alloy process. Studies were mainly focused on preparation of
yttrium and scandium in form of low melting alloys with zinc or more
successfully with magnesium 819-22,
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Figure 2.4 Experimental setup for the calciothermic reduction of
REFs 3

2.2.3 Oxide reduction

hen employing the processes described so far to samarium, europium,

and ytterbium trihalides, the products are thermodynamically easier
to form dihalides rather than metals 2023, Therefore, REOs during
metallothermic reduction are more common. The reaction between REO and
an appropriate reductant is

xRE,0, +6M=3M,0_+2xRE (2.3)

Calcium, magnesium, and carbon are three candidates among popular
metallic reducing agents for this route. Calcium oxide is more stable than
REOs. However, the stability of magnesium oxide is only marginally higher
or comparable to that of REOs. Carbon is an excellent reductant at about
1700 °C and a CO pressure lower than 100 Pa.

Early attempts to prepare REMs by calcium or magnesium reduction of their
oxides invariably ended up with a mixture consisting of the metal and calcium
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oxide or magnesium oxide 2*28, which could not be separated. Due to the
high melting point of calcium oxide and magnesium oxide, a molten form of
metal or slag could not be formed during the reduction, which prohibits the
separation by gravity. A post-aqueous treatment was necessary to recover
the fine metal powder, which usually introduces oxygen contamination.
Concerning the reductant, in order to seek more economical reductants than
calcium, pure lithium, lithium-calcium alloys, magnesium, aluminium, sodium,
and zinc can also be used as reductants in an intermediate alloy process.

In a subsequent process, reduction-distillation is used for the preparation of
pure samarium and ytterbium 112°, The inspiration of this method, in which
the metal reduced by lanthanum was distilled immediately and collected later
in a condenser, originated from the Pidgeon process for magnesium and the
remarkable difference in volatility between the desired metal and other
components of the process . It was found to be useful for the preparation
of samarium, europium, and ytterbium, which could not be obtained by the
halide reduction. Lanthanum can be chosen as the reductant for this
reduction-distillation process due to its vapor pressure much lower than other
REMs, its low melting point and high exothermic reaction with samarium
oxide, europium and ytterbium. That is why this process is also known as
lanthanothermic reduction or lanthanothermy. The mixture of the reactants
was loaded to a tantalum crucible with a perforated tantalum lid. The crucible
had a long wall compared to its diameter, which allowed the upper half of
the crucible to be extended out of the furnace. The reaction was conducted
under vacuum condition and at 1450 °C for about 30 minutes. The metal was
collected on the upper wall of the tantalum crucible and the bottom of the
cap 1112142931 Tn order to reduce the process cost, misch metal/alloy is more
frequently used.

For a successful process, metallothermic reduction requires the usage of
expensive reductants, such as calcium or magnesium. Sufficient heat should
be provided to the reaction system in order to maintain the temperature high
enough for good metal/slag separation. The container used for keeping the
system chemicals in a metallothermic reduction is also very critical, because
reactions between the reaction metals and the container need to be
prevented. Ta is a commonly used material for constructing such containers,
while Mo and W are also optional materials. It is also required to be operated
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under high vacuum levels to avoid the oxidation of the reduced metals, which
can further increase the process cost.

2.3 Molten salt electrolysis

2.3.1 Chloride electrolysis

D uring electrolysis, the electric power is comparable to the role of a
reductant in a thermal reduction.

Molten salt electrolysis is commonly applied to extraction of REMs with
relatively low melting points (Figure 2.2), including Nd, Pr, Ce, La, Sc, Dy
and misch metals etc. RE chlorides can be used as the starting materials. At
the cathode, rare earth cations gain electrons and are reduced to REM, while
at the anode, chloride anions lose an electron and form chlorine. The
reactions can be described as:

RE** +3e" =RE (2.4)
2CI =Cl,+2e" (2.5)

The overall reaction is
2RECI ,= 2RE+3Cl, (2.6)

The operational temperature is usually below 1100 °C, which means that La,
Nd, Pr, and misch metal may be suitable for electrolytic extraction.
Lanthanum, cerium, didymium, neodymium, praseodymium, samarium, as
well as yttrium was successfully prepared by electrolytic reduction 324,
During these studies, sodium chloride and potassium chloride were usually
added to rare earth chloride to lower the melting point of the melt, while
graphite and iron were the most frequently used materials for the electrodes
and electrolytic cell. The hydrolysis of the chlorides by atmospheric moisture,
“metal fog”, “anode effect”, and the formation of carbides were frequently
noticed in these investigations. Caution was urged when handling the raw

materials, designing the electrolytic cell, and conducting the electrolysis.

A typical cell is given in Figure 2.5. The electrolysis is carried out using a DC
voltage applied between the electrodes (overall voltage is 5~8V) under inert
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atmosphere. In case of feeding materials being chloride salts (they need to
be dry)***?, the anode is usually graphite and the cathode needs to be an
inert metal including Ta, Mo or W metals***3. A different cell construction
can also be used where the anode is a graphite rod while the wall of the
crucible was lined with a thick paste of “alundum cement”, leaving the
bottom serving as cathode. This would work out for stopping the formation
of carbides due to the extraordinary decrease in the exposure of metal to
graphite. During the experiments, a stream of dry hydrochloric acid was
introduced to the apparatus to prevent the hydrolysis.

Metal -_—
cathode Gas bubbles
o)
Graphite
anode
Electrolyte

Figure 2.5 Cell construction of a typical electrolysis setup

Another common problem of the metal products obtained in the
investigations described so far were their impurities. The contamination
resulted from cell and electrode materials and impure starting chemicals, i.e.,
chloride electrolyte. Efforts were made on both materials that were resistant
to attack from the molten salts and metals and high purity starting chemicals
4446 Both the purity (including water content) and the solubility of RE
chloride in the molten electrolyte are important during electrolysis. The
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electrolyte needs to be stable with sufficiently low vapor pressure at the
operating temperature range. As given in Reaction (2.5), chlorine gas that is
corrosive and toxic will be formed, and it has to be treated by an exhaust
gas system, which increases the operation cost. This process, therefore, has
the risk of Cl, leakage?*’. The main advantage of using chloride is that the
solubility of RE chloride is high in the electrolyte.

Chlorides are not suitable for high temperature processes due to their
remarkable volatility 2. Recovering REMs of high melting points as alloys that
are molten at the electrolysis temperature is an alternative way out of the
difficulty. The cell arrangement was similar to those for pure liquid metals
except the cathode was a molten metal or alloy in which a molybdenum rod
was inserted as a current feeder. Cadmium, zinc, magnesium, cadmium-
magnesium, and zinc-magnesium were the most common used molten
cathode for REM electrowinning.

Figure 2.6 shows a common arrangement of an electrolytic cell for recovery
of REMs as alloys. The molten-metal cathode usually sinks to the bottom of
the crucible due to the density difference between the alloy and electrolyte.
The current to the liquid-metal cathode is fed with a molybdenum rod. The
anode is graphite rod, which together with the molybdenum current feeder
extend from the top of the cell into the electrolyte and the liquid-metal
cathode, respectively. The electrodes are sheathed with insulator to fix the
exposure surface and to control the current density.

2.3.2 Oxide-fluoride electrolysis

he cell shown in Figure 2.5 is also suitable for electrolysis of REO. The

process is similar to aluminium production, and fluorides as an
electrolyte is usually used. For an electrolytic cell, the crucial elements are
the electrolyte, electrodes, and the container. Efforts were made to construct
an optimum cell for approaching an effective electrolytic process extracting
REMs.

In oxide-fluoride systems, REO is the starting material for reduction, and
fluoride is the solvent for dissolving REO 4>%4°, The cathodic reaction is the
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Figure 2.6 Electrolytic cell for recovery of REMs as alloys 50

same as Reaction (2.4). An active anode is usually adopted during oxide-
fluoride electrolysis, and the evolved oxygen that is oxidized from oxide ions
reacts with the active anode to form oxygen-containing compounds. Carbon
or graphite is a commonly used anode in this system, and the anodic reaction
is

0" +C=C0+2e 2.7)

or
20* +C=C0, +4e (2.8)

Therefore, the gas formed at the anode is a mixture of CO and CO..
Considering the off-gases, oxide-fluoride systems are more environmentally
acceptable comparing with chloride systems, where chlorine is formed
according to Reaction (2.6). However, the solubility of oxides in the
electrolytes is low, and there is no systematic understanding of the solubility
behavior, where effective prediction or quantitative design the electrolyte is
not yet available. For this technique, an appropriate electrolyte should meet
four fundamental requirements: 1) low vapor pressure at high temperature,
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2) the ability to dissolve REO, 3) anions that would not oxidize at the anode
prior to the formation of carbon oxides, and 4) cations that would not be
reduced at the cathode in preference to the deposition of REMs.

It is important to understand that excess oxide may settle and form sludge
where the reduced metal phase is embedded. The electrolyte typically has a
composition of REF-BaF—LiF °!, and the operational temperature depends
on the melting points of REEs. The electrolyte was much easier to handle
than chloride electrolyte, even though the electric conductivity was not as
good as well-made chlorides. During the electrolysis, an enormous amount
of “metal fog” can be formed. The separation of metal from the flux also is
then difficult. Yttrium-based misch metal was obtained by oxy-fluoride
electrolysis, and cryolite was considered to be a qualified electrolyte for REO 3°.

More successful examples were reported, which dissolved REOs in a mixture
of lithium fluoride and the respective REFs >2°°, The mole ratio of the two
components was 1:1. These examples included neodymium, praseodymium,
samarium, gadolinium, yttrium, dysprosium, and didymium that is a cerium-
free mixture of the light REMs. For cerium and lanthanum, BaF, was added
to the electrolyte besides LiF and the respective REFs >*°6:7,

Design of the electrolyte or finding the best combination between the oxides
and electrolyte is to ensure high REMs recovery rate under the optimized
electrolysis conditions. Different electrolyte composition may be all suitable®,
€.9.90NdFs-LiF, 80NdFs-LiF, and 74NdFs-LiF for Nd electrolysis®®. The results
indicated that there was little difference among the operational
characteristics of the cells containing any one of the three electrolytes.

It was found that there is an inverse relationship between the temperature
of the metal collection zone and the product recovery and purity 3. The
optimal recovery of the purest lanthanum was electrodeposited on the
cathode at 950 °C and collected as nodules on a frozen electrolyte skull at
700°C 3. The concentration of carbon in neodymium electrowon in a cell
without thermal gradient was 4 to 10 times greater than that collected on a
frozen electrolyte skull. This finding suggested that forming a frozen
electrolyte skull at the bottom of the electrolytic cell is another solution to
minimize back reaction of the metals with the electrolyte, avoid the metals
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from contacting the graphite, and help to limit carbon contamination >2>°, A
copper coil was placed below the cell, and air or helium passed through it,
and cooled the bottom of the cell. The heat transferred could be adjusted by
the flow rate of the gas. In practice, the metals were electrowon on a cathode
at 100 — 200 °C above their melting points and collected at 300 — 500 °C
below the melting points. For example, the temperature of the neodymium
deposition zone was held at about 1100 °C and that of the collection zone
was 750 °C >3,

The skull was about 1 to 5 cm thick. The frozen skull after electrolysis was
deeper in color and denser than the upper part of the bath, and examination
showed that it contained excess REO, which had settled to the bottom from
the bath °3. The frozen electrolyte skull was most easily maintained with
melts with higher melting points >3.

To keep the cell at the temperature required, supplemented heat is
necessary. The heat can be supplied by either external or internal heating. A
tube furnace is a common apparatus that can provide external heating. On
the other hand, cells can be internally heated by applying alternating current,
e.g., between two graphite anodes (Figure 2.7), or two extra tungsten heater
rods immersed in the bath. However, the dissolution of tungsten rods when
electrowinning praseodymium was noticed, which may be due to the
oxidation by the electrolyte >3. Applying alternating current to two graphite
anodes was more common in this case.

To decrease the anode effect, the graphite anodes were fluted to increase
their surface area. Meanwhile, with larger surface, the immersion depth of
the anodes could be decreased given that the same direct current amperage
was maintained. This shallow immersion allowed easy escape of carbon oxide
from the anodes and the total carbon and oxygen concentration was reduced
to as little as 0.01 wt. % >3. Another solution was using the graphite crucible
as an anode, which makes the surface of the anode much larger than that
of the cathode and eliminates the anode effects. When electrowinning metals
having two types of oxides, e.g., praseodymium from PrsO11 or Pr,0Os, cerium
from CeO; or Ce;0s3, severe corrosion of the graphite anodes and tungsten
cathode at the surface of the molten melt was observed when higher valent
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Figure 2.7 Electrolytic cell with alternating current applied to two
anodes 53

oxide was used as cell feed, i.e. Pr¢O1; or CeO, °3>°°. This problem was
overcome by using sesquioxide instead.

The materials fabricating the electrolytic cells should be capable of
withstanding the elevated temperatures and corrosive fluorides and be
chemically stable when contacting REMs. During electrolysis, oxygen is
evolved at the anode and even such a stable metal as platinum may be
oxidized at that temperature . Refractory metals used as inert anodes was
not a good choice under this condition. In most cases, anodes were made of
graphite and reacted with released oxygen to form carbon oxides 3%,

The materials of the cathode for metal deposition and the zone for metal
collection should be inert to REMs with respect to high purity product and
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good cell yield. Molybdenum, tungsten, and tantalum were found to be
favored cathode materials as they were insoluble in REMs 326162 If the
cathode is iron or other metal to be soluble with REEs, the RE deposits may
form eutectic phase or master alloys of molten metal according to the phase
diagram. In this case, the operational temperature can be lowered which is
a solution to recover heavy REEs or those with high melting points. The
master alloy can be further treated with vacuum distillation to selectively
evaporate the collecting metals e.g., magnesium or cadmium.

Considering the ability to withstand high temperatures and corrosion from
the fluoride bath, the container for the electrolyte was usually made of
graphite 325, The formation of carbide was a big disadvantage when direct
contact of graphite and REMs occurs 3°. Lining the part for metal collection
with noble material or placing an inert crucible under the cathode could
circumvent the problem.

Construction of the electrolysis cell is another critical issue to be considered
to ensure effective REMs production. An electrowinning cell capable of
operation at temperatures up to 1700 °C was designed and was used for
preparation of gadolinium, dysprosium, and yttrium with melting points of
1312 °C, 1400 °C and 1509 °C, respectively *>. The essential features of the
cell are shown in Figure 1.8. The cell was fabricated in a multi-layer structure
of heat insulating refractory materials. The graphite crucible, i.e., the
container of the electrolyte, was located in the center of a layered shell to
maintain the required temperatures. The inner wall of the shell was a layer
of fused alumina, surrounding the outer wall of the crucible. At the bottom
of the crucible was a layer of packed alumina grains. Outside the inner wall
was castable alumina of 5 cm thick and the outer wall was made from mullite
firebrick of 10cm thick.

To electrowin gadolinium, dysprosium, and yttrium in liquid state, enormous
energy was required to maintain the cell at high operating temperatures.
Meanwhile, the materials constructing the cell were pushed nearly to their
limits 2. Fused salt electrolysis became less cost-efficient and was
comparable to that of metallothermic reduction by expensive metal
reductants. Collecting theses metals in an alloy form was a common option,
which could lower the reaction temperature to below 1000 °C. Forming low-
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Figure 2.8 High temperature electrolytic cell 10.11.52

melting alloys was also suitable for the metals that are highly reactive with
the electrolyte, forming a divalent salt. These metals included samarium and
europium *°. This attributes to the reduced reactivities of these metals with
electrolytes.

The alloying metals should have a low melting point and high vapor pressures,
such as zinc, cadmium, magnesium, and aluminum, as vacuum distillation
was implemented for preparing REMs as the final products.

There are mainly three methods exploring the alloying route:

1) Aliquid pool of the alloying metal was used as the cathode. Al-Y and Mg-
Y alloys were prepared by electrolysis of molten mixtures of LiF and YFs
containing Y203 ®3. The cathode was liquid aluminum or magnesium,
respectively, floating on the electrolyte.

2) The alloying metal formed a solid cathode rod. Iron, nickel, chromium,
or cobalt were some examples of a consumable cathode >%. The
electrolytic cell was operated at a temperature below the melting point
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of the cathode and above that of the alloys formed between the REM and
the alloying metal. This allowed the alloy formed on the cathode to drip
off and be collected at the bottom of the cell.

3) A mixture of the respective oxides was used as the feed. Codeposition of
an Al-Y alloy was prepared by electrolysis of mixtures of yttrium oxide
and aluminum oxide in a LiF-YF; melt at approximately 1000 °C >>,

In the recent two decades, the industrial application of oxide-fluoride
electrolysis has been rapidly developed and improved. The technology is
approaching mature, and the economic indicators become more and more
stable. Table 2.1 summarizes the technical conditions and economic
indicators of oxide fluoride electrolysis.

As listed in Table 2.1, the current efficiency of REM extracted by oxide-
fluoride electrolysis is between 70 % ~ 80 % ®, while that of chloride process
is usually below 70 % due to the high volatility of chlorides and considerable
loss of metals in chlorides. Additionally, oxide-fluoride process is considered
to be more environmentally viable with less complex operation and it has
gotten more attentions in recent years.

2.4 Discussion

A ccording to the overview in previous sections, it is clear that recovery of
rare earth elements can be achieved through a range of technologies,
e.g. metallothermic or electrolytic reduction to produce either rare earth
alloys or metals.

Rare earth elements are inherent with strong affinities to oxygen, which
makes the reduction process difficult, especially when a high purity of metals
is required. Metallothermic reduction operations must be performed on a
batch basis, and the process requires high temperature and expensive
reductant, which makes the industrial production more energy intensive
and uneconomic . Due to the lower energy consumption and possibility to
be conducted as a continuous process, molten salt electrolysis has become
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Table 2.1 Technical conditions and economic indicators of oxide-fluoride

electrolysis 64

Lanthanum Praseodymium Neodymium Dy-Fe Gd-Fe
Electrolyte LaFs-LiF PrFs-LiF NdFs-LiF DyFs-LiF GdFs-LiF
Metal collector W or Mo crucible Fe crucible
Cathode W bar Fe bar
Anode Graphite
Electrolysis temperature (°C) 950-1000 1000-1050 1050-1080 1050-1100
Current (A) 4000-6000 10000 25000 3000-3500
Electrolysis voltage (V) 8-10 10-12
Cathode current density (A/cm?2) =1
Anode current density (A/cm?2) =6.5 =8.5
Power consumption (kW-h/kg) 9.5-11 9-10
Current efficiency (%) 75-80 70-75
Yield (%) 94-95 92-94 90-92
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one of the dominated industrial technologies to produce REMs, especially for
light rare earth elements ©°.

Chloride and oxide-fluoride electrolysis are two comparable routes for REM
extraction from their compounds. Oxide-fluoride electrolysis has obtained
more and more attention over chloride electrolysis due to economic and
environmental considerations. Fluorides are not as hygroscopic as chlorides,
which means that fluorides are easier to handle than chlorides, and less
caution should not be paid for the storage and transfer of fluorides. At the
temperature of electrolysis, which is well above the melting temperature of
rare earth chlorides, the exhaust equipment can be suffered from the
corrosion of chlorides due to their high volatility. In addition, the volatilization
can result in material loss, which increases the cost of raw materials. The
solubility of reduced REMs in the chlorides cannot be ignored as the loss of
metals in this way is considerable, which harms the yield and the economic
indicators.

Table 2.2 compares some economic and technical indicators of oxide-fluoride
electrolysis with those of chloride electrolysis for preparing La, Ce, and Pr.
Due to the reasons mentioned previously, the current efficiency of chloride
electrolysis is around 40 % to 70 %, while the value of oxide-fluoride
electrolysis is usually above 70 % %. The power consumption of oxide-
fluoride electrolysis is about 10 kWh/kg(REM), which is only half of chloride
electrolysis %. From the economic point of view, extracting these rare earth
elements by oxide-fluoride electrolysis is more cost effective than by chloride
electrolysis.

Moreover, given that the off-gas of chloride electrolysis is chlorine, the off-
gas of oxide-fluoride system, a mixture of CO and CO,, is easier to recover
and is considered to be more environment-friendly than chlorine.

Due to high power consumption and pollution, rare earth chloride electrolysis
was gradually replaced by oxide-fluoride electrolysis from the early of this
century. In China, chloride electrolysis was considered as an obsolete
technology and should have been gone out of use according to Directory of
Adjusting Industrial Structure by the Chinese government.
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Table 2.2 Economic and technical indicators of Chloride and oxide-
fluoride electrolysis for preparing La, Ce, and Pr 64

Current Current . Power
. . Yield .
System capacity efficiency (%) consumption
(+]
(A) (%) (kW-h/kg)
LaCls-KCl 800 70 90 20
Chloride CeClz-KCl 800 65 90 22
PrCl3-KCl 800 60 85 24
LaFs-LiF-BaF2-La203 1000 79 95 11
Oxide- .
. CeFs-LiF-BaF2-CeO2 1200 74 95 11
fluoride

PrFs3-LiF-BaF2-PrsO11 1028 70 95 12

Even though oxide-fluoride electrolysis has been industrialized to produce
REMs for almost half century, it still faces the problems as follows. The
energy consumption is several times higher than the theoretical consumption.
For example, the power consumption of neodymium is 9.5-11 kW-h/kg as
indicated in Table 2.1, and the theoretical value is 1.334 kW'h/kg . The
efficiency is less than 16%. The value for aluminium electrolysis is up to 47—
50%. Additionally, the current efficiency of aluminium electrolysis is 10%
higher than that of rare earth electrolysis. Developing energy-effective
electrolytic cells is one of the main focuses in rare earth industry. The voltage
applied is around 8-10 V (Table 2.1) due to large electrode distance and
high overvoltage . This can directly lead to high energy consumption.
Meanwhile, this voltage is much higher than the theoretical decomposing
voltage of REFs, which essentially results in the release of fluorine-containing
gases when the oxide concentration is not high enough in the electrolyte. A
solution is to develop a type of electrolytic cell where a liquid metal at the
bottom serves as cathode .

At present, the cell current can be as high as 25 kA for neodymium, but less
than 10 kA for other REMs (Table 2.1). The cathode current densities used
in these cells are around 1 A/cm? (Table 2.1). Large scale electrolytic cells
can facilitate off-gas treatment, implement mechanization, and improve labor
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efficiency. Therefore, scaling up the apparatus is another developing
direction in the industry 67/,

Automation control in the electrowinning process can decrease enormously
failure rate because of the elimination of human errors, which can improve
product quality and lower production cost. This is a main research topic in
rare earth production 6%,

Research on a electrolytic cell of 4-6 kA indicates that lowering the cell
current properly is beneficial to current efficiency, power consumption, metal
quality, serve life of the cell, and production cost 7°. The results suggest the
importance of cell operation optimization.

Another solution to reduce the electrode distance and cell voltage is the
application of an immersed liquid cathode, where a liquid metal denser than
the electrolyte serves as a cathode. The investigation on neodymium
electrolysis showed that the electrode distance could be lowered to about 6
— 7 cm and the voltage to 5 — 6 V %, Consequently, the current efficiency
could reach up to 90.6 % ©*. This technique could further lower the power
consumption and reduce the release of fluorine-containing gases due to the
low cathode current density and cell voltage ®*.

Even though oxide-fluoride electrolysis is a mature technology for rare earth
production, a systematical investigation on the physicochemical properties of
electrolyte and electrochemical reduction during electrolysis is still scarce .
The ionic microstructure of the electrolyte, interaction between REO and
electrolyte, solubility and dissolution kinetics of REO in the electrolyte, and
electrochemical reduction of rare earth cations are some areas worthy of
intensive study. Therefore, state-of-the-art efforts have been, to a large
extent, placed to understand the mechanisms that influences the electrolytic
process and find out solutions for process optimization. Additionally, oxide-
fluoride process has been paid more attention in recent years since the raw
materials for recycling including waste magnet contain mostly rare earth
elements with relatively low melting points, e.g., neodymium.
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2.5 Conclusions

D ue to remarkably strong chemical bond to other elements, rare earth
elements form various stable compounds in nature. Thus, it is difficult
to extract these elements from their compounds. The processes always
involved high temperature, expensive reductants, and high power
consumption and thus are cost and energy intensive. Considering cost and
environment issues, molten salt electrolysis is a promising route compared
with metallothermic reduction. However, there is still quite some room to
improve the current efficiency and power consumption of this method, which
requires deep understanding of the process, including physicochemical and
electrochemical behavior.
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Solubility of Rare Earth Oxides in

Molten Fluorides

Abstract

he limited solubility of rare earth oxides in fluoride melts has been an
obstacle to the preparation of rare earth metals by oxide-fluoride
electrolysis. However, extremely little work has been performed in this field.
This paper presents a comprehensive analysis of the available data from
previous publications. The solubility of rare earth oxides in molten fluorides
is rather low, usually lower than 3 mol.% (10 wt. %). It increases with
temperature by a Boltzmann factor, i.e., a linear relationship between the
natural logarithm of the solubility and the reciprocal of the absolute
temperature. The rare earth fluoride is crucial to the dissolution of rare earth
oxides, and higher solubility is expected in melts with higher rare earth
fluoride content. The alkali metal fluoride can lower the melting points of
binary systems and improve their electrical conductivity. The alkali earth
metal fluoride can further lower the melting points and improve the stability
of the melts.

* This Chapter Is based on the paper - Guo X, Sietsma J, Yang Y. A Critical Evaluation of
Solubility of Rare Earth Oxides in Molten Fluorides. In: de Lima IB, Filho WL, eds. Rare Earths
Industry. Boston: Elsevier, 2016:223-234.
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3.1 Introduction

W orld mine production of rare earth oxides (REOs) grew rapidly by on
average 5 percent per year from 1990 through 2007 and still kept
increasing at a slower pace even after the 2008 global financial crisis !. In
recent years, the global production has been keeping at a level of 100 to 140
thousand tons per year 2. The REO production can directly correlate to the
demand for REOs or REMs, which, in turn, is tied to the wide application of
rare earth elements (REEs) in materials and consumer products owing to
their unique physical and chemical properties. The major application covers
the historic usage of REOs (catalysts for petroleum and environment
protection, glass and metallurgical industries, and phosphors), and the
increase of high-technology usage of rare earth metals (REMs) tied mainly
to alternative energy systems (such as batteries for hybrid cars) and
permanent magnet applications for electric motors, stereo speakers, and
wind turbine generators 3.

As a major process of producing REMs nowadays, the first attempt to prepare
REMs by electrolysis of a oxide-fluoride bath was as early as 1907 *. This was
followed by many other investigations owing to the advantages of the
process: low cost, environment-friendliness and easy handleability. This
process has been industrialized for production of light lanthanides, i.e. La,
Ce, Pr, and Nd, and some rare earth alloys, such as Dy-Fe, Gd-Fe, Ho-Fe and
Pr-Nd-Dy ©.

In the process, the rare earth cations are reduced at the cathode from the
dissolved REO in molten fluorides, which serve as both a solvent for
dissolving REO and an electrolyte for electrowinning. Before the
electrochemical reduction occurs, REOs should first dissolve in molten
fluorides. Maintaining an appropriate concentration of dissolved REO in the
electrolyte is crucial for high production efficiency and safety. Firstly, high
production efficiency requires high REO concentration, which can guarantee
high current density. An electrolyte with high REO solubility is desirable in
practice. Secondly, the REO in the electrolyte is consumed continuously
during electrolysis and should be supplied regularly to make sure that the
concentration is not below a threshold where anode effects may occur. It
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can result in a sharp increase in cell voltage and the formation of fluorine
and fluorocarbon gases at the anode. This is harmful to the cell operation
and environment. A good control of the REO feed rate demands careful
consideration of the REO dissolution kinetics to maintain an appropriate REO
concentration and avoid REO sludge at the bottom of the electrolytic cell.

Therefore, the REO solubility in fluorides and in-depth understanding of the
dissolution behavior are both of fundamental and engineering importance for
the design of electrolyte compositions and smooth process operation. Unlike
extensive studies on AlOs-cryolite system 7, little work has been done for
REO-fluoride melts. In addition, there is inconsistency among results from
different studies. This makes the access to reliable data more difficult.

In the present chapter, the data from the published literature are
summarized, reconstructed, and analyzed systematically for a better
understanding of the influence of temperature and melt components on REO
solubility in fluoride melts.

3.2 State of the art

he major previous studies on solubility of REOs in molten fluorides are

listed in Table 3.1. The system investigated in each study together with
the range of the solubility at the given temperature range is included in Table
3.1 as well. In general, the solubility was quite low, mostly lower than 3 mol.%
(10 wt.%).

Pioneering work was done by Porter (1961) ° in U.S. Department of the
Interior in the 1960s. A procedure was developed to measure the oxide
content in molten fluoride systems, whereby a graphite filter stick was used
to take representative samples from the oxide-saturated melt for chemical
analysis afterwards. Using this method, the solubility of CeO, was measured
in a mixture of CeFs, BaF,, and LiF while that of La;Os was measured in a
binary melt of LiF and LaFs; and a ternary of LiF, LaFs, and BaF, from 1073
to 1223 K. Under all conditions, the solubility of both CeO; and La,0Os was
found to be less than 5 wt. %.
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Table 3.1 Investigations on the solubility of REOs in fluoride melts

Year REO Melt Temperature, K Solubility, mol.% Reference

1961 La203, CeO2 LaFs-LiF(-BaF2), CeFs-LiF-BaF: 1073 - 1223 0.61-1.0 Porter (1961) 10
1976 Y203 YFs-LiF, YFs-NaF 1073 — 1282 0.11-1.6 Bratland (1976) 11
1987 all REOs LiF-MgF2/CaFa, LiF-MgF2-CaF2/BaF; 1273 0.14-3.8 Du et al, (1987) 12
1989 Y203 YFs-LiF 998 — 1273 0.26 - 2.1 Morrice et al. (1989) 13
1991 Nd203 NdFs-LiF-BaF2 1073 - 1173 1.7-2.6 Wu et al. (1991)
1994 Y203 YFs-LiF 1023 - 1273 0.28-2.1 Reddy et al. (1994) 15
1995 CeO2 NaF-AlF3 1278 — 1303 1.2-14 Dewing et a/. (1995) 16
2002 Nd203 NdFs-LiF(-MgF2) 1023 - 1173 0.08 - 0.38 Stefanidaki et a/. (2002) 7
2006 La203 LiF/NaF/KF-AlF3 1028 — 1251 9.5-13.0 Ambrova et al. (2006) 18
2008 Nd203 NdFs-LiF 1323 - 1423 1.0-2.0 Hu (2008) *°

2008 La203 LiF/NaF/KF, LiF-NaF-KF 720 — 1268 1.5-6.0 Ambrova et al. (2008) 2°
2012 La203, Sm203, Ho203 LiF/NaF/KF-ZrF4 873 - 1073 0.038 - 0.73 Pshenichny et a/. (2012) 2!
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Bratland (1976) ! found that LiF-YF; molten salts were rather poor solvents
for yttria (Y203). The solubility increased with increasing ratio between YF3
and LiF in the mixture. The solubility of Y03 is 1.1 mol.% at 1173 K and
2.0mol.% at 1273 K. Bratland also pointed out that the solubility per unit of
YF; in the mixture does not vary appreciably, suggesting that lithium fluoride
possibly acts as an inert diluent.

Du et al. (1987) 2 reported the solubility of Nd»Os in LiF-MgF,/CaF; and LiF-
MgF.-CaF,/BaF, and that of all the REOs in 81LiF-15MgF,-4BaF; at 1273 K.
The authors suggested that the chemical interaction between Nd,Os and
lithium fluoride was quite weak, and it mainly functioned as an additive to
lower the melting point and improve the conductivity of the melt. The
solubility of REOs in the same melt and at the same temperature decreased
mostly in the increasing order of their atomic number. A possible reason is
the increasing bond strength between rare earth ions and oxygen ions.

Morrice et al. (1989) 3 investigated the solubility of yttria in LiF-YF; melts
from 998 to 1273 K and YF; composition in the melts varying from 20 to 30
mol. %. The solubility was found to increase with increasing temperature
and YFs; content. A linear relationship was observed between the natural
logarithm of the solubility of yttria (Ins, , ) and the reciprocal of the absolute

temperature (% ). The deduced activity coefficient of Y,Os3 in molten

fluorides indicated a non-ideal behavior and followed a negative deviation
from Raoult’s law.

Wu et a/. (1991) 1* measured the solubility of Nd>Os in the temperature range
of 1073 to 1173 K and in a ternary mixture of LiF, NdFs;, and BaF,. A
regression equation was deduced from the experimental results to describe
the influence of lithium fluoride and barium fluoride composition and
temperature on the solubility of Nd,0s.

Reddy et al. (1994) °> performed a systematic investigation on the solubility
of Y,03 in several LiF-YF3 melts. It fell in the range of 0.26 to 2.11 mol.%.
The activity and activity coefficients of Y,0s, the integral molar enthalpy,
entropy, and free energy of formation were calculated, showing that the melt
exhibited a negative deviation from ideal conditions.
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Dewing et al (1995) '® focused on the solubility of CeO, in cryolite.
Information from cryoscopy measurements, cyclic voltametric studies, and
thermodynamic calculations revealed that cerium in solution was exclusively
Ce(III) and the dominant species were CeOF and CeF;, the latter of which
probably complexed as Na,CeFs.

Stefanidaki et a/. (2002) 7 observed the increased solubility of Nd>O3 in NdFs-
LiF-MgF, melts with increasing temperature, as expected from the positive
enthalpy of dissolution. The solubility of Nd,Os only changed slightly due to
the addition of MgF,. Raman spectroscopy was used to study the complexes
in the mixture of LiF, NdFs;, and Nd,Os.

The method of thermal analysis was used to measure the solubility of La,0O3
in molten alkali metal fluorides (AFs) and alkali cryolites 20, The solubility
was found to be quite low in AF melts and decreased in the order LiF > NaF >
KF. The solubility, however, was rather high in alkali cryolites because of
chemical reactions between lanthanum oxide and cryolites.

Hu (2008) *° investigated the influence of temperature and NdF; composition
in LiF-NdFs melts on the solubility of Nd,O3 and interpreted it with respect to
the complexes in the melts.

The solubility of the oxides of fission products (actinide, lanthanide, and
transition metal compounds and others) in nuclear fuel carriers (the mixtures
of lithium, sodium, potassium, and zirconium fluorides) is important for
enduring the normal operation of the new generation of nuclear reactors.
Pshenichny et al. (2012) %' compared the solubility of La,0s;, Sm,0s, and
Ho,03 in the eutectic mixtures of LiF-ZrFs4, NaF-ZrFs4, NaF-ZrFs, and KF-ZrF4
at temperature from 873 to 1073 K. The solubility decreased in the increasing
order of Ln3* ion radii (Ho** < Sm3* < La**) and in the increasing order of
alkali metal cation radii (Li* < Na* < K*) in the binary mixture. A chemical
dissolution mechanism was suggested based on a thermodynamic calculation
and this was supported by X-ray powder diffraction data.

The box chart in Figure 3.1 shows the solubility data of some REOs from the
above literature. Generally speaking, the solubility of REOs in molten
fluorides is rather low, usually below 3 mol. % (10 wt. %). The large variation
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in the solubility of Y,03, La,0s, Nd,O3 and CeO, may be attributed to the
types and composition of the melts and temperature. This may indicate the
inconsistency of the data from different investigations. These differences
probably are on account of various techniques used to measure the solubility
and the accuracy of the determination of equilibrium or saturation. These
studies, however, show some agreement on the effects of temperature and
salt composition and the interaction between REOs and the melts, which will
be discussed in detail in Section 3.3.
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Figure 3.1 Solubility of some REOs in molten fluorides (reproduced
with data from references listed in Table 3.1)
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3.3 The effects of various factors

3.3.1 Temperature

T emperature is a factor of great importance in studying thermodynamic
properties. Figure 3.2 (a) shows the dependence of the REO solubility
in fluoride melts on the temperature. It is clear that the REO solubility
increases with the increase in temperature.

In Figure 3.2 (b), the natural logarithm of the REO solubility in fluoride melts
(Insgg ) is plotted against the reciprocal of the absolute temperature (%)

for the data of Figure 3.2 (a). It is obvious that most of the data can be
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Figure 3.2 Solubility of rare-earth oxides in fluoride melts as a
function of temperature (reproduced with data from references
listed in Table 3.1)
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interpreted by a linear relationship
Cl
lnSREO =?+C2 (31)

where ¢, and c, are constants.

For example, the solubility of La,0s in 51LiF-49ZrF4 can be described using
Equation (3.1) with ¢, =—(5.4%0.2)x10* Kand c,=4.5+0.2, with R*=0.99,
in the temperature range of 873 — 1073 K (see Table 3.2). The fitting
parameters for the rest of the systems are also given in Table 3.2. Most plots
have an R? with two nines, showing the good linearity of these data sets. In
fact, CeO; in 75NaF-25AlFs is the only system showing a poor fit.

3.3.2 Rare earth fluoride

U sually, a fluoride melt used to dissolve REO consists of the
corresponding rare earth fluoride (REF), an AF, and sometimes an alkali
earth metal fluoride (AEF), e.g., Nd;Os in NdFs-LiF-BaF,. The REF content,
thus, is another essential factor to be considered.

Figure 3.3 shows the solubility of rare-earth oxides in fluoride melts as the
function of REF content. Most of the published data give the same conclusion
that the REO solubility increases with the REF content in the melts.

Based on Stefanidaki’s study on Raman spectra of Nd,Os-NdFs-LiF system %7,
the reactions between Nd,Os and the molten NdFs-LiF may be described as:

NdF, +(y -3)LiIF = NdF""+(y-3)Li* (3.2)
Nd,O, +NdF"" +2yF = 3NdOFY " (3.3)
Nd,0,+4NdF{*" = 3Nd,OF(" " + yF~ (3.4)

These reactions show that LiF acts only as a F ion donor, and that NdFs can
support the REO dissolution process.
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Table 3.2 Linear fitting parameters for data plots in Figure 3.2 (b)

Intercept, c, Slope, ¢,x107° (K) Statistics
System

Value Standard Error Value Standard Error R-Square
Y203 in 20YF3-80LiF 2.7 0.2 -4.1 0.2 0.99
Y203 in 25YF3-75LiF 3.2 0.2 -4.4 0.2 0.99
Y203 in 40YF3-60LiF 4.5 0.4 -5.2 0.5 0.97
Y203 in 50YFs-50LiF 5.1 0.2 -5.6 0.2 1.00
Laz0s3 in 51LiF-49ZrF4 4.5 0.2 -5.4 0.2 0.99
Sm03 in 51LiF-49ZrF4 5.1 0.4 -5.9 0.4 0.98
Ho203 in 51LiF-49ZrF4 6.2 0.6 -6.8 0.6 0.98
La203 in 50.5NaF-49.5ZrF4 1.6 0.1 -2.5 0.1 0.99
Sm203 in 50.5NaF-49.5ZrF4 2.0 0.1 -2.9 0.1 0.99
Ho203 in 50.5NaF-49.5ZrF4 2.1 0.2 -3.0 0.2 0.99
La20s3 in 58KF-42ZrF4 1.0 0.7 -3.8 0.7 0.90
Sm203 in 58KF-42ZrF4 3.2 0.7 -5.4 0.7 0.96
H0203 in 58KF-42ZrF4 3.6 0.4 -5.3 0.4 0.99
Nd203 in 15NdF3-85LiF 4.6 0.6 -7.5 0.7 0.99
Nd20s in 23.1NdF3-76.9LiF 1.7 0.2 -3.8 0.2 0.99
Nd203 in 32NdFs3-66LiF-2BaF 4.95 0.07 -4.7 0.1 1.00

Nd20s in 26NdF3-72LiF-2BaF: 3.63 0.01 -3.27 0.01 1.00
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Intercept, c, Slope, ¢, x10° (K) Statistics
System

Value Standard Error Value Standard Error R-Square
Nd203 in 21NdFs-77LiF-2BaF 2.48 0.02 -2.03 0.02 1.00
Nd20s3 in 28NdFs3-72LiF 3.87 0.03 -3.59 0.04 1.00
Nd20s in 24NdF3-72LiF-4BaF: 3.47 0.06 -3.0 0.1 1.00
Nd203 in 60NdF3-40LiF 3.0 0.1 -3.3 0.2 1.00
Nd203 in 50NdF3-50LiF 3.63 0.06 -4.5 0.1 1.00
Nd20s in 42NdFs-58LiF 4.75 0.01 -6.29 0.02 1.00
Y203 in 25YFs-75LiF 3.9 0.2 -4.5 0.2 0.99
Y203 in 50YF3-50LiF 6.4 0.3 -7.6 0.3 0.99
Y203 in 50YF3-50NaF 6.4 0.5 -9.4 0.6 0.99
Y203 in 25YF3-75NaF 5.2 0.6 -8.9 0.7 0.98
La203 in 46.5LiF-11.5NaF-42KF 13 1 -9 1 0.94
Laz0s in 75LiF-25AIF3 7 1 -5 1 0.95
La203 in 75NaF-25AlF; 6.2 0.1 -4.5 0.1 1.00
La>03 in 75KF-25AIF3 6.0 0.2 -4.3 0.3 1.00
CeOz in 75NaF-25AlF; 10 5 -13 7 0.53
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Figure 3.3 Solubility of rare-earth oxides in fluoride melts as a
function of REF content (reproduced with data from references list
in Table 3.1)

Stefanidaki et a/. (2002) 7 also pointed out that the most likely candidates
for Nd-O-F complex are NdOF” and NdOF" among the mononuclear

compounds and Nd,OF% and Nd,OF" among the binuclear complexes.

Hu (2008) ° described the Nd»0s dissolution in the melt as a process in which
the long-range order in Nd,Os is destroyed by the interaction between 0%
and ion complex NdF)" and NdF; to form NdOF" or Nd,OF% . The Nd-F ion

complexes increase in concentration with the content of NdFs in the binary
system, which is beneficial to Nd>O; dissolution °?2, This is consistent with
the work by Stefanidaki et a/. (2002) ! and confirms the important role of
NdFs in NdOs dissolution into molten NdFs-LiF.
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Similar interaction of oxygen ions with RE-F complexes is expected in other
REO-fluoride systems, resulting in a favorable influence of REF content on
REOQ dissolution.

3.3.3 Alkali metal fluoride (AF)

S ince higher REO solubility can be obtained in melts with higher RF3
content, the AF content in a binary melt (x,. =1—x..) should have a

negative effect (see Figure 3.3). The addition of AF, however, can reduce
the melting point, and improve the electrical conductivity of the solvents.
Therefore, a trade-off must be made between the solubility and other
properties of the melts.

Furthermore, the influence of different AFs on the solubility differs from one
another. Pshenichny et a/. (2012) ?* compared solubility of lanthanide oxides
in fluorozirconate melts and found that the solubilities decrease in the
increasing order of the Ln>* ion radius, i.e. 5, < S gn.0,< Si,0,, @and in the

increasing order of alkali metal cation radius in the melts, i.e. s> s> S

(see Figure 3.4).

This is consistent with the results of Ambrova et a/. (2008) %°. The scale for
the Lewis acid strengths Z 23> was calculated and used to interpret the
dissolution behavior of oxides in the melts 2. The Lewis acid strength of the
binary systems decreases consistently as the cationic radius of alkali metal
increases. The solubility of lanthanide oxides decreases in association. Based
on these results, Pshenichny et a/. (2012) %' believe that, to some extent,
the solubility of REOs is influenced by the electric field of the cations of the
solvent melt.

3.3.4 Alkali earth metal fluoride (AEF)

Figure 3.5 shows the influence of AEF addition on the REO solubility in
NdFs-LiF-MF, (M = Mg, Ba) melts. In some cases, it has an increasing
effect while sometimes decreasing, but the variations are moderate. This
suggests that the REO solubility should stay low and stable with AEF addition.
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Figure 3.4 Solubility of lanthanide oxides in fluorozirconate melts
(reproduced with data from reference 21)

This could be meaningful in some circumstances. For example, Nd-Mg alloy
prepared by co-electrowinning from a LiF-MgF,-NdFs melt containing

dissolved Nd.Os should be possible as the low solubility of Nd,Os is not
reduced by further the MgF, addition .

3.4 The implication of improving the properties of

the melts

he main purposes of an AF addition are to lower the melting point of the
electrolyte and improve the electrical conductivity.
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Figure 3.5 Solubility of Nd2O3 in LiF-MF»>-NdF3 melts (M = Mg, Ba)
(reproduced with data from reference 14.17)

The melting points of REFs are all higher than 1400 K. Those of light
lanthanide fluorides, the main elements prepared by molten salt electrolysis,
are even as high as 1650 — 1766 K (see Table 3.3). However, the electrolytic
cell operation temperature is usually below 1400 K to secure smooth
production and good quality of final metal products. The addition of LiF can
significantly lower the melting points of the melts. The eutectic points are 19
— 27 mol. % REF (around 70 wt. %) and around 1000 K (see Table 3.3). The
addition of NaF and KF can lower the melting points of the binary systems
as well %4,

A study by Hu showed that the electrical conductivity of NdFs-LiF melts
increased with temperature and the LiF content 2%, The radius of the Li*
ion is much smaller than of the other cations, resulting in lower resistance
of its movement and higher mobility in the melt. Therefore, the conductivity
is closely linked to the mobility of Li* ions and the obstruction of such

complexes as NdF and NdF, to their movement under electric field. It is
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Table 3.3 Melting point of REF and eutectic temperature of REF-LiF
binary systems

Eutectic temperature

Fluoride Melting point *, K (REF-LiF) *, K
YFs3 1421 968
LaFs 1766 1043
CeF3 1710 1028
PrFs3 1672 1023
NdFs 1650 1011
SmFs3 1579 971
GdF3 1504 973
DyF3 1427 973
HoF3 1416 983

* data from reference 25
# data from reference 24

readily established that the melts with a higher concentration of Li* ions and
less complex NdF." and NdF, would have higher conductivity.

The addition of AEF in the melts can further lower their melting points, limit
the evaporation of LiF, and lower the melt viscosity *.

Wu et al. (1991) * investigated the melt composition before and after
dissolution experiments and confirmed the positive impact of BaF, on
preventing evaporation of LiF due to the formation of complexes.

3.5 Conclusions

he solubility of REOs in fluoride melts is relatively low, which is a limiting
Tfactor for the electrolytic production rate of REMs in molten salts. In
this chapter, the available data from previous research on the REO
solubility in molten fluorides are comprehensively summarized, reconstructed,
and analyzed. The effects of different factors, i.e., temperature and salt
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composition, on the nature and evolution trend of REO solubility are clearly
identified. It shows that most of the REO solubility in fluoride melts is below
3 mol. % (10 wt. %) and increases with temperature and REF content. There
is a linear relationship between the natural logarithm of the solubility and the
reciprocal of the absolute temperature. The AF addition, mostly LiF, can
lower the melting points of binary systems by more than 400 K and can
improve their electrical conductivity. The AEF, usually as a third additive, can
further lower the melting points and limiting the evaporation of LiF.

As a key factor for optimized electrolysis, study on the REO solubility can
help the electrolyte selection and feed rate control. A more detailed analysis
of the solubility data is needed to design a method for estimation of the
solubility on the basis of thermodynamic calculations, which would assist the
selection of electrolyte, aiming for a higher REO solubility without
compromising other electrolyte properties (e.g., viscosity, electrical
conductivity, and interfacial tension). More work should be done on the
structure of the REO-fluoride system to reveal the mechanism of REO
dissolution. Studies on dissolution kinetics will enable a better feed rate
control to lead to a smoother cell operation.
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Semiempirical Model for the
Solubility of Rare Earth Oxides in
Molten Fluorides

Abstract

he importance of recycling and producing rare earth materials has been

highlighted by the critical raw materials study in the European Union.
Oxide-fluoride electrolysis is one of the dominant technologies to produce
rare earth metals or alloys. The solubility of rare earth oxides is one of the
critical issues during this process. In this research, a model is developed to
predict the solubility of rare earth oxides in molten fluorides, based on the
systematic analysis of different influential factors and fundamental
understanding of the dissolution reactions. The average relative deviation of
the model from the experimental data extracted from the literature is 8 %
for Nd;Os and 7 % for Y.0s, respectively, which is well within the
experimental uncertainty. The fitting parameters can indicate the influence

T This Chapter is based on the paper: Guo X, Sun Z, Sietsma J, Yang Y. Semiempirical Mode/
for the Solubility of Rare Earth Oxides in Molten Fluorides. Ind. Eng. Chem. Res. 2016; 55(16):
4773-4781.
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of different composition quantitatively. It is also found that the solubility is
correlated with the ion charge density of the cations in the molten salts.

4.1 Introduction

Rare earth metals (REMs) and alloys have been widely applied to state-
of-the-art appliances including magnets, catalysts, batteries and
phosphors, because of their unique physical and chemical properties. In the
last several decades, a dramatic increase in demand for these materials was
realized by the rapid development of electronics and related industries.
According to the US Geological Survey report from 2011, the production of
REMs grew rapidly by 5 % per year on average from 1990 through 2007 and
kept increasing even after the 2008 global financial crisis !, which is a clear
indication of the importance of REMs. In the EU, the recycling and production
of rare earth materials have recently been promoted by local materials
scarcity and potential supply risk. The Ad Hoc working group representing
the European commission released a report about EU critical raw materials
first in 2010, then 2013, and later in 2017, in which REMs are considered of
top criticality 2.

On the market, the largest amount of REMs is commercially produced by
electrolytic methods, which are broadly categorized into chloride and fluoride
electrolysis °. Due to the drawbacks of a chloride cell at high temperature,
such as the high volatility of chlorides, large solubility of REMs in the
electrolytes, and corrosion of cell wall materials, oxide-fluoride electrolysis is
nowadays frequently used and tends to dominate REM production ®. Fluoride
cells, so far, have been industrialized for the production of light lanthanides,
i.e. La, Ce, Pr, and Nd, and some rare earth alloys, such as Dy-Fe, Gd-Fe,
Ho-Fe and Pr-Nd-Dy ’. In the process, the production of REM includes two
steps: the dissolution of rare earth oxide (REOs) in a mixture of molten
fluorides and electrowinning of REM at the cathode. The solubility of REOs
in fluorides and in-depth understanding of the dissolution behavior are two
critical aspects, of both fundamental and engineering importance, for the
design of electrolyte composition and smooth process operation . However,
research is scarce on these issues and in industrial production the addition
of REO into a fluoride electrolyte still has to mostly rely on experience ”.
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Small fluctuations in the bath conditions (e.g. temperature, electrolyte
composition), can sometimes significantly influence the production rate,
since the REO concentration in the melts cannot be monitored and controlled
on-line 8. If the REO concentration falls below a certain limit, an anode effect
may be triggered, while too much undissolved REO may settle down and
form a sludge at the bottom of the electrolytic cell, deteriorating the quality
of the reduced metal product.

In the literature, only limited research on solubility has been reported, as
described in Chapter 3. One encounters difficulties to reach a consistent
conclusion when the salt composition varies, or the oxides are changed.
Adequate prediction of the solubility of REOs in molten fluorides is limited by
the reliability of experimental measurements and understanding of the
solubility behavior against the nature of fluorides. Improved understanding
of the relationship between REO solubility and different factors of the fluoride
melts is of considerable importance. This chapter presents a systematic
evaluation of the REO solubility in fluoride electrolytes, aiming to identify
possible relationships among REO solubility, temperature, and salt
composition. On the basis of thermodynamics analysis, a semi-empirical
model is developed to predict the solubility of REO in molten fluorides.

4.2 Solubility of REOs in molten fluorides

olubility is a physicochemical property describing a chemical substance
(solute) dissolving in a solid, liquid, or gaseous solvent to form a
saturated solution. Under such conditions, the dissolution reaches an
equilibrium state, and the solubility of a solute follows thermodynamic laws.

As described in the previous chapter, pioneering research on REO solubility
was done by Porter (1961) °. A procedure was developed to measure the
oxide content of molten fluoride systems. In this research, the focus was on
Ce0; and Lay0s in a corresponding rare earth fluoride (REF)-BaF,-LiF system.
In the late 1970s, Bratland and his colleagues '° found that the solubility of
Y,0s increases with increasing ratio between YF; and LiF in the mixtures and
lithium fluoride possibly act as an inert diluent. Meanwhile, a significant effect
of cation species on the solubility was also noticed by Bratland (1976) °. For
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instance, 50YFs-50NaF (molar ratio) has much lower Y;0s solubility than
50YFs-50LiF. Increasing REF concentration has been observed to increase
REO solubility in both binary and ternary fluoride salt systems. This was later
confirmed by Morrice et al. (1989) !! for Y.0; and Du et al. (1987) 2 for
Nd,0s. The chemical interaction between REO and lithium fluoride was found
to be rather weak and LiF mainly functions as an additive to lower the melting
point and improve the conductivity of the melt. However, the solubility of
Nd,O3 was found to be slightly changed by the addition of MgF; into NdFs-
LiF melts 3. Moreover, the solubility of REOs in alkali metal fluoride (AF)-ZrF4
binary molten salts was found to decrease with increasing the Ln3* ion radii
( P <Tgor <T .. ) and with increasing the alkali metal cation radii

(r.<n.<r.) 14, Their conclusion is consistent with the observations by
Bratland (1976) °,

In the same period, researchers have been making efforts to study the
interaction between REOs and fluorides to reveal the dissolution mechanisms.
The work done by Stefanidaki et a/. (2002) 3 and Hu (2008) ° using Raman
spectroscopy suggests that the dissolution mechanisms follow the reactions

Nd,0, +NdF, +3(y-1)F = 3NdOF""" (4.1)

where y must be less than 5 due to the limitation imposed by the maximum
co-ordination number of six for the Nd** cation.

Reaction (4.1) shows that LiF is only a F donor. In addition, according to
Raman spectroscopy investigation 3, a small decrease in the intensities of
the reduced anisotropic scattering relative to the isotropic scattering was
observed with the dissolution of Nd,Os. This is due to diminishing dipole-
induced-dipole (DID) interactions between neighboring Nd3* cations, which
was observed in liquid NdFs-LiF, by the oxygen anions. This decrease
confirms the presence of the neodymium oxyfluoride complexes. It is evident
that the dissolution of REOs is a process in which the REO crystal dissociates
via the interaction with molten salts. Therefore, it is possible to predict more
precisely the solubility of REOs if the understanding of the effects and
behavior of fluoride salts during the REO dissolution is improved.
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Similarly, the formation of oxyfluoride complexes in the melt is critical for
other REOs to ensure the process of dissolution. When REF is present in the
fluoride melt, the solubility is influenced by the stability of RF octahedra,

which is not only related to the REM type, but also influenced by other
surrounding metal ions. This means that the more stable the RF*

octahedron is, the higher the possibility to form RE-O-F complexes associated
with dissolution of REOs 3¢, This fact gives direct evidence that the solubility
of REOs is a complex chemical feature.

Appendix I of this thesis gives an extensive summary of the major previous
studies on solubility of REOs in molten fluorides. The systems investigated
include (1) unary, binary, and ternary melts, (2) melts with and without REF,
(3) alkali metal salt-based and alkali earth metal salt-based systems, and (4)
melts containing ZrF, for nuclear fuel carriers. In each system, a range of
factors were studied, such as temperature and salt composition. It can be
noticed that the most frequently investigated REOs are Y,0s, Nd.Os; and
La,0s in LiF-based molten fluorides. LiF is a rather stable compound with
lower melting point than other AFs and it is more difficult to decompose
during electrolysis. The features of LiF determine the physicochemical
properties of the binary or ternary molten salts and can subsequently
influence the solubility of REOs together with REF 1913,

Generally speaking, the REO solubility in fluoride melts is relatively low. More
than 60 % of the reported solubilities were found to be lower than 1 mol. %,
and more than 90 % is under 2 mol. %. Some special cases that should be
mentioned are the solubility in melts containing AlFs. For example, the
solubility of La;Os in NaF-AlF; melt is over 10 mol.% at 1250 K. It is likely
that the solubility of La,Os is enhanced by the following reaction, which is
thermodynamically favorable in the forward direction at the experimental
condition:

La,0, +2AIF, = 2LaF, +Al,0, (4.2)

In fact, reaction (4.2) turns the 3-component-system to a (La,O3-)Al0s-NaF-
LaFs-AlFs system, in which the interactions between components become
extraordinarily complicated. There may be La-O-F, Al-O-F, Na-O-F, Na-Al-O-
F, and even La-Al-O-F, Na-La-O-F complexes co-existing in the melt. The
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solubility of Al,Os in cryolite is in the range from a few mole percent to higher
than 10 mol. % at 1123 ~ 1323 K %7, As long as reaction (4.2) moves forward
and Al,Os is not saturated in the melt, La,O3 can continue to dissolve into
the melt. Therefore, it is easy to infer that the solubility of La,Os in NaF-AlF3
system will be much higher than in other fluoride systems in which only
reaction (4.1) occurs. In this case, the dissolution of REOs in reactive salts
follows significantly different mechanisms. These solubility data are excluded
when developing the model.

4.3 Model for REO solubility in molten fluorides

4.3.1 Influencing factors in REO solubility

In previous research 181° the effects of different factors, including
temperature and fluoride salt composition, on the REO solubility have
been briefly discussed. It was found that the solubility increases with
temperature and a linear relationship exists between the logarithm of the
solubility and the reciprocal of the absolute temperature *°.

Chapter 3 gives the temperature dependence of the REO solubility in a
variety of fluoride salts. It can be found that CeO; in NaF-AlFs, Y03 in YFs-
NaF and La;0s in LiF-NaF-KF exhibit the strongest temperature dependence,
while the dependence is less pronounced for La;Os3 in KF-ZrF4, Nd2O3 in NdFs-
LiF and La;0s in KF-AIF; salts. Meanwhile, the slopes of the lines of the same
REOQ differ in diverse melts. The salt composition clearly influences not only
the solubility values but also the gradient of the solubility changing with
temperature.

Generally, the composition of the fluoride melt used to dissolve REOs
depends on its application, varying from REM production to nuclear
engineering. It may contain REF, AF, alkali earth metal fluoride (AEF), and
sometimes other fluorides. The corresponding content of different salts in
the molten fluoride further determine the physicochemical and
thermodynamics properties, e.g., the melting point, viscosity, electrical
conductivity of the melt as well as the solubility of REOs.
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The REO solubility increases with increasing REF content in the fluoride melts
as discussed in chapter 3. Contributions from non-RE salts should be
insignificant to the REO dissolution (Equation (4.1)), except in the case of
direct chemical reactions between the REOs and salts in the melt (Equation
(4.2)). In the current research, only the dissolution mechanisms following
reaction (4.1) are considered. In this case, the presence of RE-O-F complex
is directly associated with REO solubility. The complex can have different
forms. For example, for Nd>Os dissolution in NdFs-LiF salts, the complex can
be monomers asNdOF;", NdOF" and dimers asNd,OF,” and Nd,OF%, 315,

Comparing the existing solubility data, this is in line with the favorable
influence of REF content to increase the solubility of REOs.

However, the melting points of REFs are rather high 2°. The current
electrolytic cell operation requirements cannot be fulfilled using only REF
salts as an electrolyte ® (operation temperature below 1400 K). AF is a
common additive to ensure REO electrolysis because of their low melting
points and relatively high electrochemical and thermodynamic stability. In
the case of LiF, the eutectic points are 19 ~ 27 mol. % REF (around 70 wt. %)
at around 1000 K 2! as given in Figure 4.1, which shows the potential of
decreasing the operational temperatures. At the same time, other
physicochemical properties, e.g., conductivity, viscosity, and surface tension,
also need to be considered in the selection of proper fluoride salts for REO
electrolysis. Research showed that the addition of LiF could increase the
electrical conductivity of NdFs-LiF binary system due to the lower resistance
of movement and higher mobility of Li* than that of Nd3* 1°.

AEF is sometimes used in the melts in order to further lower the melting
points of the electrolyte, and in most cases the evaporation of AF as well as
the melt viscosity can be minimized °.

4.3.2 Model for REO solubility

n order to generalize the analyses, the dissolution of REOs into fluoride
melts can be simplified as the following reaction

REO(solid) = REO(dissolved) (4.3)
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Figure 4.1 Melting points of REF and eutectic points of REF-AF
binary systems with the difference given in K

At equilibrium, the standard Gibbs energy change of the dissolution reaction
A, Greo €quals

sol

Ay Geeo =—RTInK =—RT Inay, (4.4)

sol

If a hypothetical undercooled liquid REO at the temperature of the
experiment (T) is used as a standard state for the activity a,,, the standard

Gibbs free energy change for REO dissolution, A_,Ge,, can be considered as

the standard Gibbs energy change of the melting of REO into the fluoride
salt at T<T,, ¢ - This implies

fus

AsoIGF({)EO :AfGlgEO(I) _AfGROEO(s) =A GF({)EO (4.5)
where AGyo, and AqGeey, are the standard Gibbs energy of REO at the

liquid and solid state, respectively, and A, Gy, the standard Gibbs energy

fus

change during fusion.
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In addition,

Ureo = 7reoSre0 (4.6)
Combining the above equations, the relationship between s,., and T can be
represented as

1 A Greo
Sppo = exp(—= ) (4.7)
" Treo RT

The expression describes the thermodynamics of the dissolution of REO in a
molten fluoride salt. For a solid REO molecule to dissolve into the melt, it
follows the following principal steps 142224;

1) Dissociation of REO long-range ordered crystal lattice or structure (from
solid to metastable state). This process can be considered as the fusion
of REO and is mainly determined by the physicochemical properties of
the oxide.

2) REO forms a new short-range ordered lattice (from metastable state to
liquid). It is a process in which REO interacts with the molten fluoride salt
and the association of REO with the melt matrix is rather important. In
this process, temperature and the melt properties, including composition
of the salt and its liquid structure, will be critical to determine the extent
of REO dissolution in the melt.

According to the symmetric formalism for multi-component regular
solutions?, the activity coefficient for each end-member & can be calculated
as:

n-1 n
RTIny, :_quiqjvyij (4.8)

i=1 j>i
where ¢, =1-x, for i=k and q,=—x, for i#k, x, is the mole percentage
of component i, W, are binary regular interaction parameters, which can be

simple functions of temperature and pressure, according to

W, =a;+b;,T +c;P (4.9)
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where a,

ij !
paper are under constant pressure, the third term in the above equation can
be merged with other constant terms

b, and c; are constants. Since the systems concerned in this

W, =(a,+c;P)+b,T (4.10)

As qq,, a;+c;P, and b; are independent of temperature, the activity

coefficient can be simplified as

*

In Yo :—;—T—lnB* (4.11)

with 4" and B" being temperature independent. By substituting Equation
(4.11) into the thermodynamic expression of REO solubility (Equation (4.7)),
it becomes

(AnsGreo —4')

fus

e (4.12)

A, G
InSpe0 =—1n Yogo _%‘

Lomp -
T

Assuming
Ay Glo =a—bT (4.13)

sol

where a and b are temperature-independent parameters, the solubility
expression changes into

InSgeo =InB° —%:(ms" +%)—% (4.14)

It can be found that the REO solubility expression is in line with the
experimental results, i.e., a linear relationship between In s, and%,.

Based on Equation (4.14), a model for REO solubility in REF-containing
fluoride salts can be proposed and the expression can be simplified as

In Seeo =1nx—% (4.15)

or

Speo =X -€Xp (—%} (4.16)
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where the temperature-independent parameters are defined as

x:B*-exp(gj and A=a-A4".

For multicomponent systems, x is non-linearly correlated with the
concentrations of different components x, in the melt and can be expressed

as

- 2 2 2
X=C X, +C X] +C X X, +C, Xy +CppXy + 03Xy +C30X5 +n, (4.17)

where ¢, and c; are the correlation coefficients indicating the dependence

on different terms, e.g. x,, x,x,, ..., and subscripts, 1, 2, 3, ..., denote

different fluoride components. For a specific system, not all terms are
necessarily included in the model, since in most cases, only some of them
are significant for the solubility.

Model parameters, i.e. A, ¢,, and ¢;, can be obtained by fitting the

experimental data to Equation (4.15) using a software application for data
analysis and scientific graphing, OriginPro 9.0 26, The best result was
obtained by comparing all possibilities (combinations of different term(s) in
the model) using Akaike’s Information Criterion (AIC) Test. This is a criterion
for model selection and estimates the relative quality of different models for
a given set of data. Take a binary melt as an example. There are 31 different
combinations, i.e., ¢,x,, (¢x,, ¢,x), (¢,x,,¢,x,)...etc. Among these
possibilities, the one that fits the experimental results best was chosen using
the AIC Test. The fitting parameters obtained, thereafter, can be used to
estimate the solubility with minimized experimental efforts and at conditions
with experiment difficulties.

4.4 Results and discussion

4.4.1 Nd20s3 solubility in NdF3-LiF(-MgF2/CaF2) melts

N eodymium is one of the most important REMs with its main application
in permanent magnets, which still has to be prepared mostly with
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powder metallurgy using pure neodymium metal. At the same time, this
metal, nowadays, is mainly produced by electrolysis in fluoride molten salts.
The salt system is usually REF-LiF-based, and AEF is one of the important
additives for optimizing the melt properties to fulfil the electrolysis conditions
at different practices 3272, The Nd,Os solubility in NdFs-LiF-(MgF./CaF,)
systems is therefore considered using the current model.

Following the procedures described in section 4.3, the parameters in the
solubility model can be obtained by comprehensively integrating the
experimental solubility data (Table S1) into Equations (4.15) and (4.17), and
the results are given in Table 4.1. It is necessary to mention that the
parameters are valid for fluoride melts with 5 ~ 50 mol.% of NdFs, 0 ~ 11
mol.% of MgF,, and 0 ~ 19 mol.% of CaF; at temperature 1023 ~ 1423 K.
The effects of different fluoride salts, which are reflected by the correlation
coefficients, are found to be varying. A positive coefficient value means that
the term in Equation (4.17) has a positive effect on the Nd.Os solubility, i.e.
Xyar, + XurXugr, » @Nd X in this case, while a negative value implies that

increasing the value of the term will decrease the oxide solubility, i.e. x,
and xyg: in this case. Terms that are missing, €.g., xy4 X for the NdFs-LiF-

(MgF,/CaF;) systems, have no or insignificant effect on the oxide solubility.

Table 4.1 Model parameters for Nd>Os solubility in NdF3-LiF-
(MgF,/CaFy,) systems

Value# Standard Error
A (kJ/mol) 40 3
c * 1.1 0.3
c, * -0.12 0.02
c, * -4 2
c, * 5 2
c, * 1.1 0.2

* 1 - NdFs, 2 - LiF, 3 - MgF2, 4 - CaF2
# Values valid for 3 systems, i.e., NdFs-LiF, NdFs-LiF-MgF2, NdFs-LiF-CaF2 with 5 ~ 50 mol.%
of NdFs3, 0 ~ 11 mol.% of MgF, and 0 ~ 19 mol.% of CaF. at temperature 1023 ~ 1423 K
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The predicted values are compared with experimental data to verify the
accuracy of the model. Figure 4.2 shows the relative deviation of this model
from each datum for Nd,Os3 solubility in diverse melt systems (purple dots on
the right portion). The median value of the errors (0.041 %) is close to zero,
and most of the values lie within one standard deviation of the mean
(indicated by the error bar on the left portion). That is, the positive and
negative relative errors are randomly and evenly distributed for the current
model. This confirms that there is no obvious system error, and the model
can truly reflect the influences of different factors.
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Figure 4.2 Relative error between the experimental data and the
data calculated with the current model for Nd,O3 solubility

The absolute values of the relative error shown in Figure 4.2 are calculated
and drawn in Figure 4.3 with respect to the Nd.Os solubility. The average
value is 8 %, which is well within experimental uncertainty (13 % on average
13), This confirms the high accuracy of this solubility model. One may notice
that the error is large at low solubility. The main reason is the large relative
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experimental error introduced when determining low oxide concentration in
melts.
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Figure 4.3 Absolute values of relative error for Nd,Os3 solubility
model

Figure 4.4 shows the model results for NdFs-LiF system without additives.
The experiment data are included using open circles. Good agreement
between the predicted values and the experimental data can be observed.
The solubility increases with the increase of both temperature and NdFs;
content. As indicated previously, the contribution from LiF is to be a donor
of F and to decrease the operational temperature for electrolysis. This can
be further notified by comparing the slopes of different solubility profiles of
the model. When the NdFs; content is relatively low, e.g., 15NdFs-85LiF, the
profile is rather steep, indicating that the temperature increase has
significant effect on the oxide solubility. Even reaching the operation
temperature of industrial cells (around 1350 K 7), the solubility is still too low
to be feasible for efficient electrolysis. However, the increase of NdFs in the
melts can increase their melting temperatures and other physicochemical
properties, e.g., viscosity and conductivity, will be further influenced. In
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practice, it is required to consider both the solubility and other melt
properties in order to ensure efficient electrolysis conditions.
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Figure 4.4 Nd»O3 solubility in melts with different NdF3
concentration and at different temperatures

Generally, LiF functions as a dilution of the melt and the increase of LiF
content is observed to decrease the REO solubility. However, the effects of
additives to LiF-REF systems are more complex, not only because the
additives may decrease the melting point of the melt, but also interactions
between the added salt and LiF or NdF; may take place. Since the solubility
of REOs is mainly related to their reaction with REF via Equation (4.1), the
effect of other metal ions on the interaction or bonding between RE ions
(RE3**) and fluoride ions is possibly influencing the extent of the dissolution
reaction (Equation (4.1)). The solubility is found to be related to the stability
of the REF octahedral complex, which is noticed to be associated with the

charge density (o) of different cations in the melt 2%, The higher the charge
density, the more stable the MF>* (M = metal) octahedra and the greater the
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tendency towards the formation of an M-O-F complex anion. It is also
believed that the metal cations are associated with the complex anion by
ionic or covalent bonds to form long-range ordered structure.

Figure 4.5 shows the ionic charge density values of some metal ions. The
charge density was calculated using
oc== (4.18)

rZ

where Z is the charge number of an ion, and r is the effective ionic radii
taken from the reference 3. The radii are a function of anion and cation
coordination and electronic spin state. All ions considered here only have an
electronic spin state. As discussed previously, MF>" octahedral complex is

important to the solubility. Hence, the radii with coordination number of 6
were taken in our calculations.
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Figure 4.5 Ionic charge density of different metal ions in the fluoride
melts
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Considering the ionic charge density, Li* has a weaker charge effect on F
than RE3* and therefore Li* shows a negative effect on the dissolution
reaction. When a certain additive, e.g., Ca%*, is added to partially replace the
Li* in the fluoride melts, the REO solubility can be increased because the
ionic charge density of Ca’* is larger than that of Li*. This is in line with
experimental observations for the effect of CaF, addition on the solubility
data (Figure 4.6). However, more fundamental information on the melt
structures is still required to acquire more quantitative understanding. For
the model, the correlation coefficient is found to be positive, showing
consistency with experimental observations (Table 4.1). As given in Figure
4.6, the increase of solubility with CaF, addition is valid for both low and
relatively high NdFs contents.

10 at 1303 K
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Figure 4.6 Relationship between Nd;O3 solubility and CaF;
concentration at 1303 K

The effects of MgF, are however different from CaF, and are more complex
than those of CaF,. Because the ionic charge density of Mg?* is higher than
that of Nd*. Figure 4.7 shows the model results as well as the comparison
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with experimental data. It can be noticed that the addition of MgF, generally
has a negative effect on the oxide solubility with a negative coefficient value.
On the one hand, the replacement of LiF in the melt may increase the REO
solubility (positive effect). This effect can be dominant at low REF content or
becomes pronounced when LiF content increases. On the other hand, it is
noticed that the mutual solubility between the two salts is rather high
according to the phase diagram of MgF,-LiF 2!, There is a possibility of
forming Mg-Li-F clusters/complexes in the melt and in this case the addition
of MgF; replacing LiF may introduce a stronger charge effect on F than RE3*
and the stability of REF> octahedra can be disturbed. This is subsequently

bringing a negative effect on the solubility (Equation (4.1)).
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Figure 4.7 Relationship between Nd;Os solubility and MgF»
concentration at 1133 K

4.4.2 Y203 solubility in YF3-LiF/NaF melts

he solubility measurements for Y,Os; were mainly conducted in YF;-
LiF/NaF systems %32, It was observed experimentally that its solubility
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in YFs-based fluorides is usually higher than that of Nd.Os in NdFs-based
melts. This may be attributed to their difference in ionic charge density. That
is, Y3* has a higher charge density than Nd3*, resulting in a more stable long-
range structure. However, this is not necessarily always the case since
solubility is also determined by other physicochemical properties of the melt.

Figure 4.8 compares two sets of solubility data for Y03 in YF;-LiF melts from
different investigations 1932, It can be noticed that the solubility values from
Reddy et al. (1994) 3? are significantly higher than those from Bratland (1976)
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Figure 4.8 Y,0s3 solubility in melts with different YF3 concentration
and at different temperatures

The discrepancy between the two studies is probably due to the different
techniques used for solubility measurement. Reddy et a/. (1994) 3
determined Y»0s solubility by chemical analysis of Y, Li, F, and O in
representative samples taken during experiments, while Bratland (1976) 1°
visually determined the saturation temperature of the melt with a known
concentration of Y,03 by repeatedly slow heating and cooling the melt. The
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latter is based on visual observation and its error should be much higher than
the chemical analysis used by Reddy et a/. (1994) 2. In addition, the heating
or cooling rate must have been well chosen to make sure the equilibria
(quasi-equilibria) were reached. Otherwise, the measured solubility would be
lower than the real value. The system was quite sensitive to the air that was
occasionally allowed into the gas-tight system. In case of any leakage, the
observed saturation temperature increases as the oxide concentration
increases because of H,O absorption. This could also result in an unreliable
measured solubility, which is probably lower than a real value. Consequently,
the data set from Bratland (1976) '° is not covered when developing the
solubility model for Y,03 to make sure the validity of the model for predicting
unknown solubilities.

The parameters of the model developed based on the data from Reddy et al.
(1994) * are listed in Table 4.2. The effect of YFs is positive, while x,. x,

shows a slightly negative effect on the solubility.

Table 4.2 Equation parameters for Y>O3 solubility in YFs-LiF system
(fitted with data from Reddy et al. (1994) 32)

Value# Standard Error
A (kJ/mol) 45 3
c* 4 1
c,* -2.5 0.6
*1-YFs 2 - LiF

# Values valid for YF3-LiF with 20 ~ 50 mol. % of YFs3 at 998 ~ 1273 K

The predicted data using parameters in Table 4.2 is compared with
experimental results 32 in YFs-LiF melts. Figure 4.9 shows the relative
deviation of the calculated solubility from experimental data (purple dots on
the right portion). The median value is about 1.0 % and therefore slightly
deviates from zero. The relative errors are rather evenly distributed on both
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sides as shown in Figure 4.9. It can be concluded that the model does not
introduce a systematic error when predicting the Y;0s3 solubility.
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Figure 4.9 Relative error between the experimental data and the
data calculated with the current model for Y,O3 solubility

The absolute values of the relative errors are shown in Figure 4.10, with an
average of 7 %. However, the experimental accuracy was not mentioned in
the paper 32. Considering that a similar technique was used in the reference
13 it is reasonable to assume that the experimental uncertainty is around 13%
on average. This suggests that the model can reproduce the solubility used
for parameterization within the experimental accuracy. Similarly, the relative
error is large at low concentrations due to the large relative experimental
error introduced when the oxygen concentration is low.

The absolute solubility measured by Bratland (1976) 1° is probably lower than
the real values due to the technique used. However, the influence of different
factors suggested by the results is still meaningful as the system errors did
not change the relative values. In Bratland’s work 19, the effect of different
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Figure 4.10 Absolute values of relative errors for Y2O3 solubility
model

AFs on the Y;0s solubility was investigated, as given in Figure 4.11. The
solubility of Y,0s in YFs-LiF is apparently higher than that in YFs-NaF and the
values can be nearly double, especially at higher temperatures. This
phenomenon is directly related to the physicochemical features of the
fluoride melts and can be qualitatively explained by the ionic charge density
difference of different metal ions. That is, the ionic charge density of Li* is
higher than that of Na* (Figure 4.5). The solubility sequence for different
fluoride salts is also found to follow the change of weighted cationic charge
denSitYI Wthh iS O-SOYF3-50LiF>O—50YF3-50NaF>O—25YF3-75LiF>O—25YF3-7SNaF * Howeverl It

may become complex when the ionic charge density of the added cation salt
is higher than that of the rare earth ion in the fluoride melt, e.g., Mg®*.

4.4.3 Comparison of the solubility of Nd20s and Y203

Figure 4.12 compares the solubility of Nd,Os and Y,0s3 into the
corresponding REF-based fluoride salts. It is clear that the solubility of
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Y03 is higher than that of Nd,Os, and the solubility of Y03 is more sensitive
to the temperature compared with that of Nd,Os. This is consistent with the
model parameters, showing that A is larger for Y,0s. This is also in line with
the charge density effect that Y3* is attributed to higher RE-O-F complex
stability than Nd3*. Furthermore, other physicochemical properties, for
instance the viscosity, conductivity, and possible association among different
ions to form different types of complexes, can also be important in
determining the REO solubility. However, this field still requires significant
fundamental exploration and understanding of the chemistry and structural
features of the melt can be extremely critical.

4.5 Conclusions

model based on the thermodynamics analysis is developed in this study

to predict the solubility of REOs in molten fluorides. The model
parameters for Nd,O3 and Y03 solubility are obtained by fitting experimental
data extracted from the literature to the present model. The fitting
parameters, furthermore, reveal the influence of different components on
the solubility quantitatively. Additionally, the ionic charge density is used to
explain the effects qualitatively on a theoretical basis. The conclusions can
be formulated as follows.

1) The accuracy of the solubilities predicted by the model is shown to be on
average 8 % for Nd;O3 and 7 % for Y03, which are well within the
experimental uncertainty. With these parameters, the prediction of Nd,Os
and Y205 solubility in certain fluoride melts at valid temperature ranges
will be possible with given temperature and salt composition.

2) The model parameters shows that for Nd.Os solubility, x4 , XeXuge, s
and x., have positive effects, while x,;. and x,, have negative effects.
Meanwhile, the effect of YFs is quite distinctly positive, and x, x,;- shows

a negative effect on Y,0s3 solubility. The value of A for Y,0s3 solubility is
larger than that for Nd,Os3, indicating that Y03 solubility is more sensitive
to temperature than that of Nd,O:s.
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3) The effects of different components on the solubility are found to be
semi- quantitatively associated with the charge density of corresponding
cations. The higher the charge density, the more positive the effect on
the solubility is, and vice versa. More specifically, addition of CaF, can
increase the solubility of Nd,Os in the NdFs-LiF binary system because
the charge density of Ca’* is larger than that of Li*. Similarly, the Y,0s
solubility in YFs-LiF is higher than that in YFs-NaF as the charge density
of Li* is higher than that of Na*. The solubility of Nd,Os is found to be
lower than that of Y,0s in the corresponding REF-based fluoride salts due
to lower charge density of Nd3* than that of Y3*. Influence of MgF; in
NdFs-LiF-MgF; is more complex because of the interaction between LiF
and MgF,.
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Diffusion-Limited Dissolution of
Spherical Particles: A Critical
Evaluation and Applications of

Approximate Solutionsi

Abstract

he analytical and numerical description of the effective dissolution

kinetics of spherical particles into a solvent is often difficult in chemical
and metallurgical engineering. The crucial first step is to identify the
dissolution mechanisms, and subsequently, relevant kinetics parameters can
be calculated. In this paper, three frequently used approximations, i.e., the
invariant-field (Laplace), reverse-growth, and invariant-size (stationary-
interface) approximations, are systematically discussed and compared with
numerical simulation results. The relative errors of the dissolution curves and
total dissolution time of the three approximations to the numerical
simulations are calculated. The results reveal the appropriate application

¥ This Chapter is based on the paper: Guo X, Sietsma J, Yang Y, Sun Z, Guo M. Diffusion-
Limited Dissolution of Spherical Particles: A Critical Evaluation and Applications of Approximate
Solutions. AIChE J. 2017; 63(7): 2926-2934.
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ranges of the approximations for given precision levels. With further
experimental validation, this research provides a methodology to properly
assess dissolution kinetics and adequately estimate effective diffusion
coefficients and activation energy under the experimental uncertainties.

5.1 Introduction

D issolution is a process of dissolving gases, liquids or solids into a solvent
and is a phenomenon that is widely occurring in the field of chemical
and metallurgical engineering, such as precipitate dissolution during the heat
treatment of steels !, drug release from solid pharmaceutical dosage forms
2, dissolution of fluxes in metallurgical processes 3. One of the most important
aspects of dissolution is the kinetics, which can be identified by the rate-
limiting step(s), as well as relevant kinetics parameters 4. In a stagnant fluid
or solid, dissolution rate can be controlled either by the diffusion of solute
atoms or molecules in the medium, or the interface reaction that transfers
atoms or molecules across the phase interface °.

For diffusion-limited dissolution process, the concentration field in the fluid
can be described using Fick’s second law. However, an exact analytical
solution is only possible for planar particles or precipitates °. For spherical
ones, several approximate analyses have been suggested to simplify the
mathematics 6. The invariant-field (IF) (Laplace), reverse-growth (RG), and
invariant-size (IS) (stationary-interface) approximations are three frequently
used approximate methods ©. Due to the lack of an exact analytical solution,
their accuracy and application ranges have scarcely been evaluated
systematically and quantitatively in the literature 6. However, when these
approximations are applied to academic research, their accuracy is of the
first order of importance. Otherwise, the reliability of the results (e.g.,
derived physiochemical parameters - diffusion coefficient) is not clear and
conclusions may be misleading. With the aid of computer technology, the
diffusion equations were solved numerically >’-1?, The numerical solutions
should be considered to be more accurate than analytical approximations as
they take into account the effects of the moving boundary and the resulting
radial convective transport, which are ignored in approximate methods 2.
Even though the numerical simulations can produce more reliable solutions
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proper model. An appropriate analytical approximation can be very efficient
as long as the errors can be controlled at the desired levels.

Confocal scanning laser microscopy (CSLM) can provide an in-situ
observation of physicochemical phenomena at high temperatures. This
advanced technique has been applied to studying various dissolution
phenomena in metallurgical processes 316, In this chapter, the theory is
validated with experimental results obtained with CSLM.

The present research is carried out in accordance with the significance of
systematic evaluation of approximate methods to validate their applicability.
Three approximations, i.e., IF, RG, and IS approximations, are considered
and compared with numerical simulations. This chapter presents a full picture
of the accuracy of the three approximations in terms of a physicochemical
parameter, k. The outcome can be served as a guideline for the applications
in the scientific field. With a systematically understanding of the features of
the IF, RG and IS approximations, their feasibility for dissolution kinetics is
assessed with experimental data. Two examples with diverse values of the
physicochemical parameter k are given. One example is taken from our
previous work, studying the dissolution behavior of alumina particles in a
Ca0-Al,0;5-Si0; melt *>. This literature also provided numerical simulation
results, which will give strong support to the present work with direct
comparison with approximate solutions. The other is from the present work
- the dissolution of Nd,Os particles in LiF-24 (mol. %) CaF..

5.2 Approximate Solutions for Dissolution Kinetics

of a Single Particle in an Infinite Medium

5.2.1 General Assumptions and Equations
T o consider the general problem of the diffusion-limited dissolution of a
spherical particle with initial radius, r,, in an infinite medium, several

assumptions were made for simplifying geometrical and dissolution
conditions:
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1)

2)

3)

4)

5)

6)

7)

8)

The dissolution occurs at a sharp interface between the particle and
medium, and equilibrium is obtained at the interface.

There are no solid products formed surrounding the particle during
dissolution, i.e., the substance of the particle dissolves directly in the
medium.

The particle consists of pure substance and is homogeneous, i.e., the
composition of the particle, C,, is considered to be constant, and is

independent of the radial distance, x, from the center of the particle,
and time, ¢.

The effective diffusion coefficient, D, is used to describe the complex
interdiffusion of particle atoms/molecules in the solution, i.e., a
multicomponent system is treated as a quasi-binary system of the solute
and medium. In the scope of this thesis, it is assumed that the effective
diffusion coefficient is independent of composition and only a function of
temperature, T. This is sufficiently accurate for the cases studied in this
thesis 12,

Assuming that the medium is infinite, the far-field composition of the
medium, C,,, remains constant throughout the dissolution process.

The concentration profile around the particle is spherically symmetric,
which means that the concentration of particle atoms/molecules in the
solution, C , is a function of x and t, while the particle radius, r, is a
function of time, t, only (see Figure 5.1).

Curvature and strain effects are ignored as they are found to be small
and negligible in the cases concerned °.

The partial specific volume of each component does not vary with the
composition of the solution.
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Un-dissolved
particle

C(x, t)
(I
G
.\ CM=
0 r(t) ro X

Figure 5.1 lllustration of concentration profile of solute
atoms/molecules in medium

For the diffusion-controlled dissolution of an isolated sphere in an infinite
medium, the concentration field follows Fick’s second law

2

p[ ¢, 29C]_dC (5.1)
ox* xox ) ot

The solution will satisfy the following boundary conditions

C(x=r, 0<t<o)=(
C(x>r, t=0)=Cy, (5.2)
C(x =00, 0<t<e0)=Cy,
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where C; is the equilibrium concentration of the solute at the interface. At
the interface, the flux balance should be maintained via

&r_p[ %)
dt ox
The concentration field varies with time due to the diffusion of solute
(Equation (5.1)) and the interface motion (Equation (5.3)). An exact
analytical solution with respect to spherical particles has not yet been derived
6, Several approximate analyses, e.g. the IF, RG, and IS approximations,
were proposed . Meanwhile, numerical solutions were also proposed >712,
In the following sections, more details about the analytical approximations
will be given and their accuracy will be discussed by comparing with
numerical solutions.

(C-C,) (5.3)

x=r

5.2.2 Invariant-field (IF) (Laplace) approximation

he IF approximation treats the dissolution as a quasi-equilibrium process.
The concentration profile is independent of time, which implies that the
interface is fixed at r, This method solves the simpler resulting Laplace

equation V?C=0 by setting aCAtzo rather than Equation (5.1). The

solution is ©

C;—Cy)r

c=C, W (5.4)

X
For simplification, the following parameter is defined as dimensionless time

, kDt

2
rO

t

(5.5)

where

Z(CI_CM)
C, —C,

k

(5.6)

The physicochemical parameter, k, is related to the supersaturation ratio
and is a measure of the driving force for diffusion, varying from zero to
positive infinity. It is a constant for a given system and is closely linked to
the dissolution curve and total dissolution time. Small k means weak driving
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force, which leads to low dissolution rate. Similarly, large k suggests fast
dissolution. k is a crucial parameter in this paper and its value will be used
to define the applicable ranges of different approximations.

Therefore, the dimensionless time of complete dissolution is

, kDt
0= 2
T

t (5.7)
where 7 is the time for complete dissolution. On the substitution of Equation
(5.4) and (5.7) into Equation (5.3) and integrating, the evolution of particle
radius is given as

yi=1-t (5.8)
Or
2 t
yi=1-— (5.9)
G

where y is the ratio of the actual particle radius to the initial one, % , and
0

the subscript, IF, indicates that the theoretical total dissolution time is given
by the IF approximation and, to distinguish it from the other approximations.
The total dissolution time can be calculated via

TIF :L (5.10)

5.2.3 Reverse-growth (RG) approximation

f the dissolution is treated as essentially the reverse of growth, the
concentration field will be ©

B D(r-t) -x Jr X
CCM+A{ " exp(4D(T_t)J—Terfc[mﬂ (5.11)
where
ZZR(C,—CM)
A= (5.12)

~exp(-A2) -1 Agerfe(4y)
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and 4, is given as

k
A2exp(A2)| exp(-A2)-7" A erfc(A,) |=— 5.13
Rp(R)[ p( R)”R (R):|4 ( )
There is only one positive value of A, that satisfies Equation (5.13). Since

the solution is deduced from the concentration field of spheres growing from
zero to r,, Equation (5.11) does not satisfy Equation (5.1) and not all

boundary conditions, i.e., C(x>r, t=0)#C,. The gradient surrounding the

particle at time zero is not infinite. With these deviations, the exact solution
for growth turns out to be an approximation for dissolution.

The relationship between the particle radius and dissolution time is

t

yro1-t (5.14)
TrG
with
2
r
TRG:4_;£D (5.15)

5.2.4 Invariant-size (IS) (stationary interface) approximation

he IS approximation neglects the effect of the interface motion. The

interface is assumed to be fixed at r, from the start of dissolution as
the movement of the interface is relatively small and is considered negligible
compared to the width of the diffusion field for slow dissolution. Unlike the
IF approximation, the concentration field varies with time and IS
approximation takes into account the influence of the transient before steady
state. The concentration profile is

C,—C _
csz+( ! XM)rerfc(szDit] (5.16)

Substituting into Equation (5.3), yields

ﬂ=_"_D_E\/E (5.17)
dt 2r 2\ &t
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or

Y__1_»

dt 2y Jt’

(5.18)
where

p=—o (5.19)

An implicit relation was obtained for y as a function of ¢t” 7, given by

%
_ 2
In(y2+2pt'%y+t')=%arCtan M (520)
R P
with

roe ry 1 (5.21)

1- Z)A

kDexp zip%arctan (L

(1-p) ’

It should be mentioned that Equation (5.20) with p equal zero will reduce

to Equation (5.8). When the driving force is approaching zero, the transient
period vanishes, and the dissolution becomes a steady-state process.

5.3 Experimental Procedure

5.3.1 Materials

he Nd,Os3 particles were made of pure Nd,Os powder. The powder was
isostatically cold pressed into cylinders, which were 2 mm in diameter.
The cylinders were then cut into approximately 2 mm in length and sintered
at 1773 K for 2 hours. The downsizing and rounding of these cylinders were
done in an in-house apparatus, in which the air flow was continuously
blowing in, and the particles were shaped by continuously hitting the wall of
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the chamber. The resulting Nd.Os particles were quasi-spherical with a
diameter of several hundred micrometers, as shown in Figure 5.2. Their
apparent density at room temperature was measured by the Archimedes'
method and determined to be 6.8 + 0.5 g/cm? (the actual density of Nd.Os
is 7.24 g/cm?3 18), Considering that the thermal expansion coefficient of Nd,O;
is around 10°/K?, the density of the particle at the experimental
temperatures is still higher than that of the melt (about 4.5 g/cm? at the
experiment temperatures??).

LiF and CaF; used in the experiments were from Alfa Aesar, both with purities
of 99.95 wt. %. The pure compounds were blended manually based on their
ratio in the desired melt, LiF-24CaF,. The well-mixed powders were then held
in graphite crucibles, which were heated in a horizontal furnace to 50 K above
the melting point of the mixtures (7,, = 1023 K) and kept for at least 2 hours

to homogenize. After the pre-melting, the master salts were quenched with
liquid nitrogen in a stainless-steel container and crushed into small pieces for
the subsequent experiments using CSLM.

;\r ¥
/ &
-
T
..
32
» A
S oA
| =
; £

50 um

Figure 5.2 Quasi-spherical Nd2Os3 particle for CLSM experiments
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5.3.2 Experimental Equipment and Procedures

he dissolution of Nd,Os particles in LiF-24CaF, melt was observed in-situ

with CSLM-IIF (CSLM, Lasertec, 1LM21M-SVF17SP). The heating profile
was programmed with HIiTOS software and controlled by a REX-P300
controller. The heating component is a halogen lamp located at the lower
focal point of the elliptical chamber. It can offer very high heating rate (more
than 250 K/min) and cooling rate (more than 500 K/min). A sample holder
is placed at the upper focal point of the chamber. The temperature of
samples is measured by a B-type thermocouple welded at the bottom of the
holder. The experiment temperature was calibrated by measuring the
melting points of four standard pure metals, i.e., copper, nickel, palladium,
and iron. The actual temperature of the sample was found to be 18 K higher
than the measured value in the temperature range of this study. The
temperatures indicated in this paper are the actual values. In this
investigation, the dissolution experiments were performed at 1141, 1191,
1241 and 1291 K.

The CSLM tests were performed under argon (purity higher than 99.99 %)
atmosphere. The chamber was evacuated and refilled with high purity argon
for three times to ensure a low oxygen level. Each test began with melting
the master salt pieces in a molybdenum crucible. After cooling down, a flat
surface was formed. The depth of the melt was about 5 mm, which means
that the whole particle can be immersed in the melt during dissolution as its
density is higher than the melt, and it should be settled on the bottom of the
crucible. The melts used in this study are transparent, which allows easy
observation of the particle underneath. Therefore, there is no limitation on
the depth of the melt as long as the whole particle can be immersed in it.
After melting the master salt in the crucible, a Nd,Os particle was placed on
the surface. This started the /n-situ observation of the dissolution process.
The observed images were recorded by a camera at a rate of one frame per
second for analysis.

Frequently, the particles made in-house were not perfectly spherical as seen
in Figure 5.2. However, the study on particles with irregular shapes that can
be approximated to distorted spheres showed that this imperfection would
not significantly alter the dissolution curve and the total dissolution time is
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the same as the spherical particles with equivalent radii?!. Therefore, the
equivalent radius was applied in post analysis. It was calculated based on
the measured 2D area using an image processing software, Imagel, with
which a border was drawn around the particle, as shown in Figure 5.3. To
minimize the systematic errors in generating the borders, an average radius
from three repeats was used in the kinetic study.

124.8 um

Figure 5.3 lllustration of processing CSLM images

5.4 Results and Discussion

5.4.1 Evaluation of Approximations

D ue to the lack of an exact analytical solution for the dissolution of
spherical particles, the accuracy of the various approximations is
studied by comparison with numerical results. The latter is considered to be
more precise than approximate methods because the numerical simulations
take into account the influence of moving interface during dissolution &10:12,
which is difficult to be considered in analytical approximations. The results
from reference 2 are used in this paper as it presents data in such a way
that the total dissolution time and radius-time relationships can be obtained
for a wide range of k -values with little further computation.

Figure 5.4 shows the variation of the normalized radius with relative time for
numerical results up to k = 38 with solid lines 2. In general, the rate of



5.4 APPROXIMATE SOLUTIONS FOR DISSOLUTION OF A SINGLE PARTICLE 97

dissolution (the slope of the curve) initially decreases with time and increases
again at a later stage. In the first place, the decrease in dissolution rate
arises from the sharp decrease in the concentration gradient at the interface
from its original infinite value when the solute concentration near the
interface increases. Comparing the curves with various k values, it is
obvious that the shape of the curves depends on k and the curves with large
k exhibit higher dissolution rate at the early stage than those with small k
values.

By further comparing the aforementioned approximations with the numerical
results (Figure 5.4), the differences among different approximations can be
identified. The curves of IF and RG are the same (Equations (5.9) and (5.14))
and remain unchanged with varying k values, while those of the IS
approximation do vary with k. Obviously, the IS approximation yields a
radius-time relationship that has a very good agreement with the numerical

0.2+ ——-1S
—— Numerical simulation

00 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

t/r

Figure 5.4 Comparison of various approximations with numerical
results from reference 12
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simulation results, which will be quantified in the following paragraph. The
approximation is almost the same as the numerical results for k = 0.041.

This small k value means that the concentration difference between the
particle and the interface is much higher than that between the interface and
the medium. This causes the movement of the interface to be slow and the
interface motion is small compared to the scale of the diffusion field. The
error introduced and, therefore, the deviation between the IS approximation
and numerical results is extremely small (Figure 5.4). As mentioned
previously, IF can be viewed as the extreme condition of IS, i.e., p = 0 or

k = 0. This is clearly illustrated in Figure 5.4. The difference between IS and
IF decreases with decreasing k value, and IS will coincide with IF eventually
when k reaches zero.

The average relative errors of the approximations to the numerical simulations
were calculated to compare the dissolution curves quantitatively. The values
were averaged over 50 points that are evenly distributed between t/z =0

and t/r = 1. The results are shown in Figure 5.5. In the range of k from 0

up to 38, the maximum error of IS is below 8 %. Compared with IS, the
errors of IF and RG are always higher (Figure 5.5). The deviation increases
sharply with k values, as is also clearly seen from Figure 5.4. Since the
numerical results can be considered as a good representation of
experimental results, this suggests that the dissolution curves of IF and RG
would differ substantially from the experimental results with large k, e.g.,
the deviation is as large as 50 % for k = 10. Figure 5.5 can be used to
identify the applicable range of each approximation for a given error level.
For example, if the experimental uncertainty is around 10 %, IF or RG can
only be applied for k < 0.09 to ensure that the error introduced is below the
experimental uncertainty, while IS will be feasible for k up to 38 as its
relative error is always lower than 8 %. From this point of view, IS is a better
method than IF or RG. For simulations with k < 0.09, IF or RG could be a
better method to identify whether a process is diffusion-controlled as it is
easy to derive the dissolution curve without knowing any physiochemical
property of the studied system as k is not necessarily needed (Equation (5.9)
and (5.14)).
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Figure 5.5 Relative errors of dissolution curves generated by
approximations to numerical results

To compare the total dissolution time estimated by the approximations and
numerical simulations, it is convenient to introduce another dimensionless
total dissolution time, defined by

. Dr
ty =—

T

(5.22)

Figure 5.6 compares the variation of ¢, with k values obtained via the

approximations and numerical simulation. In general, the normalized total
dissolution time decreases with increasing k. Dissolution is enhanced for
large k , resulting in short dissolution time. The total dissolution times
calculated by the three approximations are very similar in the limit of small
k and all approximations vyield rather good agreement with the numerical
method. With increasing k, however, the approximations gradually deviate
from the numerical simulation gradually. The complete dissolution time
calculated from the IS approximation is almost half of the one obtained from
the numerical solution at k = 2. Meanwhile, the values given by the IS
approximation are always smaller than those from the numerical simulation
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(Figure 5.6). This means that the IS approximation tends to overestimate
the dissolution kinetics due to the negligence of boundary motion, resulting
in the calculated concentration gradient at the interface is steeper than the
real one.

- - RG

\
\ .
E —— IS : N

Numerical simulation N
1

102 10" 10° 10" 107

K

Figure 5.6 Normalized total dissolution time calculated using
approximations and numerical solution from reference 12

The relative errors of the total dissolution time of the approximations to the
numerical method are calculated and shown in Figure 5.7. It only shows the
results for k < 1, the region with limited deviations. The deviation from the
numerical simulation increases with k values. In the whole range considered,
the relative error of IS is always smaller than that of RG. The relative error
of the IF approximation is the smallest with k < 0.02 and that of IS
approximation is smaller than those of the other two with 0.02 < k < ca.
0.7.
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Figure 5.7 Relative errors of total dissolution time of approximated
methods to numerical results

Figure 5.7 can serve as a guideline for the applicable range of the
approximations with respect to the total dissolution time. For instance, to
control the error below 10 %, IF is appropriate for k < 0.03, RG for k <
0.06, and IS for k < 0.15.

All three methods vyield reasonable results only for a limited range of k
values. In fact, this is the intrinsic limitation of the approximate solutions due
to the assumptions made to solve the problem.

The IF and IS approximations assume that the interface between the particle
and the medium is fixed and the influence of interface motion on the diffusion
field is ignored, which means

dr
—=0 5.23
at (5.23)

This will only be approached with reasonable accuracy when
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(¢c,-c,)>(c,-C,) (5.24)
which means
C,= €=Cu g (5.25)
c,-C,

where C, is a supersaturation parameter.

The relation between k and C, shows that in this case also k approaches
zero. Thus,

2(¢c,-C
(C;=Cu) _ 2, -0 (5.26)

k =
c,-C, 1-C,

In addition, the IF approximation treats the dissolution as a quasi-equilibrium
process. This assumption is only true when k is extremely small. That is why
both the IF and IS approximations are only suitable for conditions with small
k and the application range (range of k values) for IF is even smaller than
for IS.

RG treats dissolution as essentially the reverse of growth. The solution comes
from the exact solution for the growth of spherical precipitates and replaces
the growth time t, with (z, —t) . For growth, the concentration profile fulfils

2
p[ 7€, 2002 527
ox* xox) ot
and
¢ _ocd(ze—t) __ocC (5.28)
at, ot dt ot
Thus, for dissolution,
2
p[ €, 20C)_ % (5.29)
ox® xox ot

which suggests that the solution does not follow Fick’s second law (Equation
(5.1)) and deviates from the exact dissolution kinetics. Only when k is small
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and dissolution is slow, the change of concentration profile is accordingly
slow

aC
=20 5.30
o (5.30)

The deviation can be small, and the solution has reasonable accuracy.

Another main source of these deviations should be ignoring the convection
induced by density differences. Cable et a/. (1967) 8 investigated the
influence of convection due to the density difference between the two phases,
i.e., the solute will not occupy the same volume in the solution as it does in
the pure solute. The numerical simulation results® showed that the influence
is less than 10 % up to k = 1.0, while the influence increases progressively
with increasing k.

Diffusion coefficient is a crucial parameter in a kinetics study. It can be

’

calculated via total dissolution time 7z, t;, or t, using Equation (5.10),

(5.15), or (5.21). The data needed are the total dissolution time 7, initial
radius r,, and k. The first two can be obtained directly from experimental

results and k from a simple calculation. The approximate method that
estimates the dimensionless total dissolution time ¢, best should also be the

best option for the estimation of diffusion coefficient. It can be selected using
Figure 5.7 with k values for given error levels.

Figure 5.5 and Figure 5.7 can be used as references when selecting an
appropriate approximation, taking into account experimental uncertainty and
desired accuracy. Generally speaking, the IS approximation can be
considered to be the best estimation method for two reasons. Firstly, the
dissolution curves it produces (Figure 5.4) can reflect the influence of k and
are in good agreement with the numerical simulation results. The deviation
is less than 8 % for k up to 38 (Figure 5.5). Compared to the other two
approximations, the IS approximation reaches the best estimate of the total
dissolution time and the diffusion coefficient for 0.02 < k < 0.7 and the
relative error is less than 6 % for k < 0.02. On the other hand, the IF
approximation needs the least calculation. It can be a good choice when k
is extremely small and the error can be controlled well under the desired
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level. However, the application range of the approximations is limited and
none of the approximations gives satisfactory results for large k values.

5.4.2 Applications on Kinetics Studies

5.4.2.1 Dissolution of Alumina Particles in a CaO-Al20O3-SiO2 Melt

To test the validity of the approximations, experimental data from our
previous research > are employed. The authors observed the dissolution
behavior of spherical alumina particles in a CaO-Al,03-SiO, melt using CSLM
15, The experimental setup was similar to that of this work. Another reason
to choose the results of reference '° is that the diffusion coefficients at
different temperatures were obtained by combining the experimental
observations and lattice Boltzmann model simulations. These data can serve
as a good reference for the evaluation of the approximations.

Figure 5.8 shows the dissolution curves of Al,Os particles in a CaO-Al,0s-SiO>
melt at different temperatures. The curves exhibit an “S” shape, indicating a
faster dissolution rate at the beginning and at the end than in the middle of
the dissolution process. The parameters used to calculate the theoretical
dissolution curves and diffusion coefficients are listed in Table 5.1. Since the
differences among k values are relatively small, the dissolution curves
calculated by the IS approximation are, just like the experimental points,
close to each other for different temperatures. Therefore, only three
representative experimental results are selected and shown in Figure 5.8.

With the values of k around 0.3 to 0.5, the IS approximation can represent
the dissolution processes best among the three approximations (as shown in
Figure 5.5, the error is smaller than 8 %). The IF and RG approximations
deviate considerably from the experimental results (error ca. 20 %). The
good agreement between the IS approximation and experimental data
indicates that the dissolution of alumina particles in CaO-Al,03-SiO; is
diffusion controlled. If the experimental results are only compared with the
theoretical line of IF or RG, it may exclude diffusion as the rate controlling
step.
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Figure 5.8 Experimental dissolution curves of Al,O3 particles in
Ca0-Al,03-SiO2 melt at different temperatures compared with

t/ 7

different approximations

The particle radius and total dissolution time of each experiment are listed
in Table 5.2. The diffusion coefficients, as well as the activation energy
estimated with these approximations, can also be found in Table 5.2. The
physicochemical parameters used in the calculations are listed in Table 5.1.

Rather significant variations can be noticed among different approximations for
both the diffusion coefficients and activation energies. As shown in Figure 5.7,
the deviation can be as high as 30 % for k = 0.6. The relative errors of the
diffusion coefficients obtained via the three approximations to the numerical
results (given in Table 5.2) are shown in Figure 5.9. Even though the values
estimated with the IS approximation are those closest to the simulation results,
some of the relative errors are still larger than 10 % (Figure 5.9).
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Table 5.1 Parameters used for calculating theoretical dissolution curves and diffusion coefficients

Temperature

System (K) C, (mol/L) C, (mol/L) C, (mol/L) k p A

1743 9.6 # 5.6 34 * 0.33 0.16 0.40
1773 9.9# 5.6 34 * 0.36 0.17 0.42

Al2O3 1823 11# 5.6 34 * 0.47 0.19 0.51
1873 12 # 5.6 34 * 0.59 0.22 0.62
1903 13 # 5.6 34 * 0.66 0.23 0.68
1141 7.6x102## 0 20 ** 7.5%103 2.5%1072 4.5x1072
1191 7.5%1072## 0 20 ** 7.5x1073 2.4x102 4.5x102

Nd:0s 1241 7.4x1072 ## 0 20 ** 7.4x1073 2.4x102 4.5x102
1291 7.3x1072## 0 20 ** 7.3x1073 2.4x10? 4.4x102

# The saturation concentration was obtained from Ref.313, and the density of the melt was calculated according to the data from Ref.22.
## The solubility was obtained from Ref.2, and the density of the melt was calculated according to the data from Ref.24,

* The porosity of the particles is assumed to be the same as the Nd>Os3 particles made for this study, which is 11%.

** The apparent density was measured by the Archimedes' method.
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Table 5.2 Diffusion coefficients obtained via different approximations

D (10-10 m2/s)

E (102 kJ/mol)

System Temperature (K) r, (pm) 7 (s)

IF IS RG Simulation IF IS RG

1743 250 4450 0.43 0.27 0.22 0.24%

1743 250 4200 0.45 0.28 0.24 0.25%

1773 250 3800 0.46 0.29 0.24 0.26 %

1773 250 3580 0.49 0.30 0.25 0.28%

1823 250 2160 0.62 0.36 0.28 0.33%

1823 250 1950 0.69 0.40 0.31 0.34%
ALOS 1823 250 1825 0.74 0.43 0.33 0.38% 58 54 32

1873 250 1280 0.83 0.45 0.32 0.42%

1873 250 1200 0.88 0.48 0.34 0.48 ¢

1873 250 1340 0.79 0.43 0.31 0.41%

1903 250 550 1.7 0.92 0.61 0.84 ¢

1903 250 470 2.0 1.1 0.72 0.97%

1903 250 720 1.3 0.70 0.47 0.69 %

1903 250 740 1.3 0.68 0.46 0.66 ¢
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D (10-10 m2/s)

E (102 kJ/mol)

System Temperature (K) r, (pm) T (s)
IF IS RG Simulation IF IS RG
1141 292 7371 15 14 14 -
1191 297 5550 21 20 20 -
Nd203 1.2 1.2 1.2
1241 169 810 48 44 44 -
1291 323 2263 63 59 58 -

$ Data are taken from reference .
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Figure 5.9 Relative errors of diffusion coefficients obtained by
approximations compared to numerical results

As stated in the reference '°, the reproducibility was rather satisfactory at
1743 K and 1773 K. Increase in scattering was observed at higher
temperatures, i.e., 1823, 1873, and 1903 K in the study . The relative errors
of the experiments at different temperatures were calculated based on the
deviation of total dissolution time and are listed in Table 5.3. Most of the
errors are well below 10 % except for 1903 K. According to Figure 5.7, even
for IS, the relative error is around 20 ~ 30 % for k = 0.33 ~ 0.66. This
suggests that none of the approximations should be applied for estimating
diffusion coefficients due to possible large deviation. Numerical simulation
must be employed.

5.4.2.2 Dissolution of Nd2O3 Particles in a LiF-24CaF> Melt

Figure 5.10 shows the dissolution curves of Nd,Os particles in LiF-24CaF;
melt at different temperatures. The parameters used to generate the
theoretical lines are listed in Table 5.1. Similarly, as the k values are very
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Table 5.3 Relative error of the experiments at different temperatures

Temperature (K) 1743 1773 1823 1873 1903

Relative error (%) * 4 4 9 6 21

* Based on the total dissolution time of the experiments conducted at each temperature
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Figure 5.10 Dissolution curves of Nd.Os particles in molten LiF-
CaF; at different temperatures compared with different models

close to each other, the theoretical lines calculated via the IS approximation
are hard to be distinguished. The differences among IF, RG and IS are also
small. Figure 5.5 suggests that the deviation of the dissolution curves of IF,
RG and IS from the numerical simulation is well below 10 % for k = ca.
0.007. Any of the three approximations is capable of representing the step
controlling the kinetics. The IF and RG approximations (Equation (5.9) and
(5.14)) have a simpler form, and therefore it is easier to generate the
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theoretical curve than for the IS approximation. The experimental data at
these temperatures are also shown in Figure 5.10, which match the
theoretical lines quite well. This suggests that the rate controlling step of
dissolution is the diffusion of Nd,Os in LiF-24CaF, melt.

The diffusion coefficients estimated with these models are listed in Table 5.2.
As discussed previously in Section ”Evaluation of Approximations”, the
variation among different approximations is negligible with respect to the
experimental uncertainty, since the k values are small. The variation of the
diffusion coefficients estimated by IF, IS and RG is less than 10% as expected
(Table 5.2). The activation energy is calculated to be 1.2x10? kJ/mol for all
three approximations. This further indicates that any of the three
approximations can fulfil the accuracy requirements. The IF approximation
would be recommended here as its solution is the simplest and explicit, and
there is no need to solve the implicit Equation (5.13) or (5.20).

5.5 Conclusions

his research provides a systematic evaluation and the applications in real

practices of three approximations, i.e., IF, RG, and IS approximations,
describing the diffusion-limited dissolution of a spherical particle in an infinite
medium. The conclusions can be drawn as follows:

1) Considering both the generated dissolution curves and estimated
diffusion coefficient, the IS approximation can be considered to be the
best estimation method among the three for the physicochemical
parameter k < 0.7. All the three approximations can only be applied with
limited k values to obtain satisfactory results. Figure 5.5 and Figure 5.7
are the guidelines for determining the applicable ranges.

2) The IF and RG approximations have the identical dissolution curves
independent of k and are only realistic for small k, e.g. k < 0.09 with
an error less than 10 %, or k < 0.4 with an error less than 20 %. By
contrast, the dissolution curves produced by the IS approximation can
reflect the influence of k and agrees well with the numerical simulation
results. The deviation is less than 8 % for k up to 38.
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3)

4)

5)

Estimating total dissolution time, the three approximations can only be
adequate for small k values. The IF approximation is the best for k <
0.02 and IS approximation is better than the other two for 0.02 < k <
ca. 0.7. For all three approximations, the relative errors are larger than
10 % for k > 0.15.

The dissolution of alumina particles in Ca0O-Al,0s-SiO; is diffusion
controlled. The IS approximation can represent the dissolution processes
well. With k = 0.33 ~ 0.66, the deviation of estimated diffusion
coefficients by the approximations may be as high as 30 %. None of the
approximations is appropriate for this purpose.

The rate controlling step of the dissolution of Nd,Os in LiF-24CaF; is also
the diffusion of solute in the melt. The differences among the three
approximations can be neglected, since k = 0.0073 ~ 0.0075. Any of
them can reproduce the experimental data with satisfactory agreement.
The errors of the diffusion coefficients obtained should be well below
10 %.
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Quantitative Study on Dissolution
Behavior of Nd2Os3 in Fluoride
Melts§

Abstract

he dissolution of rare earth oxides in molten fluorides is a critical step in

the preparation of the corresponding rare earth metals by oxide-fluoride
electrolysis. However, quantitatively understanding the nature of dissolution,
especially in the case of molten salts, is usually difficult to be achieved by
post-mortem characterization. In this chapter, the dissolution behavior of
Nd,Os particles in molten fluorides was studied via /n-situ observation with a
confocal scanning laser microscopy. Combining direct observation with
thermodynamic analyses on the oxide dissolution, the rate-limiting step(s),
and the effects of conditions like temperature, salt type, and composition on
the dissolution rate are identified. This study provides a methodology to
estimate the dissolution kinetics of rare earth oxides in molten fluorides
during their primary and secondary processing.

§ This Chapter is based on the paper - Guo X, Sun Z, Sietsma J, Blanpain B, Guo M, Yang Y.
Quantitative Study on Dissolution Behavior of Nd-O:s in Fluoride Melts. Ind. Eng. Chem. Res.
2018; 57(5): 1380-1388.
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6.1 Introduction

s its principal application, over 75 % of neodymium is used in the

magnet industry?. Since their discovery in 1984, NdFeB magnets have
been outranking all other materials with respect to magnetic flux density?.
They have been applied to many advanced technologies, such as miniature
high-capacity hard disk drives, compact industrial motors, electric vehicles,
and wind turbines?. In 2015, the total amount of rare earth metals (REMs)
used in NdFeB magnets was around 25 to 30 kt3. This accounts for 20 % of
the total rare earth metals consumption (calculated based on rare earth oxide
(REOs)*. 1t is estimated that the global demand for rare earth metals in
permanent magnets will increase to 40 kt in 2020, which means that annual
growth of 7 % is foreseen3. However, the supply of neodymium is politically
sensitive, since practically all rare earth metals are produced in China.
Therefore, neodymium is categorized in the most critical raw materials,
having the highest supply risk in the commission communication on the 2017
List of Critical Raw Materials for the European Union®.

Nowadays, oxide-fluoride electrolysis is the dominant technique for the
commercial production of neodymium and its alloys from neodymium oxide
in both primary and secondary (recycling) production’. In the process,
neodymium oxide is reduced to metal at the cathode. A mixture of fluorides,
mostly containing rare earth fluoride (REF), alkali metal fluoride (AF), and
possibly small amounts of alkali earth metal fluorides (AEF), serves as both
the solvent for neodymium oxide and the electrolyte for the electrolysis®. The
electrolysis conditions were found to have significant effects on the process
and the current efficiency. One of the critical factors is the feeding rate of
neodymium oxide, which needs to be well controlled to ensure smooth
production. On the one hand, deficiency of oxide can lead to the generation
of fluorocarbon, covering the graphite anode and inhibiting the electrolysis
process. On the other hand, overfeeding can cause a sludge of excess oxide
at the bottom of the cell, which is detrimental to the quality of the final
products.

A systematic study on the dissolution behavior of Nd,O3 in molten fluorides
can lead to an improved understanding of its dissolution mechanisms and a
quantitative description of the dissolution rate, which would provide crucial
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theoretical support for feeding control in the industrial production. However,
research on the interaction between REOs and molten salts is very limited.
Stefanidaki et a/. (2002) ° and Hu (2008) 1° studied the products of the
interaction between Nd,Os and fluoride melt with Raman spectroscopy and
found the formation of M-O-F (M = metal) complex anions during Nd,O3
dissolution. A previous study!! investigated the interactions of Nd,Os with
molten CaCl, and CaF,-LiF. It is found that Nd,Os reacts vigorously with CaCl,
to form NdOCI, while Nd,Os gradually dissolves in molten CaF,-LiF !
However, a quantitative discussion of the dissolution process is missing. In
the present study, the dissolution of Nd,Os particles in molten fluorides is
investigated with confocal scanning laser microscopy (CSLM), which provides
in-situ observation of the dissolution process. This research focuses on
understanding the dissolution mechanisms, examining both qualitatively and
quantitatively the influencing factors, i.e., temperature, salt type, and
composition, and providing a method for predicting the dissolution rate of
Nd203 in LiF-NdF3.

6.2 Experimental Procedure

6.2.1 Materials

he chemicals used in the CSLM experiments are produced by Alfa Aesar
with a purity of 99.95 wt. %. The compositions of the binary salts based
on LiF, NdFs, NaF, and KF are listed in Table 6.1. Prior to the CSLM
experiments, the salts were prepared in a horizontal tube furnace. The
chemicals were mixed manually and placed in graphite crucibles before being

Table 6.1 Composition of the salts used in this study (mol. %)

Number LiF NdF3 NaF KF
1 77 23
2 90 10
3 95 5
4 23 77
5 23 77
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loaded into the horizontal furnace. The mixtures were heated up to 50 K
above their melting temperatures and held for at least 3 hours before being
quenched with liquid nitrogen. These master salts were crushed into small
pieces and kept in a glove box before the CSLM tests.

The Nd,Os particles were prepared with the same material and by the same
method as described in Chapter 6; the technical details will be omitted here
to avoid repetition.

6.2.2 Experimental Apparatus and Procedures

he dissolution of Nd,Os particles was observed with a CSLM IIF

microscope (Lasertec, 1LM21M-SVF17SP), of which the description is
given in Chapter 5 as well. The experiments were conducted in the same
manner as described in chapter 6, where the details of the experimental
procedure can be found.

Figure 6.1 shows a series of CSLM images taken from the experiments,
showing the dissolution of a Nd,Os particle in KF-23NdFs; at 1141 K. The
dashed lines indicate the border of the particle. The shrinkage of the particle
can be clearly seen in the images. The equivalent radius of the particle can
be determined according to the area enclosed by the lines. The upper-left
corner of the CSLM images shows the time from the start of the experiment
(in seconds) and the measured temperature (in °C). The starting of the
dissolution process is at the moment at which the set temperature is reached.
The particle size changing with time can be extracted from 50 to 100 CSLM
images with specific time intervals. This relationship will be analyzed to
reveal the dissolution mechanisms and related kinetic parameters.

6.3 Results and discussion

6.3.1 CSLM in-situ observations

he dissolution of Nd.Os in all melts studied in this chapter was very
similar to that shown in Figure 6.1. The dissolution was gradual, and no
severe reaction was observed. No solid product was formed outside the
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1248 um

1248um TR -3 4 1248um

Figure 6.1 CSLM images of the dissolution of Nd>O3 in KF-23NdF3 at
1141 K

particle during dissolution. In some cases, a change of particle shape was
noticed, possibly due to differences in dissolution rate at spots with different
curvature!?. Qualitatively, it is evident that the dissolution from convex areas
is more faster than from concave areas, resulting in the spheroidization of
particles!?. Simulation on the shape change of a four-fold symmetrical
precipitate during dissolution confirmed the occurrence of the
spheroidization2. With the experimental results published in the same paper,
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the author also demonstrated that the theory could be extrapolated to three
dimensions and irregular shapes'?. The total dissolution time of a four-fold
symmetrical precipitate is the same as that of a circular one with the same
amount of solute!?. Therefore, the equivalent radius is calculated and applied
to determine the dissolution mechanisms and related parameters.

During the dissolution, the generation of bubbles was observed, as indicated
in Figure 6.2 for an experiment at 950°C. The bubbles most likely result from
the release of trapped air in the particle. This sometimes triggered the
rotation of the particle during the dissolution. To make sure that the
experimental conditions are fulfilled within the requirements of the physical
model for kinetic study, the experiments were selected excluding those, in
which the movement triggered by the release of bubbles was visually
significant.

Bubbi

1248 um

Figure 6.2 Release of bubbles during the dissolution of Nd>O3
particles
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6.3.2 Dissolution Mechanisms

I n literature, the fluid is usually assumed to be stagnant when convection
is significantly depressed!3. In this research, stagnant fluid is assumed
because of the following reasons: 1) the particle movement is observed to
be minor; 2) the sample size is relatively small to ensure insignificant
temperature gradient in the fluid; 3) the heating source with a high power
and a low sample amount enables high heating and cooling rates with almost
negligible temperature turbulence once a set temperature is reached.
Therefore, it is appropriate to assume that the fluid is stagnant as shown in
related references for this type of research!#16,

For the dissolution without solid products in a stagnant fluid, the process
involves (i) the chemical reaction that transfers atoms or molecules across

the phase interface and (ii) the diffusion of solute in the melt!’. These two
steps determine the dissolution rate. In two limiting cases, the process can
be reaction controlled or diffusion controlled.

Under the assumption of the chemical reaction controlling the dissolution
rate, the relationship between the radius and dissolution time is obtained
aslS

4.t (6.1)
r, 7

where r and r, are the actual and original particle radius in m, respectively,
t and 7z are the actual time and total dissolution time in s, respectively. The

rate of dissolution (d%t) is constant in this case and equal to _% .

For diffusion-controlled dissolution that follows Fick’s second law, an exact
analytical solution for spheres is not available!®. Approximate solutions are
alternatives for solving related problems. To select an appropriate
approximation?, the supersaturation index k is a crucial physicochemical
parameter, expressing the supersaturation ratio, as defined in Equation (5.6).
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In this study, C,, represents the original composition of the melt. As the melt
did not contain any Nd.Os at the beginning, C, is zero under the
experimental conditions.

C, represents the density of the solute in the particle, which is taken as a
constant. If the particle contains the solute purely, C, can be calculated

directly from the particle density, which is 6.8 g/cm3 in this study, according
to

6.8 g/cm®x1000 cm’/L 6.8 g/cm’x1000 cm’ /L

=20 mol/L (6.2
336.5 g/mol /L (6.2)

Cp
M, Nd,0,

For Nd,Os-fluoride systems, the equilibrium concentration can be calculated
by

SNd,0,
CI = V— (63)

where sy, is the solubility of Nd2Os in the melt in mol %, and V, is the

molar volume of the specific mixture in L/mol. The Nd,Os solubility in molten
fluorides is low (see Table 6.2) 2!, which means that

¢, <C, (6.4)
The value of k can be approximated by

2

- (6.5)

Table 6.2 Nd2O3 solubility in LiF-23NdFs

Temperature (K) 868 918 968 1018

Solubility (mol %) 0.24 0.28 0.33 0.38
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The values of k for the systems studied in this chapter are listed in Table
6.3. Due to the lack of solubility data for other binary systems, only the k
values for LiF-23NdF; are available. It can be seen that the k values in the
systems are always small, and the dissolution in such systems is governed
by the concentration profile in a steady state, which is constant with time
and is determined by C;, Cy, and C, 20, This also suggests that the influence

of the transition period before steady state is negligible. When a small
disturbance occurs, the influence of the interruption before the establishment
of a new stable concentration field is considered to be insignificant. Excluding
the experiments with obvious movement, it is acceptable to hypothesize that
the dissolution takes place in a stagnant fluid and the particle position is fixed.

The k values are in the range of 0.018 — 0.022, in which the IF
approximation is a good choice considering its accuracy to describe a
diffusion-controlled process®. In the IF approximation, the relationship
between particle radius and time is described by*®

1/2
L=(1—£j (6.6)

A T

The theoretical dissolution curves of interface reaction (IR) control (Equation
(6.1)) and of diffusion control (Equation (6.6)) are shown in Figure 6.3.
Comparing the experimental data with theoretical curves reveal the rate-
limiting step(s) of the dissolution. The data from the CSLM experiments with
LiF-23NdFs; melt at different temperatures are shown in Figure 6.3. It shows
that the dissolution of the Nd,Os particle follows the trend of the diffusion-
controlled process. This indicates that the dissolution of a Nd,Os particle in
molten fluorides is diffusion controlled and the IF approximation can be
employed to describe the dissolution kinetics.

6.3.3 Diffusion coefficient of Nd>O3 in LiF-NdF';

he total dissolution time in the case of diffusion control can be calculated
by19

r=-"2 (6.7)
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Table 6.3 Summary of experimental conditions and related parameters

Melt T (K) € (mol/L) (, (mol/L) C, (mol/L) k r,(pm) 7 (s) kD (10-°m2/s) D (10-°m2/s)
LiF-23NdFs 1141 0.18% 0 20 0.017 233 1210 0.45 26
LiF-23NdFs 1191 0.20% 0 20 0.019 312 1486 0.65 34
LiF-23NdFs 1241 0.21% 0 20 0.021 309 902 1.1 49
LiF-23NdFs 1291 0.22% 0 20 0.023 338 851 1.3 59
LiF-20NdFs 1241 0.20* 0 20 0.021* 279 772 1.01 49#
LiF-15NdFs 1241 0.15* 0 20 0.015* 258 900 0.74 49#
LiF-10NdFs 1241 0.14* 0 20 0.014* 265 1026 0.68 49+#
LiF-5NdFs 1241 0.03* 0 20 0.003* 235 3439 0.16 49#
NaF-23NdFs 1141 - 0 20 - 240 1827 0.32 -
KF-23NdFs 1141 - 0 20 - 243 5338 0.11 -

$ The solubility was obtained from reference?? and the density of the melt was calculated according to the data from reference?®,
# Values are taken from that in LiF-23NdFs at 1241 K.
* Values are calculated assuming that the diffusion coefficient is independent of composition and is the same as that in LiF-23NdFs at 1241 K.
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Figure 6.3 Dissolution curves of Nd.Os particles in fluoride melts

In this chapter, the Nd,Os-fluoride system is treated as a quasi-binary system
of a solute (Nd,03) and a solvent (the binary melt). The diffusion coefficient
D represents the effective diffusion of Nd,Os in the melt.

With the experimental data, including the total dissolution time, original
particle radius, and k values, it is possible to calculate the diffusion
coefficients (see Table 6.3 and Figure 6.4). As expected, the diffusion
coefficients increase with temperature, indicating enhanced diffusion at high
temperature. The diffusion coefficient correlates with temperature, following
the Arrhenius' equation

D=D, exp(—g—;j (6.8)

where D, is the pre-exponential factor in m?/s, and E, is the activation
energy for diffusion in J/mol.



126 6 QUANTITATIVE STUDY ON DISSOLUTION BEHAVIOR OF ND20s IN FLUORIDE MELTS

9]
&)
1

* Experimental data
Fitted Curve

20 . | . | .
0.75 0.80 0.85 0.90
1/T (10° K™)

Diffusion Coefficient (107" m?/s)

Figure 6.4 Experimental values (symbols) for the diffusion
coefficient of Nd2O3 in molten LiF-23NdFs3, fitted with Equation (6.9)
(solid line)

The fit of Equation (6.8) to the experimental data in Figure 6.4 yields an
activation energy of 68 kJ/mol for diffusion and a pre-exponential factor D,

= 3.2x10°® m?/s. Thus, in LiF-23NdF;, the diffusion coefficient of Nd>O3 can
be calculated by

4]
Dyg,0, =3-2x10°° m%xexp(_ 6'8X1§T%ol] (6.9)

With the k values and Equation (6.9), it is possible to estimate the total
dissolution time of Nd,Os particles in LiF-23NdFs in the temperature range of
1141 — 1291 K. These parameters are also essential for the numerical
simulations of more complex processes, for instance, the dissolution of feed
materials in an industrial electrolytic cell with forced mixing effects
introduced by generated CO and CO. bubbles at the anodes during
electrolysis.
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For dilute solutions, the diffusion coefficient is often viewed as a parameter
that is independent of composition. The Nd,Os solubility in LiF-NdFs is quite
low, and it is, therefore, reasonable to assume that the diffusion coefficient
remains unchanged in LiF-NdF; melts with different NdFs concentrations. To
validate this hypothesis, the Nd,Os solubility is calculated, assuming that the
diffusion coefficient is independent of salt composition. The results are listed
in Table 6.3 and shown in Figure 6.5. Assuming a linear relationship of the
solubility to NdFs concentration yields a rather good fit (R?> = 0.97). The gap
between the data point for the NdF; concentration of 10 mol% and the fitted
line suggests that this is a bad datum. The linear relationship agrees well
with the conclusion from reference?!, and confirms that a composition-
independent diffusion coefficient is a valid assumption. With this conclusion,
it is possible to extend the application of the diffusion coefficient obtained
previously. This means that Equation (6.9) can be applied to estimate the
diffusion coefficient of Nd,Os in LiF-NdF3; melts with 5 — 23 mol. % NdF; at
1141 - 1291 K.

04k ©® Nd,O, Solubility (mol.%)
Fitted line

03 F

Nd,O, Solubility (mol.%)
o
N

0 5 10 15 20 25
NdF, Concentration (mol.%)

Figure 6.5 Solubility of Nd2Os in LiF-NdF3z at 1241 K
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6.3.4 Influencing Factors

6.3.4.1 Temperature

According to Equation (6.7), the total dissolution time is inversely
proportional to the value of kD, suggesting that Nd,Os particles dissolve
faster in the melts with higher kD values. The factors that influence the
diffusion coefficient D and supersaturation ratio k determine the
dissolution rate. In this study, the diffusion coefficient is a function of
temperature and is independent of salt composition (Equation (6.9)).
According to the definition of k (Equation (6.5)), it is a parameter correlated
to the solubility of Nd,Os, molar volume, and composition of the melt. The
Nd,Os solubility and melt density are functions of temperature and salt
composition. Thus, the influence of these factors, i.e., temperature and salt
composition, will be discussed based on the experimental observations in the
following paragraphs.

The product of D and k in LiF-23NdFs at different temperatures have been
derived by means of Equation (6.7) from the observed completion time 7 in
combination with the initial radius r,. The results are shown in Figure 6.6.

The kD values increase with temperature, suggesting that the dissolution
rate is enhanced at elevated temperatures.

The effects of temperature on the diffusion coefficient are given in Equation
(6.9). According to the experimental conditions, Nd.Os was not present in
the original melts, i.e., C,, = 0. The influences on the k values merely reflect

the variations of the solubility and molar volume among the studied systems.

The previous research??> shows that the relationship between solubility and
temperature can be expressed as

A
SNd,0, = Xexp(—ﬁ] (6.10)

where X is a function related to the melt composition, and A is a positive
constant in J/mol. For LiF-NdF; melt??, the Nd»Os; solubility can be calculated
by 22
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Figure 6.6 Product kD, determining Nd.O3 dissolution in LiF-
23NdFs3, as a function of temperature

(6.11)

Sng,0, (MOI.%) = (1.1de|=3 -0.12x; ) exp(—Mj

RT
where x, is the mole fraction of compound i in the original melt without

dissolved Nd,0:s. It is readily established that the Nd.Os solubility in LiF-NdF3
increases with temperature.

The melt density has a linear relationship with temperature, expressed as??
p=a—-bT (6.12)

where p is the melt density in kg/m3 at temperature T, a and b are two
positive constants. The relationship shown in Equation (6.12) is valid for both
pure compounds and mixtures. The values of a and b depend on melt
composition. The molar volume is correlated to the density by
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V. o=— (6.13)
P

where M is the molecular mass. According to Equation (6.12) and (6.13),

the melt density decreases with temperature, while the molar volume

increases with temperature.

The solubility of Nd2Os in fluorides is limited, usually far less than 1 mol. %?.

Its influence on the molar volume of the salts can be ignored. In this chapter,

the solution with dissolved Nd,Os will be treated as a quasi-binary salt system

for density calculations. Due to the lack of the density data for LiF-NdFs; melts,
its molar volume will be calculated from the density of pure LiF and NdFs.

The molar volume V_ of an ideal binary mixture can be calculated by

V =xV_ +xV 6.14
m 1"ml 2"m2

where V_, and V,, are the molar volumes and x, and x, the fractions of

the respective components. For AF-RF; binary systems containing LiF, the
real values agree quite well with the estimated values from ideal mixtures?.
In this chapter, all binary salts will be treated as ideal mixtures when
calculating their molar volumes.

The values of the parameters in Equation (6.12) are obtained for LiF and
NdFs from reference!?, see Table 6.4. These parameters are used for
calculating the molar volume of LiF and NdFs at different temperatures.

Combining Equation (6.11) to (6.14) and parameters in Table 6.4, the k
values in LiF-NdFs; with different NdFs; concentrations and at different

Table 6.4 Parameters for calculating the density of LiF and NdF3

a* (g/cms3) b* (10-3g/(cm3-K))
LiF 12 7.5
NdF3 9.0 2.9

# Calculated from data in reference 10
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temperatures are calculated and shown in Figure 6.7. It is clear that the k
values increase with temperature in the considered temperature and
composition range.

As shown in Figure 6.4 and Figure 6.7, both k and D in LiF-NdFs; melt
increase with temperature in the temperature range of this study. Increasing
temperature therefore accelerates the dissolution of Nd,Os in LiF-NdF; melt.
With the increase in NdFs content, the dependence of k on temperature
becomes more significant (Figure 6.7). This influence extends to the
dissolution rate, and the temperature has more impacts on the dissolution
rate in the melt with higher NdFs content.

0.06 ——
[ e LiF-15NdF, ’
- - - - LiF-23NdF, -
0.05F_ — LiF-30NF, 7
[ — - - LiF-40NdF, P
0.04 [~ — - - - LiF-50NdF, s 7
| o
/’ /- _ -
0.03 F R -
X i P '/’/ _ - - .
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002 [~ ;'// -~ ‘—‘___
P .-
- - .-
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| , ' .
1000 1200 1400

Temperature (K)

Figure 6.7 Calculated k values in LiF-NdFs with different NdFs
concentrations and at different temperatures

6.3.4.2 NdF3 Concentration

he dissolution of Nd.Os in LiF-NdFs melts with different NdFs
concentrations was observed, and the results show that increasing NdFs
concentration can accelerate the dissolution (see Table 6.3). It is found that
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the kD values increase with increasing NdFs concentration as shown in
Figure 6.8.

1.2

—~10}
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© 06Ff

°ls

-10

kD (1

02 - = Nd,O; in LiF-NdF; at 1241 K
Trend line

0.0 1 L 1 L 1 L 1 L
5 10 15 20 25
NdF; Concentration (mol. %)

Figure 6.8 Experimental values of kD as a function of NdF3
concentration in LiF-NdF3 at 1241 K (the solid line is a guide to the

eye)

As discussed previously, the diffusion coefficient is independent of the salt
composition. Therefore, the influence of NdFs; concentration mainly acts on
the k values, more precisely, on the Nd,Os solubility and molar volume of
the melt.

According to Equation (6.10) and (6.11), the Nd.Os solubility is proportional
to the NdF; concentration in a LiF-NdFs melt 2!, Although Equation (6.11) is
not suitable to estimate the solubility in LiF-NdF; with a NdFs concentration
lower than 10 mol. %, the proportional relationship between the solubility
and NdFs concentration is retained?'. Thus, the solubility can be expressed
as
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Sng,0, =M+ NXyg, (6.15)

where m and n are constants. Per Equation (6.14), the molar volume of LiF-
NdF; can be calculated by

Vowr-nar,) = XurYmwir) + Xnar, Vnar,) = Ve + (Vm(NdF3) ~Vowr )XNdF3 (6.16)

where the molar volume of LiF and NdFs, i.e., V. and V, can be

LiF NdF;) 7
obtained based on the data in Table 6.4. Therefore, the composition

dependence of k can be expressed as

:Ci. aC, _2 an(LiF)_m(Vm(NdF3)_Vm(LiF)) . 6.17)

ox, ox C, 2
NoF TR TN |:Vm(LiF) + (Vm(NdF3) Vi) )XNdF3 J

Thus,
kD
(kD) _, ok

OXygr, OXygr,

—cD (6.18)

The experimental results (Table 6.3 and Figure 6.8) show that the value of

ok

XNdF,
positive. In addition, ¢ is a parameter decreasing with increasing NdFs;
concentration, indicating that the gradient of the curve of the supersaturation
index as a function of the NdFs; fraction decreases with increasing
concentration. The shape of the trend line in Figure 6.8 is consistent with
this conclusion.

kD increases with NdFs; concentration, which indicates that c= is

6.3.4.3 Alkali Metal Fluorides

Figure 6.9 shows the influence of the type of AF on Nd,Os dissolution in

AF-23NdFs. The dissolution rate decreases in the order from LiF-23NdF;,
NaF-23NdFs, to KF-23NdFs. This supports the choice of LiF-NdFs as an
electrolyte in commercial production concerning the dissolution rate.

The molar volumes of LiF, NaF, and KF at a specific temperature increase in

the order of their atom number, i.e., V, ) <V, yar) < Vi - According to
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Figure 6.9 Influence of type of AF on Nd»O3 dissolution in AF-
23NdFs at 1141 K

Equation (6.14), it can be derived that

A <V <V, (6.19)

(LiF-23NdF), NaF-23NdF; ) (KF-23NdF;)

The solubility of REOs is found to be associated with the charge density of
the cations in the melt?2. With higher charge density, it is more likely to form
stable M-O-F (M = metal) complex anions, which are the products of the
interaction between Nd,Os; and the fluoride melt?2. Higher concentration of
M-O-F complex in the Nd,Os-fluoride system means that the melt dissolves
more Nd,Os. The concentration of NdFs is the same in these three melts. As
indicated in reference??, the charge density decreases in the order from Li*,
Na*, and to K*. Given the same Nd3* concentration, it can be inferred that
the Nd,Os solubility decreases in the order from LiF-23NdFs;, NaF-23NdFs;,
and to KF-23NdF;, i.e.,
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SLiF-23NdF, = SNaF-23NdF; ~ SKF-23NdF, (6.20)
According to Equation (6.3), this implies

CI(LiF—23NdF3) > CI(NaF—23NdF3) > CI(KF—23NdF3) (62 1)

As per its definition (Equation (6.5)), the parameter k of the systems follows
the order

kLiF-23NdF3 > kNaF-23NdF3 > kKF-23NdF3 (622)

Since absolute k values are not available, it is not possible to obtain the
diffusion coefficient of Nd,0s in NaF/KF-23NdFs. Nevertheless, the dissolution
experiments in this study confirm that LiF-NdF; is a suitable solvent for Nd,O3
regarding kinetic aspects. Also, the solubility in LiF-NdFs is higher than that
in NaF/KF-23NdFs;, which means that the former is a better solvent
considering the thermodynamic factor. As an electrolyte, the addition of LiF
can improve the electrical conductivity of the melt due to the low resistance
of movement and high mobility of Li* cations!®. Considering all these
advantages, LiF-NdFs is justifiably chosen as the primary electrolyte for
electrowinning neodymium in industrial production.

6.4 Conclusions

n this research, the dissolution behavior of Nd,Os particles in molten

fluorides salts was investigated via /n-situ observation with CSLM,
providing a better understanding of the dissolution mechanisms and its
influencing factors, i.e., temperature, salt type, and composition. The
outcome of the study offers a convenient method to estimate the dissolution
time in LiF-NdFs melt. The main conclusions can be formulated as follows.

1) The dissolution of Nd.Os in molten fluoride is a diffusion-controlled
process. The diffusion coefficient increases from 2.6x10° to 5.9x107°
m?/s when the temperature rises from 1141 to 1291 K, and the activation
energy is determined to be 68 kJ/mol.

2) Increasing temperature and NdFs concentration in LiF-NdFs melt can
accelerate the dissolution, while LiF-23NdFs; is shown to be a better
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3)

solvent for Nd.Os than NaF-23NdFs and KF-23NdFs regarding the
dissolution rate.

The activation energy for diffusion E, and the pre-exponential factor D,

obtained are two critical parameters in this kinetic study. Together with
solubility and density data, it is possible to estimate the total dissolution time
of Nd,Os in LiF-NdF; melt with 5 — 23 mol.% NdF; in the temperature range
of 1141 — 1291 K.
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Electrochemical Behavior of
Neodymium (III) in Molten

Fluorides

Abstract

he electrochemical behavior of trivalent neodymium (Nd(III)) in molten

LiF-CaF; is studied with cyclic voltammetry, square wave voltammetry,
and chronopotentiometry. Two sorts of heodymium compounds, Nd>Os and
NdFs, are applied as the source of Nd(III) in the fluoride electrolyte. The
results show that the cathodic process of Nd(III) reduction is diverse in these
two systems. The reduction of Nd,Os in LiF-CaF; involves two steps, i.e.,
Nd(III)+e —Nd(II) and Nd(II)+2e —Nd(0). The first step is a reversible

and diffusion-controlled reaction. On the other hand, the electrochemical
reduction of Nd(III) in LiF-CaF,-NdFs is a single reaction with three
exchanged electrons. The process is quasi-reversible and diffusion-controlled.
The potentiostatic electrolysis demonstrates that the electrowinning of
neodymium metal can be achieved in LiF-CaF,-Nd,Os system. An alloy mainly
containing neodymium was obtain by constant potential electrolysis from a
rare earth oxide mixture that was concentrated from secondary resources,
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which confirms the feasibility of the recovery of rare earth elements from
secondary resources.

7.1 Introduction

ince the 1990s, the demand for neodymium has been substantially

boosted by the rapid development of NdFeB magnet industry !. Due to
its essential role in advanced technologies, neodymium is categorized as one
of the most critical raw materials 2.

Nowadays, neodymium is mainly produced by molten salt electrolysis from
two types of systems: NdCls-KCl and NdFs-LiF-BaF,-Nd.Os . The former has
been taken over progressively by the latter due to its high energy
consumption, low current efficiency, and low vyield resulted from the high
volatility of chlorides and high solubility of neodymium in the electrolyte .

It is known that the current efficiency or energy consumption is significantly
influenced by current and electricity supply. Understanding the path of
electron transfer during rare earth oxides (REQOs) electrolysis is critical in
order to eliminate side reactions and achieve precise control of the process,
which can significantly reduce the energy consumption. Unfortunately, even
though the molten salt electrolysis has been adopted for the commercial
production of neodymium for several decades since 1961 °, the reduction
mechanism of Nd(III) is not fully understood.

There have already been a number of efforts carried out in literature aiming
to provide clarify the reduction process during electrolysis. The study on the
electrochemical behavior of NdCls in molten LiCI-KCl found that the reduction
of Nd(III)/Nd(0) involved two successive steps, i.e., Nd(III) was converted
into soluble Nd(II) and then reduced to metallic Nd(0) ¢°. Lu et a/. (1991) 1°
considered that in molten KCI-NaCI-NdCl; with the presence of neodymium
metal, the cathodic reaction was Nd(II)+2e —Nd. Novoselova et al. (2013)

11" had a similar conclusion for the cathodic process of NdCls in fused eutectic
LiCI-KCI-CsCl and pure CsCl. Yamana et al. (2006) 7 further confirmed the
presence of Nd(II) by means of UV-visible absorption spectrophotometry.
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One exception is the work done by Wu et a/. (1994) 2, who proposed a
three-electron reaction on a gold working electrode in NdCls-LiCI-KCl melt.

The work on fluoride system shows more discrepancies. For some studies in
LiF-CaF, '3'% and pure LiF >, a two-step mechanism with Nd(II) as
intermediate valence was found. Whereas, the findings from other research
showed that the electrochemical reduction of Nd(III) in LiF-KF 6, LiF ! and
LiF-CaF, '8, is a one-step reaction exchanging three electrons
(NA(III)+3e —Nd(0) ).

In the industrial production of neodymium, Nd,Os is added to a mixture of
LiF-NdF; as raw materials. Stefanidaki et a/. (2001) '/ reported that the
cathodic process recorded by cyclic voltammetry in LiF-NdF3-Nd.Os was
similar to that in LiF-NdFs system. According to Lu et a/. (1991) 13, the cyclic
voltammogram of LiF-CaF,-NdFs; with saturated Nd,Os was almost identical
to that of LiF-CaF,-NdFs without Nd.Os, with slight differences in the
deposition potential of neodymium. These results were considered to arise
from the much higher concentration of NdF; than that of Nd,Os in the melt
with saturated Nd,Os . The electrochemical signals of Nd,Os; may have been
hidden from that of NdFs. This makes the cyclic voltammograms recorded in
these two systems look almost the same, which should be avoided when the
reduction of Nd,Os is the focus.

In order to provide an in-depth understanding of Nd(III) reduction in molten
fluorides, the present research focuses on the electrochemical behavior of
Nd(III) in molten LiF-CaF,. Without NdFs in the system, LiF-CaF;, as a solvent
for Nd,Os, can eliminate the influence of NdFs, which would benefit the
observation of Nd(III) reduction. In addition, LiF-CaF, melt can provide a
larger electrochemical window than other fluoride mixtures 8. The results
are compared with the electrochemical behavior of NdFs in LiF-CaF; to have
a full picture of Nd(III) reduction from both oxide and fluoride.

In addition, this research is part of an EU project (REEcover). The whole
project focuses on developing, demonstrating and assessing the economic
viability of the recovery of rare earth elements (REES), including terbium (Tb),
dysprosium (Dy), neodymium (Nd), and yttrium (Y), which are especially
critical to the European economy, from two types of industrial wastes, i.e.,
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tailings from the iron ore industry and magnetic waste material from WEEE
recycling industry. These two types of waste are upgraded via physical
separation and hydrometallurgical or pyrometallurgical treatment. The
upgrading materials are then concentrated via solvent extraction to further
remove impurities. The end product is a mixture of REOs with minor
impurities, which is the raw materials for electrolysis to extract REEs from
their oxide form. In this chapter, the possibility of extracting REEs from the
concentrated mixture is demonstrated by electrolysis experiments performed
in molten LiF-NdFs melt.

7.2 Experimental

7.2.1 Electrochemical behavior

7.2.1.1 Materials and electrolytic cell

he eutectic composition of LiF-CaF; binary system is 76 mol. % LiF and

24 mol. % CaF,. Therefore, a mixture containing 76 mol. % LiF (Alfa
Aesar 99.5 wt. %) and 24 mol. % CaF, (Sigma-Aldrich 99.0 wt. %) was used
as the electrolyte for investigating the reduction behavior of Nd,Os (Solvay
Rhodia 99.5 wt. %) in molten fluorides. The melting temperature of the
fluoride mixture is 1023 K °. The experiments were performed at 1123 —
1273 K to guarantee good fluidity and sufficient concentration of dissolved
Nd,Os. The amount of added Nd.Os in the electrolyte was at least triple its
solubility at the temperature, which makes sure the concentration of Nd,Os
was always over-saturated. When the melt was in equilibrium, the
concentration of Nd,Os3 in LiF-24CaF, should have been its solubility at that
temperature (saturation). For comparison, NdFs; (Alfa Aesar 99.9 wt. %) was
used to replace Nd,Os3 in some experiments. Before experiments, all the
chemicals were dehydrated by heating under an argon atmosphere at 673 K
for at least 12 hours.

The experimental setup is shown in Figure 7.1. A graphite crucible with an
inner diameter of 35 mm containing the mixture of electrolyte and Nd,Os was
placed at the hot zone of a vertical furnace. The electrodes were introduced
from the top. The distance between the working electrode and counter
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electrode was fixed to 20 mm to eliminate possible influences of distance on
the electrochemical reactions. The experiments were performed under an
inert argon atmosphere. The temperature was measured using a K-type
thermocouple, which touched the bottom of the graphite crucible from the
bottom of the furnace.

Pt electrode
Off-gases / Mo electrode

Graphite electrode

Reactor

O Il

Princeton Parstat

Graphite Crucible

Electrolyte

Argon / Thermocouple

Figure 7.1 Schematic illustration of the apparatus for
electrochemical experiments (inner diameter of graphite crucible: 35
mm)
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The working electrode was a molybdenum wire with a diameter of 2 mm.
The reaction surface was determined after each experiment by measuring
the depth immersed in the melt. The counter electrode was a graphite rod
with a diameter of 5 mm, which was connected a molybdenum wire to be
extended outside the reactor. A 1-mm diameter platinum wire acted as a
quasi-reference electrode in the experiments 2,

7.2.1.2 Techniques

he electrochemical behavior was studied with cyclic voltammetry, square

wave voltammetry, and chronopotentiometry, which were performed
using a Princeton Parstat 4000 controlled by a computer using the software
VersaStudio 2.52.3.

After constant potential electrolysis, the cathode covered with a thin layer of
metal and trapped salts was cut off, and its cross section was examined by
a scanning electronic microscope (SEM, JEOL JSM 650F).

7.2.2 Constant potential electrolysis

7.2.2.1 Materials and electrolytic cell

he synthetic feed was used as raw material for constant potential

electrolysis. The concentrated material mainly contains REOs (ca. 95
wt.%), including Nd,Os, PresO11, Dy20s (see Table 7.1). The main impurity is
manganese oxide, which comes from the remaining impurity in the waste
stream. For simplicity, the mixture is called "REO mixture" hereinafter.

Table 7.1 Composition of synthetic feed

REO PreO11 Nd20s Dy203 Total

Concentration

(Wt.%)

6.44% 85.20% 2.47% 94.12%
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A mixture containing 77 mol. % LiF (Alfa Aesar 99.5 wt. %) and 23 mol. %
NdF; (Sigma-Aldrich 99.0 wt. %) was used as an electrolyte. Its melting
temperature is around 1011 K *°,

Before being loaded to a graphite crucible, the fluorides were well mixed with
the REO mixture. The amount of the REO mixture in the electrolyte is always
over-saturated in order to prevent oxide depletion during electrolysis process.
The mixture was hold at 673K for overnight before electrolysis in order to
remove any possible moisture or adsorptive water. The experiments were
conducted in a vertical tube furnace under an inert argon atmosphere. The
electrodes were introduced from the top. The temperature was measured
using a k-type thermocouple, which contacted the bottom of the graphite
crucible from the bottom of the furnace.

Two-electrode system was used in the experiments. The experimental setup
was similar to that shown inFigure 7.1 except for only two electrodes being
used. The working electrode was a 2-mm diameter molybdenum wire. The
contact area was determined after each experiment by measuring the
immersion depth in the bath. A graphite rod with diameter of 10 mm acted
as a quasi-reference electrode and a counter electrode.

7.2.2.2 Techniques

he electrolysis were performed using a Princeton Parstat 4000 controlled
by a computer using the software VersaStudio 2.52.3.

After constant potential electrolysis, the cathode was covered with a thin
layer of metal and trapped salts. To investigate this metallic layer, the
electrodes were cut off, and the cross section was subject to EDS analysis
with a scanning electronic microscope (SEM, JEOL JSM 650F).
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7.3 Results and discussion

7.3.1 Electrochemical reduction of Nd(III) in molten fluorides

7.3.1.1 LiF-CaF>-Nd20O3 system

he cyclic voltammogram of the electrolyte, LiF-CaF,, is given in Figure
7.2 with a dashed line. A reduction peak of Li* (Peak C) was observed
at about -1.3 V. It determines the limit for negative scanning.

The cyclic voltammogram of LiF-CaF,-Nd>O3 recorded on a molybdenum
electrode is shown in Figure 7.2 as well. Two new pairs of redox peaks (A/A'
and B/B") appear in the voltammogram. They exhibit the possible redox
reactions due to the added Nd,0s.
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Figure 7.2 Cyclic voltammograms recorded on a molybdenum
electrode in LiF-CaF, (dashed line) and LiF-CaF;-Nd.Os (solid line)
with a scan rate of 0.1 V/s at 1223 K (vs. ref. Pt/PtOx/02)
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According to the theoretical reduction potential ‘8 as listed in Table 7.2, the
deposition potential of neodymium should be near the reduction of Li*.
Therefore, the peak A cannot be the precipitate of neodymium metal. The
peak corresponding to the deposition of heodymium (peak B) can hardly be
distinguished from the reduction peak of Li*. Peak A should be an
intermediate step before the precipitation of neodymium, which implies that
the reduction of Nd(III) in this system may consist of two consecutive steps.
This aligns with the observation from literature 31>, which suggests Nd(II)
as intermediate product. That is, the reactions of Peak A and B are

Peak A: Nd(III)+e — Nd(II) (7.1)
Peak B: Nd(II)+2e —Nd(0) (7.2)

Table 7.2 Standard reduction potential of the least stable cation 18

76LiF-CaF2 LiF NdFs

Reduction potential of the least stable
cation (V vs. F2/F) -5.33 -5.31 -4.98

The above conclusion was reconfirmed by utilizing chronopotentiometry. In
this technique, the potential of a working electrode versus a reference is
recorded as a function of time when a programmed current is applied in an
unstirred solution with a large excess of a supporting electrolyte 2. In such
a system, diffusion is the only limiting step to be considered. A slow decrease
plateau of potential should be observed when a reduction reaction occurs on
the electrode. The process continues until the surface concentration of
oxidants reaches zero, and then a sharp decrease in potential appears until
another electrochemical reaction occurs. The situation is similar when a
reversed current is applied. A slow increase to a plateau of potential should
be observed when an oxidation reaction occurs on the electrode until the
concentration of reactants at the electrode surface reaches zero. Observing
the potential plateaus recorded in a chronopotentiogram, it is possible to
determine the number of reactions occurring in that measurement.
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Figure 7.3 presents two typical chronopotentiograms obtained at 1123 K with
different current (200 mA and 250 mA). A negative current was first applied
to deposit some metal on the working electrode for several seconds. After
that, the current was reversed. The change of potential with time was

recorded and shown in Figure 7.3.
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Figure 7.3 Chronopotentiograms recorded on a molybdenum
electrode in LiF-CaF>-Nd.,O3 with different current at 1123 K (vs. ref.
Pt/PtOx/O%)

There are three potential plateaus in both curves, although the third one is
not clearly visible. The most negative (first) potential plateau is
corresponding to the dissolution of a lithium-based alloy, while the second
and the third ones to the oxidation of Nd(0) to Nd(II) and Nd(II) to Nd(III),
respectively. This agrees well with the observations with cyclic voltammetry.
Even though the potential difference between the oxidation of Nd(0) and
Li(0) is rather small, it is still possible to distinguish Plateau 1 from Plateau
2. This makes chronopotentiometry a supplementary to the studies with

cyclic voltammetry.

To investigate the reversibility of the reduction reactions of Nd(III) in LiF-
CaF,-Nd;03, cyclic voltammograms were measured at different scan rates
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and temperatures. For reversible reactions %,

_1.1098T (7.3)

nF

E =E

p 1/2

where E, is the peak potential and E, ,the half-wave potential. According

to Equation (7.3), the peak potential is independent of the scan rate for a
reversible reaction.

Figure 7.4 shows the cyclic voltammograms recorded on a molybdenum
electrode in LiF-CaF,-Nd,O3 with different scan rate at 1298 K. The peak
potential keeps almost unchanged at different scan rates. To be precise, the
peak potential of peak A in Figure 7.4 is extracted and shown in Figure 7.5.
The average is around -1.21 + 0.01 V vs. ref. Pt/PtO,/O%. The deviation is
quite small, and the peak potential can be considered to be constant at
different scan rates.
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Figure 7.4 Cyclic voltammograms recorded on a molybdenum
electrode in LiF-CaF»>-Nd,O3 with different scan rate at 1298 K (vs.
ref. Pt/PtOy/02)
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Figure 7.5 Peak potential of peak A vs. the scan rates (derived from
Figure 7.4)

On the other hand, the peak current increases with scan rates, but the ratios
between cathodic and anodic peak current density (i, /ipc) should be close

to 1. Since the anodic peaks are very weak in Figure 7.4, it is not possible
to determine the anodic peak current density.

Another typical feature for a reversible reaction is the linear relationship
between the peak current density and the square root of scan rate. The peak
current density is derived from Figure 7.4 and plotted versus the square root
of the scan rate (see Figure 7.6). A quite good linearity is obtained between
these two variables.

Based on the discussion above, the reduction of NA(III) to Nd(II) is
considered to be a quasi-reversible reaction.
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Figure 7.6 Peak current density of peak A vs. the square root of the
scan rates (derived from Figure 7.4)

The relationship between the peak current and the square root of scan rate
can further reveal the limiting step of an electrode reaction. For a diffusion
controlled reaction %,

I’IF 1/2
I,=0.4463nFAC, (—j D'*p'? (7.4)
RT

where [ is the peak current, A the electrode area, C, the solute

concentration, D the diffusion coefficient of the solute, v the potential scan
rate.

It is evident in Figure 7.6 that there is a linear relationship between the peak
current density and the potential scan rate, but the fitted line does not pass
through the origin. This implies that the reaction is not a diffusion-controlled
process. Combining these results and those from the peak potential, Reaction
A should be a quasi-reversible process. Since it is not possible to separate
peak B from the background reaction with sufficient accuracy, the kinetics of
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the reduction of Nd(II) cannot be studied in LiF-CaF,-Nd,0s. An electrolyte
with wider electrochemical window must be sought for such study.

7.3.1.2 LiF-CaF2>-NdF3 system

F or comparison, the electrochemical process of LiF-CaF,-NdF; was
investigated under similar condition. Its cyclic voltammogram with a scan
rate of 0.1 V/s at 1123 K is shown in Figure 7.7. It is much different from
that in LiF-CaF,-Nd,0s. Compared with the background, a reduction peak
(peak D) at -1.4 V is detected in the negative scan. A sharp anodic peak
(peak D') at -1.2 V is observed in the reverse scan. Given that the reduction
peak of Li(I) is shown at more negative potential, this pair of peaks should
be attributed to the redox of neodymium in the melt. Sometimes, an
exceedingly small reduction peak was observed at around -1.0 V and a
corresponding oxidation peak at the positive scan. This may be resulted from
the impurities in the system or an intermediate step before neodymium
cations are reduced to metal. Since the reduction peak is far smaller than
that at -1.4 V, this intermediate reaction is considered to be insignificant,
and only small amount of Nd(III) are subjected to this process. The
influences of this reaction are very limited, and will not be considered in the
following discussion.

The above hypothesis is further verified with square wave voltammetry. For
reversible systems, the relationship between the peak width and the number
of exchanged electrons is 2!

RT
W1/2 23525 (75)

where W, , is the full width at half maximum in V, n the number of

exchanged electrons, T the absolute temperature in K, R the universal gas
constant (8.314 J/mol/K), F the Faraday constant (96485 C/mol).

This equation can be adapted to calculate the number of exchanged
electrons. The reversibility of an electrochemical reaction can be verified via
the linearity between the current peak and the square root of the frequency
of the potential signal. As long as the linear relationship is maintained, it is
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Figure 7.7 Cyclic voltammograms recorded on a molybdenum

electrode in LiF-CaF,-NdF3; at 1123 K melts with a scan rate of 0.1
V/s (vs. ref. Pt/PtOx/02)

possible to apply Equation (7.5) to the estimation of the number of
exchanged electrons 18,

The validity of the method is first checked with the linearity between the
peak current and the square root of frequency. The results confirm that it is
feasible of square wave voltammograms for this system in the frequency
range of 10 — 35 Hz.

The voltammograms at different frequencies are given in Figure 7.8. The
curves exhibit a reduction peak at about -1.25 V vs. ref. Pt/PtOy/O%,
corresponding to peak A of the cyclic voltammograms inFigure 7.7.

According to the measured the width of the half peak, W, ,, as indicated in

Figure 7.9, the number of exchanged electrons is calculated via Equation
(7.5). The results are listed in Table 7.3. The average value is 2.94 £ 0.09 V
for seven measurements. The value is close to 3, which is the number of
exchanged electrons for the reduction of Nd(III) to metallic Nd. The results
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Figure 7.8 Square wave voltammograms recorded on a molybdenum
electrode in LiF-CaF»>-NdF3 melt at different frequency at 1123 K (vs.
ref. Pt/PtOy/02%)
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Table 7.3 Measured width of the half peak and calculated number of
exchanged electrons for Reaction D at different frequencies and

1123 K
Temperature (K) Frequency (hz) W, (V) n
1123 10 0.1106 3.08
1123 10 0.1181 2.88
1123 15 0.1122 3.04
1123 20 0.1208 2.82
1123 25 0.1179 2.89
1123 30 0.1186 2.87
1123 35 0.1132 3.01

are consistent with the observation with cyclic voltammetry (Figure 7.7). In
LiF-CaF,-NdFs, the Nd(III) ions are reduced to Nd(0) via a single reaction

Peak D: Nd(III) +3e — Nd(0) (7.6)

Chronopotentiograms were recorded as well on a molybdenum electrode in
LiF-CaF,-NdFs (see Figure 7.10). These two representatives were measured
with a current of 250 and 100 mA at 1123 K. In contrast with those measured
in LiF-CaF,-Nd,0s, there is only one potential plateau when a negative
current is applied, and it is difficult to distinguish the reduction of Nd(III)
from that of Li(I). A definite potential plateau is observed at more anodic
potential in both curves when the current is reversed. After that, the potential
steeply increases until it reaches over 1.2 V, at which the evolution of fluorine
gas begins. It leads to the conclusion that the reduction of Nd(III) in LiF-
CaF,-NdFs is a one-step process to metallic Nd.

Figure 7.11 shows the cyclic voltammograms recording the reduction of
Nd(III) in LiF-CaF,-NdFs at 1123 K with different scan rates. The peak current
of peak D increases with the scan rate. The peak potential shifts to more
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negative direction as the scan rate increases (see Figure 7.12). The deviation
(about 0.02 V), however, is insignificant compared to the average peak
potential (-1.41 V). From this point of view, the reaction is considered to be
reversible.
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Figure 7.12 Peak potential of peak D vs. the scan rates (derived
from Figure 7.11)

Another method to test the reversibility is to calculate the potential difference
between the cathodic and anodic peaks. If a reaction is reversible, the
potential difference should meet the condition

AE,=(|E,, ~E,

)<2.3ﬂ (7.7)
nF

where E  and E, are the peak potential of anodic and cathodic peaks,

respectively.

For a three-electron reaction, the potential difference should not exceed 74
mV at 1123 K according to Equation (7.7). The potential difference estimated
from Figure 7.11 is, on average, 260 mV, which is much larger than 74 mV.
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This suggests that reaction (7.6) is not a reversible process. Combining the
observation on peak potential shifts at different scan rates, the reduction of
Nd(III) is quasi-reversible. Hamel et al. (2004) ' reached the same
conclusion in their study.

To find out the limiting step, Equation (7.4) is also valid for a quasi-reversible
reaction. The relationship between the current peak and square root of scan
rate is verified in Figure 7.13. The regression line is a straight line passing
through the origin, which proves that the electrochemical reduction of Nd(III)
in LiF-CaF,-NdFs; is controlled by the diffusion of heodymium ions in the melt.

From the results of various electrochemical methods, it is evident that the
Nd(III) reduction on a molybdenum electron in LiF-CaF,-NdFs is a single
reaction with three exchanged electrons and the process is diffusion
controlled. This agrees well with the observation from Hamel et a/. (2004) *8.
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Figure 7.13 Peak current density of peak D vs. the square root of
the scan rates (derived from Figure 7.11)
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7.3.2 Neodymium electrowinning

As Hamel et al. (2004) *® have demonstrated that electrowinning of
neodymium was achieved in LiF-CaF,-NdF; system, the constant
potential electrolysis was only conducted in LiF-CaF,-Nd,03 system at 1123
K. The experiment temperature is lower than the melting point of neodymium
metal (1289 K), which means that the metal should precipitate in solid state
and attach to the molybdenum electrode. This makes the collection much
easier and more straightforward for characterization. The potentiostatic
electrolysis was carried out at -1.1 V vs. a quasi-reference electrode
Pt/PtO4/O? for 60 min. After electrolysis, the molybdenum wire was found to
be covered by a thin metallic layer. The electrode together with the
adhesions was subject to SEM-EDS analysis to clarify the electrolysis
products. A SEM image is shown in Figure 7.14. The large grey region on the
right part is molybdenum electrode. The bright part in the middle is mainly
neodymium metal with a small amount of trapped electrolyte (light grey).
This proves that neodymium was prepared by potentiostatic electrolysis of
Nd,Os3 in LiF-CaF,. In addition, the results confirm that the suggested
reduction mechanism of Nd(III) in the previous sections, i.e., Peak B involves
the precipitation of metallic Nd.

Figure 7.14 Image of molybdenum electrode after constant potential
electrolysis at 1123 K for 60 min
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7.3.3 Constant electrolysis of REO mixture

he cyclic voltammogram of LiF-23NdF; with saturated REO mixture is

shown in Figure 7.15. As expected, the reduction includes two steps (R1
and R2), similar to LiF-CaF,-Nd,O3 system (see Figure 7.2). The constant
potential electrolysis was conducted at the potential, which is more negative
than R2, but more positive than the decomposition potential of the
electrolyte, i.e., LiF-23NdF;, at 1123 K. The potential was set to -3.0 vs.
graphite.
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Figure 7.15 Cyclic voltammogram of LiF-23NdFs;with saturated REO
feed at 1123 K

As shown in Table 7.1, Nd,Os is the main component in the REO mixture. It
can be inferred that the electrolysis product should be a Nd-base alloy. The
melting point of the prepared alloy is, therefore, close to that of neodymium
metal (1294 K) 4. The experiment temperature (1123 K) is lower than the
melting point of the alloy, which means that it should precipitate in solid
state and attach to the molybdenum electrode. This makes the collection
much easier and more straightforward for characterization. Liquid alloy



7.3 RESULTS AND DISCUSSION 161

formation would cause the dispersion of the cathodic product within the
electrolyte in a small electrolysis system in the current lab scale. The
collection would become much more difficult or even impossible. That is why
the experimental temperature was set to be below the melting point of the
expected alloy.

The current curve is shown in Figure 7.16. At startup, the current rose
sharply to over 0.27 A and then decreased dramatically to around 0.1 A. after
that, the electrolysis turned into steady phase, and the current remained
below 0.1 A until the end of the electrolysis. In the stable stage, the current
density is calculated to be about 0.1 A/cm?. The values are much smaller
than those in commercial production. This is because the electrolyte contains
less NdFs, and the experiment temperature was around 200 K lower than the
industrial production. Thus, the saturated concentration of REO is rather
limited. The solubility of Nd,Os is approximate 1 wt. % under the
experimental condition 2°, while it is around 3 wt. % in large scale production
%, Moreover, the concentration of REOs near the electrode may be even
lower than the saturated concentration due to the continuous deposition of
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Figure 7.16 Current curve during electrolysis at -3 V vs. graphite at
1123 K
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REEs on the electrode and resulted depletion of REO near the molybdenum
wire. The supplementary of REO is merely relied on the diffusion of REO
in the electrolysis as the mixing effect in the small laboratory cell is not
sufficient. Consequently, the actual concentration of REO that contributes
to the electrochemical reaction is much lower than that in the
commercial production. That is why the current density in the experiments

is only around 2 % of that in an industrial electrolytic cell (about 5 — 6 A/cm?)
1

After electrolysis, there was a metallic layer adhering to the molybdenum
wire. Its microscopic image is shown in Figure 7.17 (a). The bright part
(Region 1 in Figure 7.17) is molybdenum wire, while the gray part (Region 2
in Figure 7.17) is the alloy obtained from REO mixture by electrolysis. This
was confirmed by EDS analysis. The spectra of area 1 and 2 in Figure 7.17
(a) is given in Figure 7.17 (b) and (c), respectively. Since the peaks of REE
are very closed to each other, it is hard to distinguish different REEs (Nd, Pr,
and Dy) with each other in the spectra. Therefore, only peaks of neodymium
are labeled. This proofs that it is possible to prepare REE alloys from this
REO mixture by oxide-fluoride electrolysis. No other metals were detected
by EDS analysis. This may be due to the concentration of impurities is lower
than the detection limit of EDS, which is around 5 wt. %.

According to the chemical analysis, the main impurity in the REO mixture is
manganese oxide. Its standard Gibbs free energy of formation is higher than
REOs at the experimental temperature °, which means that manganese oxide
should be reduced to metallic state prior to REO under standard conditions.
Therefore, manganese metal should be the main impurity in the reduced rare
earth alloy. However, its concentration should be lower than 5 wt. %
according to the EDS analysis.

For general industrial sectors, the requirement for the purity of rare earth
metals/alloys is in the range of 95 — 99 wt. % #’. The rare earth alloy obtained
fulfils this request. To get a rare earth alloy with less non-RE impurities or
even pure neodymium metal, efforts could be made on obtaining a REO
mixture or Nd,Os3 of higher purity via separation methods before electrolysis
or implementing refining measures on the electrolytic reduction product.
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There was about 0.1-gram alloy obtained after electrolysis for 1.3 hours. The
current efficiency is approximate 50 %. This could be due to the back
reactions between anode and cathode products and dissolved metals.

Combined with the electrolysis voltage 3.0 V, the power consumption is
calculated to be 3.4 kWh/kg alloy (assuming that the product is pure
neodymium metal). This number is much lower than the industrial
parameter, which is around 10 kWh/kg neodymium 128,

The discrepancy may arise from some aspects. Firstly, the cell used in the
laboratory experiments is much smaller than those in industrial plants. The
electrode distance is merely 2 cm while it could be 10 — 15 ¢cm in real
production . The resultant cell voltage is in the range of 8 — 10 V at a cathode
current density of about 5-6 A/cm? 1. This voltage is around 3 times of that
used in laboratory experiments. Secondly, in industrial electric cells, electric
power is also consumed to maintain the cells at the operational temperature.
During the experiments, the cell was heated up by the vertical furnace. Its
power consumption is not taken into account when calculating the total
power consumption in the experimental cell. Another reason is the working
temperature. For easy collection, the electrolysis was performed at 1123 K,
which is about 200 K lower than the melting point of the alloy. In industry,
REE metals are obtained in liquid state. This is good for metal-electrolyte
separation. There are indeed electrolyte inclusions observed in the alloy
obtained in the experiments.

The recovery is around 6 % for 1.3-hour continuous electrolysis versus the
original amount of oxides loaded to the cell at the beginning of the
experiment. With close observation to the electrolyte after the electrolysis,
there was a layer of REOs at the lower part of the electrolyte, which means
that only small amount of the oxides was reduced and much of them remains
in the oxide form. Due to the limitation of laboratory, it is not possible to test
continuous electrolysis as industrial production. Given the electrolysis
continue long enough, the recovery should keep increasing until the
electrolysis reaches its limit.
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7.4 Conclusions

he electrochemical behavior of Nd(III)/Nd(0) is investigated in two

systems, i.e., LiF-CaF,-Nd,0s and LiF-CaF,-NdFs, with cyclic voltammetry,
square wave voltammetry, and chronopotentiometry. The reduction of Nd(III)
in LiF-CaF,-Nd;03 involves two successive steps with Nd(II) as an
intermediate valence. The first step is a quasi-reversible process. The
reaction in LiF-CaF,-NdFs;, by contrast, is a single reaction with three
exchanged electrons. The process is quasi-reversible and limited by the
diffusion of Nd(III). The potentiostatic electrolysis demonstrates that metal
neodymium can be prepared by electrolytic decomposing Nd,Os in LiF-CaF..

An alloy mainly containing neodymium was obtain by constant potential
electrolysis from the synthetic feed in molten fluorides. The current efficiency
is determined to be 50 % and energy consumption is 3.4 kWh/kg alloy
(assuming that the product is pure heodymium metal). These two economic
indicators need further verification with larger scale experiments.
Nevertheless, the outcomes prove that it is feasible to prepare RE alloy from
the concentrated material which is upgraded from tailings from the iron ore
industry and magnetic waste material from WEEE recycling industry.
Combining the findings from other partners in REEcover project, it is believed
that the prospective of the recovery of REES from waste is promising.
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Conclusions and Recommendations

his thesis focuses on the electrolysis of rare earth oxides (REOSs),

especially Nd;Os, in molten fluorides in order to have a better
understanding of the whole process for improving its efficiency and its
suitability to the secondary raw materials. Prior to electrolytic reduction,
sufficient amount of REOs should first dissolve into the fluoride electrolyte.
The dissolution of REOs into fluoride melts is a key factor for a smooth
electrolytic operation. The REO solubility is studied with respect to different
influencing parameters, including temperature and fluoride composition. A
semiempirical model for the REO solubility in molten fluorides is developed
based on a systematical analysis on solubility data from the literature. The
dissolution kinetics is further investigated via /n-situ observation on the
dissolution of Nd,Os particles in fluoride melts. The electrolytic reduction of
Nd(III) is investigated in two systems by different electrochemical methods.
The feasibility of recovering rare earth metals from REOs concentrated from
secondary resources is examined. The main conclusions are listed as follows.

1) The solubility of REOs in fluoride melts is relatively low and is usually
below 3 mol. % (10 wt. %). The solubility increases with temperature
and rare earth fluoride (REF) content. There is a linear relationship
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2)

3)

4)

5)

between the natural logarithm of the solubility and the reciprocal of the
absolute temperature.

The fluoride melts dissolving REOs are a mixture of respective REF, alkali
metal fluoride (AF), and sometimes alkali earth metal fluoride (AEF). AF,
mostly LiF, can lower the melting point of the mixture and can improve
its electrical conductivity. AEF, usually as a third additive, can further
lower the melting point and limit the evaporation of LiF.

A semiempirical model for REO solubility in fluorides is developed based
on thermodynamic analysis. The model parameters for Nd,O3 and Y,03
solubility are obtained by fitting experimental data extracted from the
literature to the present model. The accuracy of the solubilities predicted
by the model is on average 8 % for Nd.Os and 7 % for Y,0s3, which are
well within the experimental uncertainty. With these models, the
prediction of Nd,Os3 and Y,0s solubility in certain fluoride melts at valid
temperature ranges will be possible with given temperature and salt
composition.

The model parameters show NdFs content xy, , the product of LiF
content and MgF. content x,;xy,, , and CaF. content x., have positive
effect on Nd2Os solubility, while LiF content x,. and MgF. content xy.

have negative effect. Meanwhile, the effect of YFs is quite distinctly
positive, and the product of YFs; content and LiF content x,. x,;- shows a

negative effect on Y,03 solubility. The results also indicate that Y,0s
solubility is more sensitive to temperature than that of Nd,Os. The effects
of different components on the solubility are found to be qualitatively
associated with the charge density of cations. The higher the charge
density, the more positive the effect on the solubility is, and vice versa.

The systematic evaluation of three approximations, i.e., Invariant-Field
(IF), Reverse-Growth (RG), and Invariant-Size (IS) approximations,
describing the diffusion-limited dissolution of a spherical particle in an
infinite medium, shows that all three approximations can only obtain
satisfactory results within certain ranges of k , a physicochemical
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6)

7)

8)

parameter, representing the supersaturation ratio or driving force for
diffusion. The IF and RG approximations have identical dissolution curves
independent of k and are only realistic for k < 0.09 with an error less
than 10 %. By contrast, the dissolution curves produced by the IS
approximation can reflect the influence of k and agrees well with the
numerical simulation results for k up to 38 with a deviation of less than
8 %. Estimating total dissolution time, the three approximations can only
be adequate for small k values. To control the error below 10 %, the
ranges of k are below 0.03, 0.06, and 0.15 for IF, RG, and IS
approximations, respectively.

The dissolution of Al,Os particles in Ca0-Al;03-SiO> and Nd.Os in LiF-
24CaF; are both diffusion controlled. The IS approximation can represent
both dissolution processes well. Since k = 0.33 ~ 0.66 in the former
system, the deviation of estimated diffusion coefficients by the three
approximations may be as high as 30 %. None of the approximations is
appropriate for this purpose. The differences among the three
approximations can be neglected with k = 0.0073 ~ 0.0075 in the latter
system. Any of the approximations can reproduce the experimental data
with satisfactory agreement and can be applied to estimate kinetics
parameters.

The dissolution of Nd>Os in molten fluoride is a diffusion-controlled
process and its Kkinetics increases with temperature and NdFs
concentration. In LiF-NdFs, the diffusion coefficient increases from
2.6x107? to 5.9x10° m?/s when the temperature rises from 1141 to 1291
K, and the activation energy is determined to be 68 kJ/mol. LiF-23NdFs;
is shown to be a better solvent for Nd,Os; than NaF-23NdFs; and KF-
23NdF; regarding the dissolution rate.

With the activation energy for diffusion E,, the pre-exponential factor
D,, solubility, and melt density, it is possible to predict the dissolution of

Nd,Os in LiF-NdF; melt with 5 — 23 mol.% NdFs in the temperature range
of 1141 — 1291 K.
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9) The investigation of the electrochemical behavior of Nd(III)/Nd(0) in LiF-
CaF,-Nd,0s and LiF-CaF,-NdFs; with cyclic voltammetry, square wave
voltammetry, and chronopotentiometry reveals that the reduction of
Nd(III) in LiF-CaF,-Nd»Os involves two successive steps with Nd(II) as an
intermediate valence, while the reaction in LiF-CaF,-NdFs is a single
reaction with three exchanged electrons. The reduction of Nd(III) to
Nd(II) in LiF-CaF,-Nd.Os is a quasi-reversible process. The reduction
process of Nd(III) in LiF-CaF,-NdFs is quasi-reversible and limited by the
diffusion of Nd(III).

10)An alloy mainly containing neodymium was obtained by constant
potential electrolysis in molten fluorides from a synthetic feed
concentrated from tailings from the iron ore industry and magnetic waste
material from WEEE recycling industry. The impurities in the synthetic
feed, i.e., manganese, have limited effects on the electrolytic reduction
of Nd,Os. This shows that it is feasible to prepare RE alloy with required
quality from secondary resources. It is believed that the prospective of
the recovery of REEs from waste is promising.

Rare earth elements are essential materials in modern industry due to their
wide application in advanced technologies. Oxide-fluoride electrolysis, as a
domain technology to produce light lanthanides, will be, for a long time, one
of the focuses in rare earth industry. To improve the economic indicators,
including current efficiency, power consumption, yield, metal recovery rate,
etc., and reduce environmental impact, such as CO, and fluorocarbon gas
emission, a complete and deep understanding of the process is the key to
the optimization of the electrolysis.

REO solubility should be investigated further to improve the accuracy of the
model developed in this thesis for the estimation of REO solubility. As oxide-
fluoride electrolysis is frequently applied for light lanthanides, the focus could
be placed on the solubility of La;0s, Pr.0s, Nd,03, and Y,0s in LiF-REF(-AEF)
with different REF concentrations at different temperatures.

The high temperature structure of the REO-fluoride melts is an interesting
topic, which can reveal the mechanisms of REO dissolution and assist the
selection of better electrolytes. Raman spectroscopy is a powerful tool in this
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field. Some research has been done for the LiF-NdFs;-Nd,Os; system. Similar
systems for lanthanum, praseodymium, and yttrium can be studied.
Comparison between these systems may bring some interesting results.

A flow-based simulation of the electrolytical process will give a full picture of
the motion trajectory of different particles, including the transfer of REO to
cathode surface, the release of gas bubbles, and metal precipitation.

From the engineering point of view, a better design of the electrolytic cell is
crucial to the process optimization. The use of an immersed liquid cathode
is a good approach, which can lower the electrode distance and enhance the
cell efficiency . The commercialization of this technique needs careful and
complete industrial investigation.
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Appendix I

Solubility Data of REOs

The solubility of REOs in fluoride melts are list in Table A.1.

Table A.1 Solubility of REOs in fluoride melts

Temperature | Solubility | Solubility

REO Melt Reference
K mol.% wt.%
1083 0.11 0.45
1104 0.12 0.50
1125 0.15 0.59
. 1155 0.20 0.80
25YFs-75LiF 1172 0.20 0.80
1273 0.41 1.65
1178 0.22 0.88

o, 1270 0.39 1.56 ?{g;':')‘?

1175 0.46 1.19
1202 0.54 1.41
1216 0.58 1.51
. 1237 0.62 1.61
S0YFs-50LIF 1247 0.69 1.78
1261 0.72 1.88
1273 0.77 1.98
1278 0.77 2.00
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Temperature | Solubility | Solubility
REO Melt Reference
K mol.% wt.%
1282 0.81 2.09
35YF3-65LiF 1273 0.51 1.69
65YFs-35LiF 1273 1.03 2.20
1137 0.17 0.40
1175 0.21 0.50
50YF3-50NaF 1206 0.25 0.60 |
1229 0.29 0.70 (Blrg;g“f
1277 0.42 1.00
1186 0.11 0.35
1220 0.12 0.40
25YF3-75NaF 1231 0.14 0.45
1251 0.15 0.50
1282 0.18 0.60
81LiF-15MgF- Du et al.
4B 1273 1.16 6.55 (1987) 2
998 0.26 1.17
1023 0.28 1.25
1073 0.33 1.48
Y205 0vEs-80LIF 1148 0.42 1.87
1193 0.47 2.09
1223 0.53 2.35
1273 0.65 2.87
1023 0.32 1.28
1098 0.41 1.63 _
25YFs-75LiF 1123 0.45 1.79 M°r”9°§96‘;a/'
1173 0.53 2.11 Re(dldy e)'ta/.
1273 0.75 2.96 (1904)
1023 0.57 1.72
1073 0.71 2.14
. 1098 0.75 2.26
40YF5-60LiF 1173 0.98 2.93
1223 1.18 3.52
1273 1.66 4.90
1173 1.45 3.72
50YF3-50LiF 1223 1.74 4.45
1273 2.11 5.36
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Temperature | Solubility | Solubility
REO Melt Reference
K mol.% wt.%
41LaFs-59LiF 1223 0.78 2.60
30LaF3-65LiF- 1223 0.61 530 Porter (1961) >
5BaF;
81LiF-15MgF- Du et al.
4BaF, 1273 1.76 13.37 (1987) 2
LiF 1107 2.50 24.36
1123 3.00 27.98
NaF 1255 2.00 13.67
1268 2.50 16.59
KE 1133 1.50 7.87
1144 2.00 10.27 Ambrova et al.
720 1.50 10.73 (2008) ©
727 2.00 13.87
46.5LiF- 743 3.00 19.62
11.5NaF-42KF 763 4.00 24.74
786 5.00 29.34
808 6.00 33.50
1039 10.00 47.22
La;0s | 75LiF-25AIF3 1037 10.00 47.24
1028 9.51 45.85
1211 11.51 44.67 ,
75NaF-25AIF; 1226 12.01 45.86 Ambzrg\(’)z etal
1251 12.99 48.11 ( )
1208 11.48 39.55
75KF-25AIF3 1225 11.98 40.72
1251 12.99 42.96
873 0.20 0.67
923 0.27 0.92
51LiF-49ZrF4 973 0.37 1.27
1023 0.52 1.74
1073 0.60 2.03 .
873 0.29 0.91 Psr/‘er;;rl‘;y et
0. 5NaF- 923 0.34 1.07 al. (2012)
49.57rF 973 0.38 1.19
1023 0.46 1.42
1073 0.49 1.52
58KF-42ZrF4 873 0.04 0.12
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Temperature | Solubility | Solubility
REO Melt Reference
K mol.% wt.%
923 0.04 0.12
973 0.05 0.16 Pshenichny et
Lax0s | S8KF-42ZrFs 1023 0.06 0.19 al. (2012) 8
1073 0.08 0.27
26CeF3-66LiF- 1123 1.01 2.10 i
8BaF: 1073 0.67 140 | Porter (1961)
81LiF-15MgF2- Du et al.
By 1273 3.75 15.09 (1987) 2
1278 1.23 3.1
Ce0; 1285 1.19 3.80
1293 1.29 4.11 Dewing et al.
75NaF-25AIFs 1293 1.33 4.22 (1995)
1293 1.42 4.52
1303 1.43 4.54
81LiF-15MgFa- Du et 4.
P03 ABaFs 1273 0.72 5.94 (1987)
. 1273 0.96 8.50
75LiF-25MgF 1273 0.14 1.20
76LiF-18MgFa-
SCaPs 1273 0.73 6.50
771LiF-
L4MgF-5CaF, 1273 0.62 5.52
77LiF-10MgF-
o 1273 0.44 3.92
78LiF-
6.5MgF- 1273 0.28 2.57 '(Dlugg;)""ﬁ
Nd203 15.5CaF;
79LiF-18MgFa-
SBaF, 1273 0.74 6.39
81LiF-15MgFa- 1273 0.63 5.38
4BaF; 1273 0.70 5.88
83LiF-11MgF»-
SBaF 1273 0.45 3.76
85LiF-7MgFa-
SBaE, 1273 0.26 2.12
23NdFs-77LiF 1123 1.97 9.24 W et ai

(1991) 1
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Temperature | Solubility | Solubility
REO Melt Reference
K mol.% wt.%
1073 1.70 7.20
28NdFs-72LiF 1123 1.97 8.30
1173 2.26 9.40
34NdF3-66LiF 1123 1.96 7.29
20NdF3-76LiF-
. 1123 1.94 9.14
. 1073 1.80 8.51
21N‘;';3;7L'F' 1123 1.96 9.19
g 1173 2.11 9.88
. 1073 1.90 8.07 Wu et 4,
24Ni';2;2L'F' 1123 2.15 9.04 (1991) 10
g 1173 2.42 10.10
. 1073 1.79 7.59
26”‘;’;{;;2“':' 1123 2.05 8.61
g 1173 2.32 9.67
30NdF3-66LiF-
SBafs 1123 2.42 8.93
. 1073 1.78 6.67
Nd20s 32”‘;';:g6L'F' 1123 2.17 8.06
g 1173 2.58 9.47
5NdF3-76LiF-
LOCaE, 1303 0.40 2.93
10NdFs-72LiF- Murphy et al.
iy 1303 0.51 3.15 (1995 1
20NdF3-64LiF-
L6ar, 1303 0.83 3.92
1073 0.08 0.54
. 1123 0.12 0.75
15NdF5-85LiF 1133 0.13 0.82
1173 0.15 0.96
1023 0.13 0.68 o
23.1NdFs- 1073 0.16 0.80 S;ff?;(')‘;‘;';' o
76.9LiF 1123 0.18 0.92 ’
1173 0.22 1.11
. 1133 0.34 1.45
30NdFs-70LiF 1173 0.38 1.61
1073 0.12 0.71
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Temperature | Solubility | Solubility
REO Melt Reference
K mol.% wt.%
15NdFs-
73.8LiF- 1133 0.16 0.95
11.2MgF2
15NdFs- 1073 0.12 0.74
79.4LiF-
5.6MgF: 1133 0.15 0.92
30NdFs- Stefanidaki et
59.2LiF- 1133 0.30 1.21 al. (2002) 2
10.8MgF:
30NdFs-
67.3LiF- 1133 0.33 1.38
Nd20s3 2.7MgF2
30NdF3-69LiF-
1MgF» 1133 0.34 1.43
1323 1.00 3.28
42NdFs-58LiF 1423 1.39 4.54
1373 1.18 3.88
1323 1.29 3.74
50NdF3-50LiF 1373 1.46 4.23 Hu (2008) 3
1423 1.64 4.71
1323 1.67 4.20
60NdF3-40LiF 1373 1.85 4.62
1423 1.99 4.97
81LiF-15MgF- Du et al.
4BaF, 1273 0.49 4.35 (1987) 2
873 0.20 0.73
923 0.26 0.95
51LiF-49ZrF4 973 0.39 1.40
1023 0.57 2.05
1073 0.65 2.35
Sm20s 873 0.27 0.91 Pshenichny et
50.5NaF- 923 0.32 1.07 al. (2012) 8
49 57(F4 973 0.38 1.27
1023 0.43 1.43
1073 0.51 1.70
873 0.06 0.19
SBKF-422rFs 923 0.07 0.22
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Temperature | Solubility | Solubility
REO Melt Reference
K mol.% wt.%
973 0.09 0.29 henich
Sm.0;3 1023 0.12 0.40 PZ /e(r;; 12’)' et
1073 0.18 0.59 ’
81LiF-15MgF- Du et al.
4BaF, 1273 0.31 3.02 (1987) 2
873 0.17 0.69
923 0.30 1.18
51LiF-49ZrF4 973 0.46 1.79
1023 0.64 2.48
1073 0.73 2.83
873 0.28 1.02
Ho205 50.5NaF- 923 0.3 117 Pshenichny et
49.5ZrF4 573 040 145 al. (2012) 8
1023 0.45 1.62
1073 0.54 1.92
873 0.09 0.33
923 0.12 0.42
58KF-42ZrF4 973 0.15 0.54
1023 0.21 0.76
1073 0.28 1.00
Eu203 1273 0.45 4.05
Gd203 1273 0.49 4.53
Dy20s3 | 81LiF-15MgF- 1273 0.29 2.80 Du et al.
Er203 4BaF: 1273 0.39 3.82 (1987) 2
Tm203 1273 0.21 2.12
Yb20s 1273 0.21 2.17
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