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SYNOPSIS
The present thesis describes the molten salt elgsis process for the extraction of four light

rare earth metals i.e. lanthanum (La),cerium (Cag&odymium (Pr) and neodymium (Nd) with
emphasis on basic fundamentals, cell design andnigption of process parameters for
maximum current efficiency and yield. Several aspet electrolysis process like dehydration of
starting material, electrode kinetics, cell designd operational parameters in the extraction of
metals from their corresponding chlorides have hegestigated in details. In this work, the
equilibrium vapor pressure of water over variousdRioride hydrates was measured employing
dynamic transpiration technique. The standard m@labs energy of formation of RE chloride
hydrates have been derived using the measuredlequil vapor pressure data. Based on this
information a simple and economic way of dehydratmpyocess was established. Extensive
research has been carried out to know the mechaaighkinetics of the electrodeposition of
rare earth metal in LICI-KCI and NaClI-KCI electradg. Studies related to electro-kinetic
parameters such as electron transfer co-efficiet@ctron transfer rate constant, diffusion
coefficient have been carried out to draw moregimsiinto the process. One of the major
objectives of this current investigation was toedetine the optimum operating conditions for
the electrowinning of light rare earth metals frtrair corresponding chlorides in alkali chloride
melts i.e. (i) LICI-KCI and (ii) NaCIl-KCl melts. Bcess parameters like temperature of
operation, electrolytic composition and cathoderenir densities have been standardized to get
maximum current efficiency and yield.Taguchi methlbds been adopted to optimize the
electrolysis parameters and also to find out thetrdominant parameter in the electrowinning

process.




This thesis also includes the results of investigat on the preparation of two alloys i.e. La-Mg
and Nd-Fe alloy using molten chloride as media. dleetrochemistry and the mechanism of the
deposition process were studied by cyclic voltamynand open circuit potentiometry. The

effects of various process parameters such as tiggoof electrolyte in the bath, temperature
of electrolysis and cathode current density onenirefficiency have been investigated to get

maximum current efficiency in both the cases.
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CHAPTER-I

INTRODUCTION

1.1Back ground:

The term “Rare Earths” (RE) refers to the groupl@fmetallic elements in the periodic table
including the 15 lanthanides (La, Z =57 to Lu, Z1), along with yttrium (Z= 39) and scandium
(Z = 21) [1].They possess unique set of physical ahemical properties that make them
valuable for important industrial applications. Pigs having the name “Rare Earth”, these
elements are not so rare, as they have signifaamtdance in the Earth’s crust. Some of the rare
earths such as cerium and yttrium are even moradami than many common metals [2]. The
word, ‘rare’ refer to the difficulty in isolatindheé metals from their ore [3,4].These RE elements
are divided into two sub-groups, i.e. light raretiea@lements (LREES) “cerium sub-group” and
heavy rare earth elements (HREES) “ yttrium suhsptd5,6].

Rare Earth metals find extensive uses in fielde ik the production of clean energy, in
electronic devices, aerospace and defense apphsatRare earth elements are essential for
compact fluorescent lighting (CFLs) and LED liglgfifi7]. The use of rare earth in magnetic
refrigeration [8] improves the energy efficiencyrefrigerators and also reduces the emission of
greenhouse gases. Rare earth elements are helpfiudking high performance magnet which
enable faster, smaller, and lighter products sichedl phones and computer hard drives. The
luminescence properties of rare earths are empltyy@dpart color in televisions and computer
screens [9-13]. The powerful rare earth (REE) megradso permit the miniaturization of

products for use in loudspeakers, optical fibersars phones, and tablets [14].Rare earth
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elements (REEs) are key component in hybrid vesjclghich will become increasingly
abundant on roads in coming years. Rare earth pembanagnets play an important role in new
generation of automobile design to reduce energyswoption [15]. They are also found in
catalytic converters in cars and can help in raaydiarmful air pollutants. Rare earth based
permanent magnets are suitable for defense apphsasuch as jet fighter engines, missile
guidance systems, antimissile defense, satelldecammunication systems. Rare earth elements
are also used for lasers and resolution technadogiech is critical to modern aerospace systems
[16-18]. The frontier technologies in transport andss communication requires huge amount of
rare earths. To meet the growing demand of rarth deased materials, better metallurgical
technologies are required for the synthesis anthergng scale production of rare earth metals
and their alloys in an efficient and economical way

The present study deals with production of fouhtlicare earth elements i.e. La, Ce, Pr and Nd.
Among these metals ‘La’ finds applications in radeable nickel metal hydride (NiMH)
battery. La-Ni alloy i.e. LaNican also be used as hydrogen storage [19]. Misd¢htméich is a
mixture of light rare earth elements (La, Ce, g &ld) can also be used in place of lanthanum
for hydrogen storage [20]. Cerium metal is usedm®additive in the metallurgical industry to
increase the mechanical strength of the steel.eBdymium is alloyed with magnesium to
impart higher mechanical and good corrosion restgtgroperties in aircraft engines [21]. RyNi
exhibits a strong magneto caloric effect for thaiatment of low temperature [22-23]. The most
common rare earth magnets are based on Nd-Fe-BsalMdFeB magnets have the highest
energy product (BHmax>440 kJ*yrof all permanent magnets [24]. The uses of thhtIRE

elements




are summarized in Table 1.1. Due to their extensse and low availability, the demand for
these light RE elements are increasing exponentidhis is creating huge pressure on the

production of these metals economically.

REE application La (%) Ce (%) Pr(%) Nd(%)
Magnets 234 69.4
Battery alloys 50.0 334 3.3 10.0
Metallurgy 5.0 90.0

Table 1.1 Metallic uses of La, Ce, Pr and Nd ppligation. Adapted from (Long et.al.2010)
[25].

The light RE elements are generally found in theerals bastansite and monazite which
constitute majority of the world’s total rare earéiserves.

The current methods for the extraction of light REtals from their ores are efficient but not
very convenient or economical. It is therefore,assary to explore new processes and process

modifications
1.2 Importance of rare earths to India:

In India, monazite is the principal source of raggths containing 0.4 - 4.0% REO. India holds
only 3% of the world reserves as compared to 36%cbya and 13% by USA [26].
Establishment of rare earth metal industry to dgvehre earth metals and alloys has special
significance to India because of the availabilifyrioch resource of monazite mineral. Existing
rare earth plants in India are only producing imtinal rare earth oxide or chloride. At present,

India is not producing on an industrial scale REaiseand alloys. Objective of this current work
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is to investigate by molten salt electrolysis pssas for the preparation of light rare earth metals
and alloys because concentration of light rareheai monazite, (India’s primary rare earth

resource) is high.

1.3 General Processing of RE minerals:

Processing REEs from mined ore is a very complecess and often varies considerably for
different deposits. Initial step for ore processtggically include beneficiation process which
does not alter the chemical composition of the brg; helps to liberate the valuable mineral
grains from the host lattice. Conventional physggparation methods such as electrostatic and
magnetic separation, froth floatation and gravieparation are employed to concentrate rare
earth minerals. The concentrated mineral is sulesety transformed into more valuable
chemical forms through various thermal and chemiealctions known as cracking. The
individual rare earth elements are selectively reedofrom the concentrated solution (mixed
rare earth solution) and the step is known as a@iparstep. Then last step is the reduction step
where metal or alloy is produced from REO by renunctOur focus is on the reduction process
to prepare individual metal and alloys. Generapstéollowed presently in the extractive

metallurgy of rare earths are shown in Fig.1.1.




Mining M|”|ng HydrO Pyr()
metallurgy {metallurgy

1T

S10NpPOoIJ

Ground Beneficiation Separating Release of
to crushed of ore Individual element pjo¢al from the
ore as compound compound

Fig.1.1 Steps of extractive metallurgy of REE

1.4 Reduction of REE

The separated REO is reduced to pure metal or diémending on the required eproducts.
Thereare basically two methods employed for the preparadf rare earth metals from the
separated oxide i.e. (i) molten salt electroly8is.Metallothermicreductior [27]. Results of this
process are rare earth metals witl- 99% purity. In the REEs pply chain, although mar
players are there in the market for the manufaeguof final products, but only few compan
are there for mining and processi

1.4.1 Metallothermic reduction proces:

In the metallothermic reduction process, the mashroor approach is to prepare rare e

halide and then reduce it by calciu

A
MX; + 3Ca = 2M + 3CaX,




The purity of rare earth products using metallatiierprocesses depends on these preparation
processes and reducing agents. Hence, the prepapticesses are very critical in determining

the quality of rare earth products.
1.4.2 Molten salt electrolysis process

In the molten salt electrolysis process, pure mestaleposited at the cathode by electrolytic
decomposition of its compound dissolved in a mo#ialh media. The metallic salt which is to be
reduced to the metal is known as functional elégigcand the salt mixture which serves as a
solvent for the metallic salt is known as the @arelectrolyte. These properties of carrier are
normally obtained by using an alkali /alkaline &dittioride or chloride or a mixture of these

fluorides and chlorides.

1.4.3 Comparison between metallothermic-reduction rad molten salt

electrolysis in rare earth metal extraction

Although metallothermic reduction process is agtlle for the production of most of the rare
earth metals, but it has some limitations like $rbatch size and high operational cost. Molten
salt electrolysis process for making rare earthalaaiffers an advantage of continuous operation
over the batch mode of metallothermic reductiorcess [28]. Moreover molten salt electrolysis
becomes particularly attractive for the extractadright rare earth metals because their melting
points facilitate their electrowinning in molteratt [29]. There are two different types of molten
salt electrolysis processes employed for the elewtming of rare earth metals from molten salt
media: (i) Chloride electrolysis (i) Oxide-Fluoadklectrolysis [6]. In oxide-fluoride system, low
solubility of oxide in the fluoride salt and diffilty in controlling the material feed rate limiteth
easy implementation of this process [30]. Moreoeatreme corrosiveness of molten fluoride
aggravates the problem of finding suitable contamaterial. On the other hand, high solubility

of rare earth chloride in molten alkali chloridesddow melting temperature of chloride salt
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offers advantage over fluoride salt in the electrmmg process [31]. The major problem
associated with the chloride electrolysis is lowrent efficiency and evolution of chlorine gas.

These issues do not allow the widespread and egdgrnentation of this process.

1.5. Research Objectives

In the present work attempt has been made to iserdee current efficiency in the extraction of
light rare earth metals by molten chloride elegis@ process.

Purity of the starting material plays importanttire production pure metals with high yield.
Presence of oxychloride, in particular, reducesetfieciency of metal production in the chloride
electrolysis process. The use of pure starting madtdree of moisture and oxychloride is a
prime a concern in the electrolysis process. Bifeatemoval of adsorbed water responsible the
formation of oxychloride is necessary to improve thield of the metal. In this work detail
investigations has been carried to establish pruoeeidr the production of anhydrous REGalt

free from oxychloride.

The other objective of this study is to analyze bledavior of RE metal ions in alkali chloride
melts to determine the mechanism and kinetics eir tdeposition in the electrochemical
reduction process. Understanding the mechanisnteofrelytic process will help improving the
yield and current efficiency of the electrolytiopess.

The electrowinning of rare earth metal is an enenggnsive process. There are many factors
involve in the design of the cell to achieve hidficeency in the process. These include type of
material of construction, shape of anode and cathodllection of deposited material etc. The
aim here is to develop a cell design for the etsainning of RE metals in batch mode which
may transform into continuous mode afterwards. @hame various process parameters which

also affect the current efficiency in the electroming process. These include temperature of
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operation, composition of electrolyte and curresngity. One of the major aims of this present
investigation is to suggest optimized process patara for the electrowinning of all the four
above mentioned metals and alloys.

Another objective of the present investigationasstudy the possibility of in the extraction of
rare earth alloys using molten chloride electradysiere the aim was to explore two techniques

(i) co-deposition technique and (ii) consumabléncde technique for the production of alloy.

1.6 Contribution from the thesis

The contributions from the present study are

Determination of thermodynamic stability of RE@Jdrates (RE = La ,Ce, Pr and Nd)
Establishment of easy and effective dehydratiorcguiare

Determination of mechanism and kinetics of the tet@hemical deposition of RE (La, Ce, Pr
and Nd) metals in two molten chloride electrolyites LiCI-KCI and NaClI-KCI.

Establishment of reduction mechanism and estimaifdkinetic parameters in the reduction of
RE (1) ions in both LiCI-KCl and NaCl-KCl moltesalt mixture.

Establishment of improved process parametersarekbctrowinning of La, Ce, Pr and Nd metal
in bulk scale with good current efficiency and giel

Determination of mechanism of La-Mg and Nd-Fe alfoymation by electrochemical co-
deposition and consumable cathode technique regplgdEstablishment of optimum

conditionsin the bulk preparation of these alloys.




CHAPTER-II

LITERATURE REVIEW

2.1 Introduction

The present thesis focuses on improvement in tlraation efficiency of light rare earth metals
i.e. La, Ce, Pr and Nd and alloys i.e. La-Mg andM¢dby molten chloride electrolysis process.
The first part of this chapter discusses aboutntie¢hods available for the preparation of rare
earth metals and advantage of molten salt eleatrang in the synthesis of light rare earth
metals. Brief description about molten chloridetsare discussed in the subsequent portion.
Literature data regarding physical properties oCIHKCI and NaCIl-KCI mixture were also
presented in this part.

The second part of this chapter describes aboutdifierent procedures available for the
preparation of anhydrous rare earth chloride evmigdheir advantages and disadvantages. The
subsequent portions of the second part descriteeprévious work done on the mechanism of
the dehydration of REEXH,O (RE= La, Ce, Pr and Nd).The detail thermodynamic
investigation of REGlhydrates carried out in this study are given itar-1V.

Third part in this chapter discusses about the ipusvstudies conducted on electrochemical
investigations of RE (La, Ce, Pr & Nd) ions molignloride electrolytes. The electroreduction

mechanism and determination kinetic parameterdeseribed in details in Chapter-V.




Literatures available in the design of the cell aftect of process parameters on current
efficiency in the electrowinning of rare earth nietare presented in the fourth part of this
chapter. Studies conducted to optimize these pdemséo get high current efficiency are

discussed in chapter-VI.

The next portions of this chapter review the prasiavork done on the preparation of alloys by
molten chloride electrolysis route by using eledtremical co-deposition and consumable
cathode techniques with specific reference to Ladllgy and Nd-Fe alloy. The mechanism and

bulk preparation of the alloys are discussed iaitfein Chapter-VIlI.

2.2 Methods available for extraction of rare earthmetals:

Rare earth (RE) metals are usually extracted frbeir tcorresponding oxides, fluorides and

chlorides by reduction process. These compoundsgRées, fluorides and chlorides) are so

stable that it is difficult to reduce them by camband hydrogen and therefore require stronger
reducing agent. Only two methods found suitabletifier reduction of rare earth compounds to
obtain pure metal. i.e. (i) Metallothermic reduati@) Electrowinning.

2.2.1 Metallothermic reduction process

Use of metal in the reduction process to get puetahs usually called as metallothermic
reduction process. RE oxides, fluorides and chéxridire employed in the metallothermic
reduction processes to get pure metal. CalciumIngefaund suitable in the reduction of REF
and REC] [32].This process is called calciothermic reduttmrocess. Similarly lanthanum is
used as reductant in the reduction of RE oxidestlaagrocess called lanthanothermic reduction
process.RE metals with high vapor pressure ine, Bu, Tm and Yb are usually prepared

employing lanthanothermic reduction method.
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Basic fundamentals behind reduction process
The process of liberation of a metal from its coonuib by reduction process can be represented

by equation:

A
MXps) +R(D) > M) +RX, (D)

M is the rare earth metal to be obtained from r&adaocprocess, X may be either oxygen or
halide atoms (chlorine or fluorine), R is reductprédominantly Ca and in some cases La. The

above reaction is feasible only when, the chandeemenergy for the reaction is negative i.e.
{4;G°(RX,) + ArGO(M)} - {A,GO(MX,,) + ArGO(R)}S O

In order to find suitable metal for the reductidnRE metal oxides, chlorides and fluorides, the
free energy versus temperature diagram (Ellinghemgrdm) for oxides fluorides and chlorides
were searched. Fig.2.1, 2.2 and 2.3 show the starfdse energy of formation of certain RE

oxides, fluorides and chlorides respectively witkrtain common metals as a function of
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From the above Ellingham diagrams, it can be saenearth oxide and fluoride can be reduced
only by calcium metal where as rare earth chlociae be reduced either by alkali metals (Na, K

and Li) or by calcium metal.

2.2.1.1 Reduction of rare earth oxide:

Although Gibbs free energy for the reduction reactevident from the Ellingham diagram
qualifies calcium as suitable reductant for theuotidn of REO, but the high melting point of
CaO makes the process less efficient in making pugtal. In such cases, the heat evolved in the
reaction is not sufficient to melt the products @tter slag metal separation. Hence, rare earth
metals found dispersed in the slag matrix. Theegfoxide reduction of rare earth is rather used
for the preparation of alloy than making of puretaheln this method, neodymium metal has
been produced by reacting )@ by calcium in molten CagNaCl bath, at about 860 and
extracting Nd metal as Nd-Zn or Nd-Fe alloy [33]¢@athermic reduction of rare earth is also
used for the preparation of Sm-Co and Nd-Fe-B ghlmyder by reduction-diffusion process [34,

35].1t is also used for the preparation of RE-Nowletc [36].

Reduction of REO by lanthanum is useful in the prapon of rare earth metals with high vapor
pressure like Sm, Eu, Tm and Yb [37]. The oxidestlidse RE metals were reduced by
lanthanum granules under high vacuum in the terperaone of 1400-168G [38]. Due to the
difference in vapor pressure, the metal was dstileaving LaOs. In the process, lanthanum

forms LaO3 which is non volatile in the operating temperature

2.2.1.2 Reduction of rare earth fluoride:
The advantage of fluoride reduction process ishigh metal yield due to the liberation of large

amount of heat during the process. The greateilistaBnd lower vapor pressure of GaF
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permitted to increase the reduction temperatur®uy08C. Therefore, it is possible to prepare
Er, Ho, Dy, Tb and Tm in consolidated form by fliggr reduction process. On the other hand,
the disadvantage is the high cost of RERemicals. This process was proved to be expensive
due to the batch mode of operation and also daleettiigh cost of reductant (Ca) and container
material [6]. Usually tantalum is used as contaimaterial to reduce the contamination [39].
Temperature required for the fluoride reductioncess is sometimes reduced through the
formation of an intermediate low melting alloy [48]] the rare earth metals except Sm, Eu, Yb
and Tm can be prepared by calciothermic reductidREd=;.

2.2.1.3 Reduction of rare earth chloride:

The chloride reduction process is best suited Herextraction of rare earth metal having low
melting temperature. This process cannot be appdiddgher melting metal because excessive
chloride volatilization during separation which veds yield. This problem could be overcome

by resorting to preparation of low melting alloyd .
2.2.2 Electrolytic production of rare earth metals

Electrolytic reduction offers an effective altemanhethod for the synthesis of rare earth
metals and alloys. Electrowinning of these metalthe aqueous solution is not possible due to
the preferential reduction of hydrogen at cathoderpo the reduction of dissolved rare earth
compound. Thus, electrolysis using molten salt me@mains the preferred option for the
electrowinning of rare earth metals.

Molten salt electrowinning of rare earth metal laadefinite advantage over chemical
reduction because large scale production of metatlectrolytic reduction is more economic

than metallothermic reduction process.
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In the molten salt electrolysis process, pure mestaleposited at the cathode by electrolytic
decomposition of its compound dissolved in a mottalh media. The metallic salt which is to be
reduced to extract the metal is known as functiehadtrolyte and the salt mixture which serves
as a solvent for the metallic salt is known asddueier electrolyte. The carrier electrolyte should
have suitable properties like (i) high solubilityr fthe functional electrolyte (ii) greater stalyilit
at working temperature than functional electrolfitg suitable physiochemical properties like
low melting point, high conductivity and low visdtysand vapor pressure. These properties are
normally obtained from alkali /alkaline earth flicr or chloride or from the mixture of these
fluorides and chlorides.

There are two different types of molten salt eldgiis processes employed for the
electrowinning of rare earth metals from moltert sa¢dia: (i) Chloride electrolysis (ii) Oxide-
Fluoride electrolysis.

2.2.2.1 Chloride electrolysis:

Chlorides system is suitable to produce the rarth @aetals or their alloys with low melting
point. The RE metals including La, Ce, Pr, and sonnteed rare earth metal alloys have been
produced from the chloride system. The disadvastégethe chlorides electrolysis lie in high
hygroscopic and volatile nature of electrolyte whieventually results into the low current
efficiency of the process.

Electrowinning in chloride salt is represented bNoiwing equation
yields . .
2RECIl;(s) — 2RE3* + 6Cl (Dissolution)
ields

Reaction at cathid2RE3* + 6e~ e 2RE

ield
Reaction at anod&Cl™ i 3Cl,(g) + 6e~
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The major work carried on the electrolysis of raeeth chlorides are summarized in the Table-

2.1.
Year Electrolyte Electrodes Cell Product Ref
1875 RECkL-NaCI-KCI Fe Porcelain Ce, Laand Di [42]
1902 RECk-NaCI-KCI C Water cooled Cu Ce, La nodule [43]
Fail to produce Pr [44]
1912 CeCk-NaCl-KCI-  Graphite(A) Iron Ce [45]
BaCl, Cell (C)
1923 LaCls-KF-NaCl Carbon(A) Iron La metal [46]
W (C)
1926 RECkL-KCI Graphite(C) La, Ce, Pr, Nd ,Sm[51]
Graphite(A)
1931 CeCk-Cak Carbon (A) Fluorspar Ce ingot [52]
Mo(C)
1940 RECkL-NaCI-KCI  Graphite Refractory lining La, Ce, Di, Misch [47-50]
(A) metal
Fe (C)
1961 LaClI3-KClI Graphite Ni can La [53]
(A)
Mo (C)
1986 NdClIs-LiCI-LiF Graphite alumina Nd [54]
(A)
W (C)
1986 RECkL-NaCI-KCI  Graphite Inconel Ce [55]
RECL-LICI-KCI  (A)
Mo (C)

Table-2.1Summary of major work carried out in the electrdys rare earth chlorides
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The electrolytic preparation of rare earth metas West reported by Hillenbrand and Norton in
1875 [42].This work is followed by Muthenana et[dB] who produced several pounds of
cerium, lanthanum and small quantity of neodymiugtahusing water cooled cupper container
with carbon as electrodes .But, they failed to pregpraseodymium employing the same method
reportedly due to the formation of oxychloride [44] few years later Hirsh [45] synthesized
huge amount of cerium employing graphite anodeiamdcathode. Metals obtained in all these
methods were not very pure due to contaminatiom ftathode materials.
To reduce the contamination from electrode, Krene¢al. [46] prepared lanthanum in LaCl
NaCl-KF electrolytic bath using W cathode. Theyogtsoduced La, Ce and Di using Fe cathode
in a refractory line cell [47-50] .Metals obtainéfdm above process were found to have Fe
impurities. Small quantity of Ce, La, Pr, Nd and Svere prepared by Schumacher using
graphite crucible, graphite anode [51]. Later Tramiprepared high purity RE metal in a bath
containing CeGHKCI-CeF; electrolyte using graphite anode and molybdenutimocke [52].
Lanthanum metal with purity around 98-99% was ofgtdi by electrolysis of LagKCl at
900°C [53]. Preparation of neodymium metal was destrated in ceramic refractory cell using
Fe cathode and graphite anode [54]. Singh et.&]. démonstrated the production of capability
of cerium metal in LiCI-KCI and NaClI-KCI molten sal
Advantage

1. High solubility of REC} in chloride electrolyte.

2. Low cost of chloride chemicals makes the processeraconomic

3. The corrosion of cell material is comparatively ladue to lower temperature of

operation.

Disadvantage:
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1. Chloride electrolyte system is unsuitable to predbigh melting point rare earth metal.
2.2.2.2 Oxide-Fluoride electrolysis:
In the oxide-Fluoride electrolysis, functional gletyte is REOz; and the carrier electrolyte is
mixture of RERand alkali or alkaline earth fluorides.

Electrolytic reaction in this process can be repnésd as:

ield
Reaction at cathodeRE3* + 3e~ —— RE

ield
Reaction at anode: 302~ + 2¢ 2 €O + CO, + 6e~

ield
Over all reactionRE,05 + 2C “— 2RE + CO + CO,
The major work carried out on electrodeposition naétal in oxide-fluoride electrolysis is

summarized in the Table-2.2.
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Year Electrolyte Electrode collector product Ref

1907 CeQ-CeR Carbon(C) Water cooled Cu  Ce [56]

1951 CeQ-Ceks-LiF-Bak, Graphite(A) Mo crucible Ce [57]
Mo (C)

1960 CeQ-Ceks-LiF-BaFk, Carbon (A) Electrolyte skull Ce [58]
Mo (C)

1962 LayOs-Laks-LiF-BaF,  Carbon (A) Electrolyte skull La [59]
Mo (C)

1964 CeO0s-CeR-LiF-BaF,  Graphite(A) Mo liner Ce [60]
Mo (C)

1966 RE;Os-REFR;-LIiF Graphite(A) Electrolyte skull Dy,Y,Gd [61]
W (C)

1967 Nd,Os-NdFs-LiF Graphite(A) Electrolyte skull Nd [62]
W (C)

1980 Gd,O3-GdFRs-LiF Graphite (C)  Electrolyte skull Gd [63]

Graphite (A)

Table-2.2Summary of major work carried out in oxide-fluorielectrolysis
In oxide-fluoride electrolysis, muthanan [56] wasstfto prepare Ce metal by electrolysis of
CeQ in molten CeEkGrey [57] studied the process and was able to make cerium metal by
electrolyzing Ce® at 880-890°C in the molten bath of Gdf-BaF,.Then Morrice in 1960
[58] was able to achieve a good current efficiemcythe above mentioned process. He also
prepared lanthanum metal in an electrolytic bathad%-LiF-BaF,-La,O3; with current efficiency
of 60%.Here electrolysis was carried out in antiaemosphere at 950°C using carbon anode and

molybdenum cathode. The container was a graphiteilide and the metal was collected in a
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skull of frozen electrolyte. Later comparativelyogoyield was achieved by this process with
careful control of oxide feed rate and atmosph®&®g. [
Cerium was prepared in kilogram quantity by contim operation of the electrolytic bath
containing REE-LiF-BaF,.Metals were electrowon on Mo/W substrates andadppto an inert
casting chamber [60]. Shedd et.al. [61] in 196@Gld&hed the electrode geometry, oxide feed
rate and optimum operating parameters for electroing of La metal.
High pure Nd, Pr and Di were electrowon from flaleribath with good current efficiency where
the operation was carried out under protective @gager [62]. Preparation of Gadolinium in
dendrite form was also reported by the electrolyi$Sd,O; dissolved in a fluoride bath at a
temperature lower than 1000°C [63].
Advantage

1. Oxide-fluoride electrolysis process is suitableptoduce high melting point rare earth

metal.

2. The current efficiency in this process is bettantichloride electrolysis

3. Chance of emission of greenhouse gas at anodssis le
Disadvantage:

1. Low solubility of REOs in fluoride electrolyte is a definite disadvargag

2. High cost of fluoride chemicals makes the process Economic

3. The corrosion of cell material is high due to higmperature of operation and also due to

high reactivity of fluoride materials.
2.2.2.3 Current efficiency:

It was reported that current efficiency in chloridl is usually low; in the range of 30-50%.The

main cause for the low current efficiency is thegence of oxychloride present in the starting
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material which is formed due to the reaction betwehbloride salt and water in the heating
process [64].Current efficiency also depend upom tither operational parameters like
composition of electrolyte, temperature, curremisitees and impurities present in the salt.

Current efficiency of molten oxide-fluoride systemsbetter than chloride electrolysis process.
This was attributed to the high conductivity ofdtide salt and also due to positive effect of F

ion on the stability of higher +3 oxidation stateare earth ion.

2.3 Reason for using chloride electrolytes

The major problems associated with oxide-fluoridstams are (i) High cost of fluoride
chemicals (ii) high melting point (iii) extreme cosiveness of fluoride salt and (iv) low
solubility of oxide in fluoride. Chloride system waused in this study due to its inherent
advantages like (i) low melting point (ii) low ca@ii) low corrosion rate compared to fluorides
and (iv) high solubility of REGIlin molten alkali chlorides. Moreover, the lowerltimgy point of
chloride electrolytes enables the cell to be operat temperature significantly above the
melting point, where solubility of functional elealyte (REC}) in solvent increases. The major
objective of this work is to study various aspedatshloride electrolysis to get higher current
efficiency in the electrodeposition of light rararén metals and alloys and also to design an

effective way for the efficient neutralization @use of chlorine gas generated at anode.

2.4 Electrolytes properties for chloride electrolys

Molten salt is defined as a salt which is soliciatbient temperature and enters into liquid phase
at elevated temperature. A molten salt has a I@gogity, high heat capacity, and high electric
and thermal conductivity. This electrolyte is ugedsome applications like transferring heat in
solar tower, as a catalyst in coal gasificationa imolten salt reactor. It is used for extractiéon o

metals such as: aluminum, titanium, magnesium arel earths by electrolysis. As the molten
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salts are solid at room temperature, heat is redquio raise the temperature above its melting
point to ensure the system in molten state. Usumditen salts are ionic compounds which have
high melting point. The high melting temperaturettté molten salt requires more heat to come
to the molten state. Therefore, mixture of moltaft system is usually preferred to lower the
melting temperature of the system in order to redhe energy consumption. A mixture of salts
generally possesses a lower melting point thanglessalt system. Therefore, lower heat will be
needed to maintain molten state, which leads to effisiency. Binary and ternary systems are
used as molten salt to satisfy the requirementisgosity, density, conductivity and melting
point of the molten salt. It was found that mixtwfealkali or alkaline metal earth chlorides are
fulfilling most of these properties.

The most important criteria for the carrier elelytr® are its decomposition potential which
should be more than the decomposition potentigheffunctional electrolyte. The salt which
decomposes to metal in the electrolysis procesalliisd functional electrolyte and the mixture of
salts which acts as solvent to dissolve the funalfioelectrolyte is called carrier
electrolyte.Table-2.3 gives the theoretical decaositpn potentials of chloride salts. From the
Table, it is evident that Li (Na, K, Rb, Cs) Cl Be (Mg, Ca) Cl are suitable for carrier
(supporting) electrolyte. Between alkali and alkalearth metal chlorides, alkali metal chlorides
are preferred as it is difficult to get alkalinertbachlorides in anhydrous form. In order to
achieve low melting point, eutectic mixture of LiRCI and NaClI-KCI are usually employed as
solvent for the electrowinning of RE metals. Eled&position of rare earth metal in different
composition of LiCI-KCl and NaCIl-KCI melts are n&dund in the literature. In this study,
equimolar composition of electrolyte will be usedstudy its effect on current efficiency and

yield. Equimolar composition of LiCI-KCI helps inare economic deposition of RE metals
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because the amount of LiCl (which is more costlgyuire for the electrolysis is less in
equimolar composition to that of eutectic compositiThe phase diagram for LiCI-KCI and
NaCl-KCl are presented in Fig.2.4 and 2.5.The teatpee dependent equation of the physical
parameters like specific conductance, density,ogit¢g and surface tension of both LiCI-KClI
and NaCl-KCl are presented in Table-2.4to 2.7 [@B]s provides an idea about the properties

of different compositions of electrolyte.

Compound Temperature / K
676 873 1073 1273

Decomposition Potential, E/V

LiCl 3.66 3.49 3.37 3.26
NacCl 3.61 3.42 3.24 3.14
KCI 3.86 3.66 3.48 3.35
RbCI 3.84 3.65 3.48 3.35
CsCl 3.90 3.71 3.56 3.43
BeCl2 2.04 1.92 1.81 1.72
MgCl, 2.77 2.61 2.47 2.36
CaCb 3.59 3.44 3.29 3.17
SrCh 3.74 3.59 3.44 3.31
BaCbh 3.90 3.74 3.58 3.43
LaCl; 3.12 2.96 2.81 2.68
CeCk 3.06 2.90 2.75 2.63
PrCk 3.07 2.91 2.76 2.64
NdCls 3.03 2.87 2.72 2.60

Table-2.3 Theoretical decomposition potential dbdbe salts
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LiCI-KCI K =a+ bT + cT? NaCl-KClI K =a+ bT + cT?

Mole% LiCl a bx10 cx1@ Mole% NaCl a bx1®  Cx1@

0 -5.5231 1.1714 -4.1800 0 -5.5231 1.1714 -4.180
19.96 -5.9678 1.2866 -4.7560 20.4 -2.9567 0.7386 .27
40.45 -8.5932 1.8845 -7.8109 41.0 -6.3093 1.3765 .14%6
58.80 -5.6492 1.3732 -5.1788 51.23 -3.3119 0.83802.644
70.36 -11.0108 2.7461 -13.2471 65.15 -3.1690 0.82652.477
81.77 -6.7217 1.8182 -7.4002 84.77 -1.3797 0.56561.274
100 -7.3766 2.2747 -9.0623 100 -2.2356  0.7783 .11

Table-2.4 Temperature dependant equation for the specificwctance (ohficm™) of LiCl-

KCIl and NaClI-KCI mixtures.

LiCI-KClI p=a+bT NaCl-KCl p=a+bT
Mole% LiCl a bx14 Mole% NaCl a bx1d

0 2.1376 -5.8445 0 2.1376 -5.8445
19.96 2.1172 -5.7764 20.4 2.1377 -5.8127
40.45 2.0768 -5.6120 41.0 2.1342 -5.7477
58.80 2.0286 -5.2676 51.23 2.1314 -5.6793
70.36 1.9945 -5.0738 65.15 2.1338 -5.5749
81.77 1.9689 -4.8908 84.77 2.1400 -5.5381
100 1.8832 -4.3182 100 2.1365 -5.4042

Table-2.5 Temperature dependant equation for density (§f)cfor LiCl-KCl and NaCl-KCl

mixtures.
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LiCI-KClI n=a+bT +cT?+dT3 NaCl- n=a+bT +cT?+dT3
KCI
Mole% a bx1G Cx10 dx10 Mole% a bx1G Cx1G dx10

LiCl NaCl
0 13.55 -2.00 7.86 0 0 1.70 1.58 -27.72 11.58
20 20.75 14.13 -1.90 5.07 1.29
30 41 11.64 -1.16 -1.94 3.41
40 51.23 18.35 -2.56 7.17 1.69
60 -8.51 -0.74 -4.86 4.81 65.15 16.27 -2.02 3.02 582.
80 84.77 15.24 -1.49 -3.37 4.91
100 10.01 -0.51 -13.02  9.29 100

Table-2.6 Temperature dependant equation for viscosity (dp)Li€l-KCl and NaCI-KCI

mixtures.
LiCI-KCl Yy =a+bT NaCl-KCl y=a+bT
Mole% LiCl a bx16 Mole% NacCl a bx19
10 187.45 -8.309 10 178.1 75
22 196.22 -9.16 25 178.0 7.4
40 189.47 -8.45 40 177.0 7.2
50 187.34 -8.08 50 179.3 7.2
58 189.56 -8.23 60 180.4 7.2
79 183.53 -7.10 75 181.2 7.0
90 183.38 -6.75 90 183.5 -6.8

Table-2.7 Temperature dependant equation for surface ter(sigme cnt) for LiCI-KCI and

NaCl-KCl mixtures.
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2.5 Method for the production of anhydrous rare eath chloride:

The success in the chloride winning process depepds the quality of raw material available
for the extraction. Presence of impurities and toogs in the starting RE chlorides adversely
affect the electrolysis process. Therefore, praparaf anhydrous REGIs extremely important
for the better efficiency of the process. Generadlghydrous rare earth chlorides have been
prepared from rare earth oxides using chlorinataggents like Gl gas [68], SOGI(Q)
[69],CCly(g) [70], COCh(g) [71] and NHCI(s) [72].These chlorinating agents are corrosive
operating temperature of 600-700°C. Therefore,sitdifficult to find suitable construction
material for the design of reaction vessel. Heticese methods are not suitable for the large
production of anhydrous rare earth chlorides. Meeepothe high cost of these chlorinating
agents make these process more expensive. Nokiag 3] (1960) reported preparation of
YCl3.6H,Oby dissolving yttrium oxide in concentrated hydriacic acid and evaporating the
solution up to crystallization. Various researchkeve followed this method to prepare RE
chloride for the electrolysis work [74].

Although the method of chlorination using HCI da@ua produce REGIXH>O which
needs dehydration to prepare anhydrous chloride,ntiethod is simple and attractive for the
industrial production of rare earth metal [75].Thext step is the dehydration of rare earth
chloride hydrates. Various techniques i.e. (i) akhtion in presence of HCI vapor,(ii) in
presence ammonium chloride and (iii) vacuum dehijatrawere found in the literature for the
proper dehydration of RE€CKH,0.Dehydration in presence of hydrogen chloride feasd to
be slow and tedious [76]. Although the rare eatftloride prepared in presence of M was

free from any impurities, the metal obtained udimg chloride was found to contaminate with
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nitrogen [77-78].Therefore, the vacuum dehydratizethod was found to be more suitable for
the preparation of anhydrous rare earth chlori@g [7

It is important to study the mechanism of dehyidratelevant in fixing the condition for
the dehydration of rare earth chloride hydrates mtechanism of dehydration of hydrated rare
earth chloride has been studied by many resear{8@&3].
In the mechanism of dehydration of La&H,0, Powel and Burkholder [82] reported the
existence of intermediates such as lge8H,0(s) and LaGlH,O(s). The decomposition pattern
of LaCk.7H,O due to loss of water reported by Ashcroft and tMwer [83] was found to
LaCl3.7H,0O(s) — LaCk.3H,O(s) — LaCk.2H,O —LaCl.H,O(s) —LaCls(s). Hong and
Sundstrom [84] have shown the dehydration schemd.a&3;.7H,O(s) — LaCl.3H,0O(s)
—LaCl.H,O(s) —LaCly(s). GuahaoRen [85] have described the dehydrasicmeme of
LaCl;.7H,O(s) with the following steps: LagVH,O(s) — LaCk.6H,O(s) — LaClk.3H,O(s) —
LaCl;.H,O— LaCk(s) and also have reported that dehydration atemigdémperature lead to

formation of small amount of LaOCI(s).

The decomposition pattern of Ce@H,O due to loss of water reported by Ashcroft and
Mortimer [83] was found to CeglFH,O(s) —» CeCk.3H,O(s) —» CeCk.2H,O0 —CeCk.H,O(s)

—CeCj(s).V.V. Hong [84] reported the similar dehydrateecheme of Cef7H,0.

The decomposition pattern of Ps@H,O due to loss of water reported by Ashcroft and
Mortimer [83] was found to Prgl7H,O(s) — PrCk.3H,0O(s) — PrCk.2H,O0 —PrCk.H,O(s)
—PrCkg(s). V. V. Hong [84] reported the dehydration sckems with following steps:

PrCk.7H,0O(s)— PrCk.6H,O(s) — PrCk.6H,O(s)— PrCk.3H,O(s)— PrCk.H,O— PrCk(s).
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The decomposition pattern of Nad@H,O due to loss of water reported by Kipouros andi@ha
[86] was found to NdGI6HO(s) — NdCk.5H,0O(s) — NdCk.4H,O —NdCls.H,O(s)
—NdCl;(s). However [87-88] have described the following dehydrationhesoe for

NdCls.6H,0(s): NdCh.6H,0(s)— NdCls.3H,0(s)— NdCh.2H,0(s)— NdCls.H,0— NdCh(s).

It is evident that mechanisms reported by previesgearchers are not consistent. Moreover, data
on thermodynamic stability of rare earth chloridgdtates are not available in the literature.
Therefore questions like sequence of decompositieactions in the dehydration of
RECkhydrates, and conditions to prevent oxy-chloridemfation during dehydration process
have remained unanswered. A systematic study on déemposition mechanism and

thermodynamic stability of REEXH,O are required to answer the above questions.

2.6 Kinetic parameters in the electrodeposition ofRE (lll) in

molten alkali chloride melt:

Studies on electrochemical behavior of rare eaff®is) ions in molten chloride medium are
important for the effective use of molten salt &lelysis technology in the extraction of RE
metals. Many investigations have been carried owlectrochemical behavior of RE (La, Ce, Pr
and Nd) ions molten chloride electrolytes [89-10E]ectrochemical data reported by these
researchers are not consistent. For example, geccees on the data reported on reduction of

La (lll) have been highlighted in Table-2.8.
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Researchers D/R@nrs? Reversibility Exchange current density
At 723 K (Acm’®)
Y. Motto 0.72 - -
F. Lantelme 1.47 - -
Y. Catrillejo 1.17 Quasi-Reversible -
P. Masset 0.8 - -
Gao 0.67 Reversible to quasi reversible -
Vandrakuzhali 1.16 Quasi reversible to irreversible -
Tang 1.70 Quasi reversible 0.023

Table-2.8 Electrochemical data on reduction of La (Ill) ifQLiKCI electrolyte.

The data reported for the reduction of Ce (IlI) &xd(ll) in LiCI-KCI molten salt is also found

to be inconsistent. Apart from this, the tempemtange studied in all the previous work is in

between 650 to 850K which is much less than opmratitemperature in preparing rare earth

metal by molten salt electrolysis process. Infoiarabn the exchange current for the reduction

reaction RE (Ill)/RE (0) is rarely found in thedrature. Moreover, electrochemical data of the

reduction of RE (Ill) in NaCI-KCI are also not alaile in literature. Therefore, investigation on

electrochemical behavior of RE (lll) ions both inCL-KCl and NaCI-KCI melt on inert

electrodes at higher operational temperatures exqeired to get the inherent mechanism and

kinetics of electrochemical process.

In the present study, higher operational tempeseatill be used to probe the mechanism and to

determine the kinetic parameters like diffusionfioent and exchange current densities which

are important and relevant in the formation of REtath by electrochemical deposition from

molten salts mixtures. Higher operational tempeeatull also allow us to compare the kinetic

parameters of the electrochemical process in LiCl-lKedium with that of NaCIl-KCI medium.
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2.7 Bulk preparation of rare earth metals:

Cell design is important in the electrowinning ottal to get high current efficiency which
reduces the power consumption. Many researchers fimygested a number of cell designs for
electrowinning of rare earth metals using moltetoretle electrolytes [13-26].Some of the

important factors indicated in the extraction of REtals are mentioned below

1

Provision of inert atmosphere within the cell.

2

High anodic to cathodic area to prevent anode effec

3- Provision of collecting metal.

4- Arrangement for the removal of chlorine gas as sooit forms.

Due to the high reactivity of rare earth metalsitifficult to find suitable material for cathode,
anode and cell for the electrolysis process. Tantatungsten and molybdenum are found to be
suitable for cathode as they do not form any aldth the rare earth metal at operating
temperature [103]. These materials are not suit@ble used as anode because these metals are
highly reactive to chlorine gas. Graphite is widelscepted material for anode but cannot be
used as cathode as it forms carbide with rare eaethls at operating temperature. The detail of
cell design used in this present investigationssussed in details chapter-VI.

In the actual electrowinning process, various factmcluding temperature, current
density (for both cathode and anode), and duradioelectrolysis affect the outcome of the
product. Limited reports are found on the effectttodse parameters in the electrowinning of
lanthanum and cerium metal, in NaCI-KCI electratyfg5, 74] but there is no data available on
electrowinning of praseodymium and neodymium métalmolten chloride medium. It is

therefore necessary to establish the optimum dpgrabnditions for the electrowinning of four

rare earth metals (La, Ce, Pr and Nd) and alseveldp a method for effective neutralization of
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chlorine gas. In this study, operational parameterge been verified maximize the current
efficiency and yield for each of the four rare bametal and also develop a method for the
neutralization of chlorine gas. Experiments wilabe carried out to observe the effect of using

single carrier electrolyte like KCI, NaCl and Li@®@l preparing rare earth metal.

2.8 Recovery of rare earth alloys:

2.8.1 Electrochemical codeposition technique:

The electrolytic codeposition method involves si@néous deposition of two ions in the
electrolyte on the cathode. Several investigatd®4{106] in the past have reported the
formation of alloys like Co-Sn, Sm-Co and La-Camgdl by electrochemical codeposition in the
molten salt media. Soare and co workers [107] ityated the electrochemical preparation of
Mg-Nd alloy in molten oxy-fluoride media. Recentyao et al. [108-109] succeeded in
preparing Mg-Li-La alloys from LiCI-KCI-MgGtLaCl; and LiCI-KCI-KF-MgCh-La,O3; melts.
They carried out basic electrochemical studiesnmnkthe reduction behavior of lanthanum and
magnesium ions in the chloride electrolyte. Howeweo information is available on the
electrodeposition of pure La-Mg alloys required ¥arious industrial applications. Therefore, in

this study preparation of La-Mg alloy using Lg@®4gCl,-KCI electrolyte was undertaken.

Here basic electrochemical study will be carried tw investigate the mechanism of co-
reduction of Mg (Il) and La (lll) ions at lower oing temperature first. After verifying the
feasibility of formation, bulk scale preparation afoys will be carried out and also process

parameters will be standardized to get maximumecuirefficiency.
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2.8.2 Consumable cathode technique:

In this technique, cathode is solid at operatimgperature which forms alloy in the liquid form
with the electrodeposited rare earth metal. Thevipos works on electrodeposition of alloy
employing consumable cathode technique were moatiyed out using fluoride as electrolyte.
Rare earth alloys with Fe, Cr, Ni and Co were sssftdly prepared from the electrolysis of the
bath comprising of REFLIF-BaF, on consumable cathode [110-111].Limited informatie
available in the deposition of RE alloys using cide electrolysis..The preparation of
neodymium-iron alloys has been reported by moltdhedectrolysis of NdGIKCI bath using a
consumable iron cathode [112].The current efficemeported here was low. Therefore,
preparation of Nd-Fe alloy in NaCl-KCI molten chite was undertaken with an aim to increase

current efficiency and yield.

2.9 Scope of present thesis:

Several aspects like dehydration of process, lkisaif the electrode process, cell design, and
effect of operational parameters in the extractbtight rare earth metals (i.e. La, Ce, Pr and
Nd) from their corresponding chlorides by moltenit salectrolysis process have been

investigated in order to get maximum productioncefhcy.

Rare earth chlorides which are used as electropygcursor material in synthesis of rare earth
metals and alloys are highly hygroscopic in natleding a suitable and efficient way of
dehydration is extremely important for the success electrowinning process. The
thermodynamic parameters provide useful informadiam fixing the conditions for a desirable
reaction to happen. In the present work, the dguiln vapor pressure of water over various
hydrates was measured employing dynamic transmirdéchnique. The standard molar Gibbs

energy of formation of RE chloride hydrates haverbderived using the measured equilibrium
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vapor pressure data. This information is usefulfixing the conditions for dehydration of

RECk.xH,O(s) to form RECJ(s) free of oxychloride.

Extensive research has not been carried out oaviehof REC} (LaCls, CeCk, PrCk, NdCk)

in LiCI-KCI and NaCl-KClI electrolytes to know the aohanism and kinetics of the electro

deposition of rare earth metal from these meltsdi8t related to electro-kinetic parameters such
as electron transfer co-efficient, electron transée constant, diffusion co-efficient have been

carried out to draw more insight into the process.

One of the major objectives of this current invgation was to determine the optimum operating
conditions for the electrowinning of light rare gametals from their corresponding chlorides in
alkali chloride melts i.e. (i) LICI-KCI and (ii)) Nal-KCI melts. Process parameters like
temperature of operation, electrolytic compositiamnd cathode current densities have been

standardized to get maximum current efficiency giett.

Electrochemical deposition in molten salt has bgeven as an effective and economic way in
producing RE alloys. Electrodeposition of two alayamely La-Mg and Nd-Fe were studied by
co-deposition and consumable cathode techniqueectasply. The electrochemistry and
mechanism of the deposition process were studiedyslic voltammetry, and open circuit
potentiometry etc. The effects of various procemaimeters such as composition of electrolyte
in the bath, temperature of electrolysis and caghagtrent density on current efficiency have

been investigated to get maximum current efficieindyoth the cases.
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CHAPTER-III

INSTRUMENTATIONS

3.1 Introduction:

This chapter deals with the various experimentahneues employed for the synthesis,
characterization of metals and alloys. Various abt@rization techniques were used for the
characterizations. They are as follows: Energy &ispe X-ray-Fluorescence (EDXRF), X-Ray
Diffraction (XRD), Scanning Electron Microscopy (Bl Thermo Gravimetric Analysis

(TGA), Differential Thermal Analysis (DTA), Differgial Scanning Calorimetry (DSC),

Evolved Gas Analysis (EGA) and Inductively CoupRidsma-Atomic Emission Spectroscopy
(ICP-AES).Electrochemical techniques like cyclidtammetry and square wave voltammetry

were also used in the study.

3.2 X-Ray Fluorescence Spectrometry

The X-ray fluorescence spectrometry is generallydudor qualitative and quantitative
determination of elemental composition. It is basedthe principle of measurement of the
energies or wavelengths of the X-ray spectral lisgstted from the sample, which are the
characteristic or signature of the elements presenthe sample. H.G.J. Mosley in 1913
discovered the relationship of photon energy aedcieht [113] and laid down the basis of XRF.
X-rays are proportional to the atomic number (ZxaX spectra originate from the inner orbitals,
which are not affected substantially by the valeotthe atom; normally the emitted X-ray lines
are independent of the chemical state of the atdowever, in the case of low and medium

atomic number elements, the energy of the charatiteX-rays depends on oxidation state.
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In XRF, the primary beam from an X-ray source €t@ctrons or charged particles) irradiates the
specimen thereby exciting each chemical elemeneésd@telements in turn emit secondary X-ray
spectral lines having their characteristic energieswavelengths in the X-ray region of the
electromagnetic spectrum. The intensities of thresdted characteristic X-rays are proportional to
the corresponding elemental concentrations. Simeetrays penetrate to about 1,08 depth of the
surface of the sample, XRF is near surface charaaton technique. This method of elemental
analysis is fast and has applications in a varddtfields. This technique has also got sample
versatility as sample in the form of solid, liquigturry, powder, etc. can be analyzed with lititeno
sample preparation. In most cases, XRF is a nomtoéise/non-consumptive technique. All
elements having atomic number Z > 11 (Na) can bected and analyzed in conventional XRF. But,
nowadays, with the advances in the XRF instrumemtatike use of very thin or windowless tubes
and detectors, multilayer analyzer crystals, radadn the path length of X-rays (tube — to sample
and sample — to- detector) and application of vatou helium atmosphere, elements up to B (Z=6)
can be detected and quantified [114]. Further, vt development of synchrotron radiation
technology, a vast improvement in terms of detectimits has been obtained by tuning of the
excitation energies [115]. XRF method has a largeathic range, sensitive up to microgram per
gram level and is considerably precise and accufaie these reasons, XRF has become a well
established method of analysis. It has got a wargdt applications in industries of material
production, quality control laboratories, sciemtifresearch centers, environmental monitoring,
medical, geological and forensic laboratories [116]. There are two major modes of analysis in X-
ray spectrometry: Wavelength Dispersive X-Ray Fésoence (WDXRF) and Energy Dispersive X-
Ray Fluorescence (EDXRF) Spectrometry. The diffeeein these two modes of analysis lies in the
detection component. In EDXRF, the detectors diyetieasures the energy of the X-rays with the
help of multichannel analyzer, whereas in WDXRFe tK-rays emitted from the samples are

dispersed spatially using a dispersion crystal aravelength of the each emitted X-rays is
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determined by the detector sequentially. Here, wkomly discuss about the ED-XRF technique

which was used in the present investigation.

3.2.1 Energy Dispersive X-Ray Fluorescence (EDXRF)

In Energy dispersive X-Ray fluorescence (EDXRFg wavelengths of all the elements emitted
by the specimen are not dispersed spatially pdatetection, but the detector receives the un-
dispersed beam. The detector itself separatesitfieeedt energies of the beam on the basis of
their average pulse heights. Energy dispersivetgpaeter consists of three basic units:

(a) Excitation source,

(b) Sample holder unit and

(c) Detection system
In XRF spectrometers, X-ray beam emitted from X-atye or radioisotope sources. In tube excited
XRF systems, the energy distribution of the spactauriving from the sample depends on the tube
target element, voltage and current applied. Stahdammercial EDXRF spectrometer comprise of
the following components: an X-raybe, sample holder with auto sampler unit, soliates
semiconductor detector Si (Li) with liquid nitrogesooled detectors and the spectrometer
electronics. Unfiltered direct excitation leads # combination of both continuum and
characteristic peak to fall on the sample. The tspetshape can be altered by use of various
filters and secondary targets present in the filleanger unit. Optimum selection of target,
current, voltage and primary beam filter / secogpdarget are important in obtaining the best
data from an EDXRF system. In XRF, primary beanefd are used to eliminate the scattered
background drastically and improve the signal tes@aoatio at the region of interest (ROI). Apart
from this, it also reduces the dead time of theectet significantly [120]. All these features

ultimately improve the detection limits. SchemaifdEDXRF equipment is shown in Fig.31.
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the present investigation, EDXRF was carried oungisEX-3600 M spectrometer from

Xenemetrix.

|

Palycapillary Energy
Focusing Dispersive
Optic [Detector

Emitted
Characternistic
7 ¥-rays from Sample

Sample

Inciclent X-rays |

Fig.3.1 Schematic of ED-XRF equipment.
3.3 X-ray diffraction (XRD):

X-ray diffraction (XRD) is the most extensively alstechnique to identify the crystalline phases
and to determine the crystal structures of condemsatter. It is the most commonly used
technique for fingerprint characterization of tmgstalline materials, as well as for determination
of their unit cell, lattice parameters, phase armabable crystal structure. In our present study we
have used the technique to identify the phase @arth metals and alloys synthesized in the
study.

The German physicist Max von Laue recognized thattavelength of X-ray are comparable to
the spacing between adjacent atoms in crystaltausl groposed that a crystal could be used as a

diffraction grating in three dimensions. X-rays atectromagnetic radiation with typical photon
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energies in the range of 100 eV - 100 keV. For diféraction applications, only short
wavelength X-rays (hard X- rays) in the range & angstroms to 0.1 angstrom (1 keV - 120
keV) are used. As the wavelength of X-rays is caple to the size of atoms, they are ideally
suited for probing the structural arrangement afmet and molecules in a wide range of
materials. The energetic X-rays can penetrate d@epthe materials and provide information
about the bulk structure.
The theory of diffraction is based on the Brag@w,| which describes how the electromagnetic
waves of a certain wavelengthinterfere with a regular lattice. At a certain Engf incidence,
also called as Bragg's anglé),( with regard to a set of parallel crystal planeich are,
therefore, called reflectors, constructive intezfere take place according to the equation (3.1)
where n is a positive integerykdrepresents the inter planer spacing between ystatmplanes
that cause constructive interference, anslthe wavelength of the incident X-ray beam.

nA = 2d sinB (3.1
In XRD, the sample is irradiated by a monochromaticay beam, which are generated by a
cathode ray tube, by heating a filament to prodeleetrons, accelerating the electrons toward a
target, by applying a voltage, and bombarding drget material (Cu, Fe, Mo, Cr) with the
electrons. When the electrons have sufficient enei dislodge inner shell electrons of the
target material, characteristic X-ray spectra aredpced. The typical X-ray spectrum of

elemental Cu is given in Fig. 3.2.
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Fig.3.2 Typical X-ray of Cu target

Though the X-rays are produced in all the diretjahis allowed to escape from a particular
direction (commonly using a beryllium window) forperiments. The background and radiations
are filtered using-filters. The beam of X-rays is passed throughdivergence slits and then

allowed to fall on the sample. The interaction loé¢ incident rays with the sample produces
constructive interference (and a diffracted rayliew conditions satisfy the Bragg’s law. These
diffracted X-rays are then detected, processedcandted. For the detection of X-ray, the gas
filled tube or scintillation counters are commonlged. These tubes can either be the
proportional counter or Geiger-Muller counter. Tharticular tube is usually filled with a gas,

which gets ionized by the impact of the radiatidpplying a potential difference between the

two electrodes, the ions are collected. The typicatent obtained is proportional to the number

of photons reaching to the detector. The diffraai@gs are scanned by sweeping the detector
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from one angle to another. By scanning the satmpteigh a range oft2angles, all the possible
diffraction directions of the lattice can be atedndue to the random orientation of the powdered
material. The conversion of the diffraction peaks d-spacing allows identification of the
material, because each material has a set of urdegpacing. Typically, this is achieved by
comparison of the d-spacing with the standard esfeg patterns. The intensity distribution of
the peaks is governed by the nature and the kimtisbibution of the atoms/ions in the unit cell.
The absolute intensities of the peaks depend onstiwece intensity and counting time, in
addition to the nature and the kind of distributafrthe atoms/ions in the unit cell. A schematic

diagram of XRD equipment is shown in Fig.3.3.
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Fig.3.3 Schematic of a XRD equipment
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The peaks (also called as reflections) in the pbotespond to a set of parallel planes with inter-
planar spacing . The d-values are calculated from the positionth&f peaks. Thus, for a
particular sample a set of d-values giving consivacinterference is observed. The peak
positions (d values) are related with the unit patameters of the lattice. Hence they can be
used for identification of the materials and theyperally act as the finger print for the crystadlin
materials. The intensity distribution of the reflens is governed by the nature and kind of

distribution of atoms in the unit cell.

The data collection protocols often depend on fhecific purpose of the data collections. In
general a short time scan in the two-thetd) (Bange of 10 to 80° is sufficient for the
identification of a well crystalline inorganic matd. However, low symmetry samples and
samples with not good X-ray scattering power magdna slow scan. The scan time was
optimized for getting good intensity peaks. Aftiee data collection, the observed d-values were
fitted to standard patterns and the unit cell patens were refined with respect to the standard
values. By comparing the observed diffraction pattgith JCPDS (Joint Committee on Powder
Diffraction Standards, 1974) files available fopoeted crystalline samples, fingerprinting of
sample materials is normally done. The unit cethpeeters are made free to adjusting the best
way to fit the observed experimental data. The ars interpretation of the powder diffraction
patterns are explained in several books [121-123jur study, XRD characterizations were

carried out using Philips (Panalytical X-pert-peguipment.
3.4 Electron Microscopy
Micro-structural characterization has become imgodrtfor all types of materials as it give

substantial information about the structure-propearrelation. Micro-structural characterization

broadly means ascertaining the morphology, idemtilon of crystallographic defects and
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composition of phases, estimating the particle,se&te. Electron microscopic techniques are
extensively used for this purpose. Electron micopgcis based on the interaction between
electrons (matter wave) and the sample. In theeptestudy, Scanning Electron Microscopy
(SEM) has been used to characterize the alloy psydée principle and experimental details of

the SEM technique is given below.
3.4.1 Scanning Electron Microscopy (SEM):

In a typical scanning electron microscope, a wathised electron beam is incident and scanned
over the sample surface by two pairs of electrometig deflection coils. The signals generated
from the surface by secondary electrons are detectd fed to a synchronously scanned cathode
ray tube (CRT) as intensity modulating signals F112%]. Thus, the specimen image is displayed
on the CRT screen. Changes in the brightness mgrebanges of a particular property within

the scanned area of the specimen. Schematic raepsdsa of SEM is shown in Fig.3.4.
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Fig.3.4 Schematic of SEM equipment

For carrying out SEM analysis, the sample mustdmiyum compatible (~ 2Torr or more) and
electrically conducting. The surfaces of non-corihec materials are made conductive by
coating with a thin film of gold or platinum or ¢em. In this study, the SEM technique was used
to study the microstructure evolution of rare eamtstal and alloys. EDS (energy dispersive X-
ray spectroscopy) was used for the compositionallyars.

In the present study, SEM instrument used was f&eron Inc. (Model AIS 2100) having
standard tungsten filament. An accelerating vol@g20 kV and magnification of10kx was used

for recording the micrographs.
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3.5 Thermal analysis

Thermal analysis methods are essential for undetistg the compositional and heat changes
involved during reaction. They are useful for invgeting phase changes, decomposition, and
loss of water or oxygen and for constructing prdiagrams.

3.5.1 Thermo gravimetric analysis (TGA):

In thermo gravimetric analysis the sample is healted constant heating rate and the sample
weight is measured as function of temperature [1R6this technique the heating can be done
under air (oxidative) or nitrogen/argon (inert) asphere.Loss of water of crystallization or
volatiles (such as oxygen, G(®tc.) is revealed by a weight loss. Oxidatioraadsorption of gas
shows up as a weight gain.

3.5.2 Differential thermal analysis (DTA):

Differential Thermal Analysis measures the tempegtdifference between a sample and a
reference material as a function of temperaturegnmiey are heated or cooled at a constant
heating rate.A phase change is generally assoaiatectither absorption or evolution of heat. In
DTA experiments, the sample is placed in one cup, @ standard sample (like 28k) in the
other cup. Both cups are heated at a controlletbumirate in a furnace, and the difference in
temperature AT) between the two is monitored and recorded agdime or temperature. Any
reaction involving heat change in the sample wéllrbpresented as a peak in the ploA®fvs.

T. Exothermic reactions give an increase in tentpesa and endothermic reaction leads to a
decrease in temperature and the corresponding ppaksyr in opposite directions.

3.5.3 Differential Scanning Calorimetery (DSC)

Differential scanning calorimetric technique is tgusimilar to DTA, except that, it is an

isothermal measurement. It means that, during tle@sorement the sample and reference
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material are simultaneously heated or cooled anstant rate just like DTA [127]. But here the
amount of heat absorbed or released by a samplkeeip both the sample and reference at the
same temperature is measured. In case of any erothlendothermic transition, the amount of
heat flow from the system varies in order to keethlthe sample and the reference at same
temperature. The difference in temperature betvtleem is proportional to the difference in heat
flow (from the heating source i.e. furnace), betvdee two materials. This technique is applied
to most of the polymers in evaluating the curinggaiss of the thermoset materials as well as in
determining the heat of melting and melting poihttleermoplastic polymers, glass transition
temperature (@), endothermic & exothermic behaviour. As desorptd hydrogen occurs with
absorption of heat, so it can detected for the #ratmic peak of DSC. The instrumentation of

DSC [Fig. 3.5] is exactly similar to that of DTAxeept for the difference in obtaining the result.

Furnace
Sample pan T T Reference Pan
Thermocouple |
Detector
Signal
Amplifier Recorder

Fig.3.5Schematic diagram of DTA/DSC
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In the present study, thermo-gravimetric-differanthermal analysis (TG-DTA) of samples

was carried out in platinum crucibles using a Setar92-16.18 make TG-DTA instrument.
3.5.4 Evolved Gas Analysis

Evolved gas analysis (EGA) is a method used toystuel gas evolved from a heated sample that
undergoes decomposition. The identification of tbempound is performed by mass
spectrometry, Fourier transform spectroscopy, gmensatography, or Optical In-Situ Evolved
Gas Analysis. Here, the gas analyzer used was @rupla mass spectrometer to identify the
emitted vapors at different temperatures and utalals the underlying mechanism. In
guadruple spectrometer, an electrical field is #dnmn the system. lons of varying mass are shot
axially into the system at approximately equal ggeand move through the system at uniform
velocity. The applied quadruple field deflects ttwes in the X and Y directions, causing them to
describe helical trajectories through the massrfillons are separated by the m/e ration in the
rod system and then detected at the detector. BHEw study was carried out using QMS

coupled to a TG-DTA, (model-SETSYS Evolution-17SETARAM).

3.6 Inductively coupled plasma atomic emission sptoscopy (ICP-
AES)

ICP-AES is a spectral method used to determine peggisely the presence of metal analyte and
the elemental concentration. There are numerousrteen utilization of this technique for
analysis of rare earth elements [128-130]. ICP-AIB8lysis requires a sample to be in solution.
It works by the emission of photons from analytest @are brought to an excited state by the use
of high-energy plasma. The plasma source is induekdn passing argon gas through an
alternating electric field that is created by aductively couple coil. A peristaltic pump delivers

the sample into a nebulizer where it is atomized srroduced directly inside55the plasma
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flame. When the analyte is excited, the electrongotdissipate the induced energy by moving to
a ground state of lower energy and in doing they thmit the excess energy in the form of light.
The wavelength of light emitted depends on thegngap between the excited energy level and
the ground state and is thus specific to the elénterthis way, the wavelength of light can be
used to determine what elements are present bytabetef the light at specific wavelengths. In
order to determine the concentration of elemengsgnt, a calibration curve is developed using
analyte solutions of known concentrations, wher#i® intensity of the signal changes as a
function of the concentration of the material tisgpresent. When measuring the intensity from a
sample of unknown concentration, the intensity frtnis sample can be compared with the
calibration curve to determine the concentratiomhef analytes within the sample. An ICP-AES
system can be divided up into two basic parts;inlklectively coupled plasma source and the
atomic emission spectrometry detector. Here ICP-Ada8lyses were carried out using high
Ultima 2, Horiba Jobinyvon, France make high resofu ICP-AES. Figure 3-5 shows the

common components of an ICP-AES system.
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Figure 3.6.Schematic of an ICP-AES equipment
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3.7 Background of Voltammetric studies

During voltammetric studies involving a three etede assembly, the electrochemical response
is dependent on the mode of mass transport. Th@ss tnansport phenomena are diffusion,
migration and convection [131]. Convection is ehated by carrying out the experiment under
qguiescent conditions. Migration is eliminated bydiad large excess of inert supporting
electrolyte. In voltammetric studies the speciex tlesponds to the applied potential or current
are known as electro active species. Thus, thengegkenode of mass transfer occurs only by
diffusion of electroactive species. Such electroelgctions are known as diffusion controlled

processes.
3.7.1 Potentiostat

A potentiostat is an electronic amplifier which trats the potential drop between the working
electrode and the electrolyte [132]. All the thedectrodes as mentioned earlier are controlled by

a potentiostat which acts in the manner showngn F.i7.
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Fig.3.7 A schematic of a potentiostat connected to a telegtrode assembly.ofs variable
resistance, CE is counter electrode, WE is workilegtrode and REF is reference electrode

The potentiostat imposes a fixed potential, E, betwthe working (WE) and the reference

(REF) electrode and draws negligible current thiotig latter electrode.

E= (¢M - cZ)S)working - (¢M - cZ)S)reference (3-2)

Wherep,, is the electrical potential anblsis the solution potential.Since the reference ebelet
serves to provide a constant value(®f; — @s)yererence, @aNy changes in E are reflected as
changes i@y — @5)yorking- The imposition of the potentialdra@y — @s)yworking ON the
working electrode-solution interface will typicalbause acurrent to flow. The counter electrode
(CE) serves to pass the same current as that idudl®w through the working electrode.

Accordingly, the potentiostat drives the countecabde to whatever voltage is required to pass
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this current. The introduction of the third eledeas the only reason why a controlled potential
can be applied to the working electrode as expdasgehe Eqn. 3.2.

All the electrochemical measurements were carrigidusing IM6 electrochemical workstation
(ZahnerCo.Ltd. Germany). The voltammograms wererdsd and analyzed using THALES

2.10 software package.

3.7.2 Cyclic voltammetry (CV)

Principle: Cyclic voltammetry involves applying a potential tiee working electrode which

changes with time as shown in Fig. 3.8.

(a)

E/V

t/ s

Fig. 3.8 Potential simulation (a) and resulting current oese (b) in a cyclic voltammetry

experiment.

The current flowing through the working electrodeafunction of the applied potential and a
plot of current versus potential is recorded whigtknown as the voltammogram. The initial
voltage is selected such that the chemical specider investigation are not initially oxidized or
reduced. The potential is swept in a linear manoex certain value and then the direction of

scan is reversed usually to its original value. Ppbtential range is usually selected such that the
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range contains an oxidation or reduction processntdrest. The observed voltammogram
depends on the parameters such as the electrafieraoefficient, standard electrochemical rate
constant (Ks), formal potential of the redox coupliéusion coefficient (D) of the redox species
and the voltage scan ratg.(

Procedure: In the present study, voltammetric studies wereiedhrout over the temperature
range 963 — 1053 K. The electrochemical cell wasated under argon during the measurement.
The experiments were conducted using a three-etdxtassembly, where the alumina crucible
served as the container for the electrolyte.

The working electrode consists of 1mm (diameter)lyimdbenum or tungsten wires. Other
Tungsten wires of 2mm and 1 mm diameter were engpl@s the counter and quasi reference
electrode respectively. The surface of each eldetrwere polished with emery paper of 1200

grit and then cleaned with acetone.

3.7.3 Electron transfer coefficient

The electron transfer coefficientt | gives the ratio of the change of the height & #émergy
barrier the electron has to surmount during chargasfer with respect to the change of
electrode potentiadE [132]. A value ofa =0 implies no influence of the electrode potential
change on the barrier heighd.=1 implies that the change of electrode potentialsea an

exactly equal change of barrier height. The valuero(a n is the number of electrons transferred

for the reduction process in the rate determintag)scan be determined from the equation given

by Matsuda and Ayabe (Eqn. 2.2) [133-134].

Ep/zc _ EpC — 1.857RT (33)

angF
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Ep© is cathodic peak potentid;, /ZC Is cathodic half potential, R is the molar gasstant, T is
absolute temperature and F is Faraday constant.

Thean,also can be evaluated from the following equation

AEPc  23RT

Alogv - 2angF (34)
P
—AAligf/ is determined from the slope Bf vs logv plots.

The current functionif /v'/?) i.e. the ratio of cathodic peak current to thaasg root of scan
rate can be measured to determine the mechanighecifochemical reaction. If the current and
peak potential are independent of scan rate, therlectrode process is said to be reversible. In
case of quasi reversible process, the currentifumed virtually independent of scan rate but the
peak potential shift with scan rate. The differebeéwveen anodic and cathodic peak potential is
useful criterion for Nerstian behavior. The electremical behavior is said to NerstiamEp is
very close to 2.3RT/nF and the ratio of anodic &hodic peak current is approximately 1

regardless of scan rate and switching potential.
3.7.4 Square wave voltammetry (SWV):

Square wave voltammetry is one of the recent teglenused by electrochemist for analytical,
kinetics and mechanistic work.The form of SWV madéctrochemists use today, called
Osteryoung square wave which is based on work @ign@amaley and Krause in 1969 [135-

136).

54



Fig.2.10  shows the excitation waveform used ine@sung SWV. With this waveform, current
response to the potential excitation once on eapkafd pulse and once on each reverse pulse can be
recorded. Using this technique, three possibleettirpotential plots can be generated- forward otirre
versus potential, reverse current versus poteatialifference current versus potentidlhe resulting

combination plot has been suggested as the mo#il Usem for investigating kinetics and

mechanisms.

E’ W

Eeo I

Imfas =11 -1

Fig.3.9: Excitation waveform and current samplimgnps for Osteryoung square wave.
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Advantages

One of the drawbacks of rapid scanning in CV i thatroduces a large capacitive background
current. This background current (or noise) makémid to detect the faradic current, which is
the signal of interest, and severely affects tlgmadi to noise ratio. Since SWV is a pulsed

technique, it can discriminate against the chargimgent and eliminate this drawback.

3.7.5 Exchange current density:

When a metal in solution is at equilibrium, it ingd rates of dissolution and deposition reactions
are equal. When the above two reactions (anodiccatidodic) are in equilibrium, the rates

(equal and opposite) of each of the two reactiaoesreferred to as exchange current density.
Expressing reaction rates in terms of current densiiq = freqd = ;—‘; (3.5)

loxia @nd feq @re equilibrium oxidation and reduction ratesisitermed exchange current density
which is the rate of oxidation and reduction atilgium. There is no net current under the
above conditions even through the concept is aulsmiethod of representing rates at
equilibrium.

at equilibrium: ic=ia=io

net=ia—-ic=0
A Kinetic expression for io is given as
ip = NFAK(Coxa)" ™ *(Crea)® (3.6)

Ks is rate constant for the redox reactien,transfer coefficient and A = Area of electrode.

Exchange current density (io) is dependent on daufdeof the redox reaction b) Electrode

composition / surface c¢) Concentration ratio of dizeéd and reduced species and d)

Temperature.
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CHAPTER-IV

DEHYDRATION OF RARE EARTH (RE)
CHLORIDE HYDRATES
4.1 Introduction:

One of the most important aspects in the preparaifaare earth metals and their alloys is the
quality of precursor used in the production proc@sgydrous rare earth chloride is widely used
as the precursor for producing rare earth metadl@ctrolytic reduction processes [137-138].
However, preparation of pure and anhydrous rarn €REE) chloride is extremely difficult. Rare
earth chlorides are highly hygroscopic in natural absorb moisture when exposed to
atmosphere even for short duration. These compooadsabsorb more than 30-35 weight %
crystallized water and adsorbed moisture. Althougthydrous RE chloride can be prepared
from their corresponding oxides using differentocinating agents, but dehydration of hydrated
RE chloride is an interesting option for industregplications[75].Therefore, dehydration of
hydrated RE chloride (RE&LH-0) to get anhydrous RE chloride (RECk an important step
in the success of electrolytic reduction procesé@hydrous rare earth chloride is prepared by
heating hydrated RE chloride for several hoursaouwm or under flowing inert gas. The main
difficulty in obtaining anhydrous RE chloride in npeuform is the formation of oxychloride
REOCI(s) during dehydration process through thectr@a RECE.NH,O(s)» REOCI(s) +
2HCI(g)+ (n-1) BO(g). Presence of RE oxychloride impairs the redacprocess and thereby
affects both yield and product purity. Therefoteisinecessary to find out an effective way to

remove moisture from the starting material. Knowledf thermodynamic stability of the RE
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chloride hydrates and the mechanism of the dehgarairocesses is of great interest for the
production of anhydrous chloride.

The mechanism of dehydration of hydrated rare eahtloride has been studied by many
researchers [80-88] but the mechanisms reportethéy are not consistent. In view of the
conflicting reports on the decomposition patteriR&CkL.XH,O, the sequence of decomposition

was reinvestigated in the present study by theamdlhigh temperature X-ray techniques.

In the present study, the equilibrium vapor pressrwater over various hydrates was measured
employing dynamic transpiration technique. The d&ad molar Gibbs energy of formation of
RE chloride hydrates have been derived using tresared equilibrium vapor pressure data. The
derived thermodynamic properties have been compavigd the existing literature. This
information is very much useful in fixing the cotidns for dehydration of REEKXH,O(s) to

form RECE(s) free of oxychloride.

Experimental Details

RECkL.XH,0(s) (99% purity) used for the vapor pressure nregsent experiments were

supplied by Indian Rare Earth Limited (IREL). Trergples were characterized by thermal and
X-ray diffraction (XRD) techniques. HT-XRD pattermgere recorded at various temperatures
starting from 298 to 473 K in thed2ange 10 to 7in static air atmosphere with a step width

0.02°. The samples spread over platinum metal gtbaising collodion solution were heated at
a heating rate 5 °C/min and held isothermally atpghedetermined temperature with an accuracy
of £0.5 K during the measurement. In each HTXRD soeament, the samples were equilibrated

for 30 minutes at the pre-set temperature priobhéomeasurement.
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4.2 Vapor Pressure Measurement

Vapor pressure measurement was carried out by andgnthermo-gravimetric transpiration
instrument using a micro-thermo balance (SETARAMyddl B24) described elsewhere [139].
In the present experiment the vapor pressure oém@t.o) over the sample was determined
from the total mass los&ih) recorded at constant temperature (T) for knowre tinterval (t)

and carrier gas flow rate (v), following the equoati

Here, Mi2o is the molecular weight of water, T is the roommperature and R is the universal
gas constanfig.4.1 gives the sketch diagram of the micro-thermo badaassembly used in the
present study. A Pt, Pt-10%Rh thermocouple usedhiasuring the sample temperature located
about 1 mm away from the sample which was well withe isothermal zone of the reaction
tube. The equilibrium condition for the measuremehtvapor pressure was established by
determining the apparent pressure of water vaper sample calculated from the mass loss of
the sample per unit volume of the carrier gas (@guovept over it as a function of flow rate at
the mean temperatures of mass loss correspondiegcto vaporization step. The region where
the apparent vapor pressure of water is independérftow rate of the carrier gas was
determined to ascertain the saturation of the @agas by the vapor. The measurement of vapor
pressure at different temperatures was carriedising the constant flow rate of the carrier gas
in the plateau region.

RECkL.XH2O is highly hygroscopic and loose water moleculesjuick successive steps with
narrow range of stability. Hence, it was diffictdtisolate the decomposed products to establish
the respective coexisting phase fields separaidigrefore, we have tried to measure the vapor

pressure of sample with desired composition in tine phase region. This was done by
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monitoring the total mass loss from the samplei@arout in the transpiration apparatus using
direct program mass loss technique. During vapesqure measurement the mass loss was
confined to 10 to 30 % of the total expected mass for any given steps. We presumed here
that during the first 10 % wt loss process, thetioations due to the mass loss from the
previous step gets over. By confining the measungsn® 30 wt % loss, it is expected that the
kinetic hindrances can be avoided. Further, it assumed that there is no mutual solubility of
among the co-existing phases during the vaporizataction and the activity of the each of the

solid phase is unity.

The sample was spread on a double stranded platnueible to increase the surface area. For
calculation of vapor pressure, the mass loss wasidered for the time interval of 60 seconds at
a given mean temperature. Since the heating rasewaéntained at a rate 0.5°C/min, in the time
interval of 60 seconds the maximum variation intéraperature is expected to be 0.5 K which is
well within the experimental uncertainty of tempgara measurements. Therefore, it can be
assumed that the mass loss process is nearly is@hér a given measurement. The plots of
the observed mass loss with respect to time imésotal runs at given flow rate of the carrier

gas were used to calculate the vapor pressuresdtrematic of the vapor pressure measuring

equipment is shown iRig.4.1
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A. Sample, B. Tired sample holder, C. Electronicording-type microbalance, D. Hang down
wire (0.2 mm in diameter), E. Silica pan for weiggatring), F. 4 mm internal diameter (ID) silica
tube, G. Thermocouple, H. Rear port in the baldmmesing, |. Baffles made of (i) Pt-20%Rh
plate and (ii) alumina discs. 14 mm ID silica tube,capillary (1.5 mm diameter hole), L. 28
mm ID silica tube, M.8 mm diameter hole, N. Layeflatinum coating.

Fig.4.1 Sketch diagram of the micro thermo-balance assemg#y for dynamic transpiration
vapor measurements.
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4.3 Results and discussion

4.3.1 Determination of thermodynamic stability of LaCl; hydrates

4.3.1.1 Dehydration Mechanism
First the sequence of decomposition of LaXH,0 to form anhydrous Lagwas investigated
by thermal and high temperature X-ray diffracti@chniquerig.4.2 gives the TG plot of
LaCls;.7H,O(s) recorded at the heating rates of 0.5, 2, 51&ntC/min under 2 I/h flowing argon
atmosphere. The figure indicates that the compaurttergoes mass losses in three successive
steps corresponding to the loss of 4, 2 and 1 numbwater molecules. From Fig.2, it could
also be observed that the decomposition temper&dureach mass loss step is heating rfje (
dependent and progressively decrease with deciedsd-ig.4.3 gives the plot decomposition
temperature versus heating rate for step-1, stepd2step-3 of La@l7H,O decomposition. The
extrapolated decomposition temperatures to zertingesaate for step-1, step-2 and step-3 are
found to be 314, 359 and 393 K respectively andctreesponding temperature ranges for mass
loss steps are found to be 314-348 K, 359-378 K3884413 K, respectively. DTA plot of the
sample(Fig.4.4) showed three endothermic peaks with initiationgeratures 314, 358 and 393
K, which correspond to the endothermic effects edusy the loss of 4, 2 and 1 water molecules
in mass loss step-1, step-2 and step-3 respectivEhe decomposition temperatures obtained
from this work are found to be significantly lowevmpared to the earlier reported values [83-
85]. This could be due to higher heating rate legdio non-equilibrium decomposition of
lanthanum hydrate. Evolved gas analysis (Fig.4t%h@ sample indicates the loss of only water
molecule over the entire range of mass loss sipsnass peak for the mass numbers 36 and 38
due to HCI molecules produced by the hydrolysishef LaCk(s) with the evolved water vapor

could be observed. The onset temperatures forreiftemass loss steps was further verified by
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recording TG-DSC (Mettler Toledo, TG-DSC-1) runhaiating rate of 0.5 °C/min under 2 I/h

flowing argon in a commercial instrument.

FromFig.4.2,it could be observed that the sample decompostser successive steps
in the temperature ranges 314-348 K, 359-378 K3881413 K, respectively with 19.5 %, 9.5
% and 4.8 % mass loss respectively. The 19.5 %sstass in the first step is attributed to loss
of four water molecules. Similarly, 9.7 and 4.8 %s% loss observed in the second and third
steps correspond to the loss of two and one watéeaules, respectivelyiable-4.1 gives the
comparison of measured and calculated mass lostifferent vaporization steps. Based on the

above observations the decomposition mechanistmedfaC}.7H,O can be described as

LaCl.7H,0(s) = LaC}.3H,0 (s) + 4HO (g) (314/T/K/348) (4.1)
LaCls.3H,0(s) = LaC4.H,O (s) + 2HO (g) (359/T/K/378) (4.2)
LaCls.H,0(s) = LaC4 (s) +HO (g) (393/T/K/413) (4.3)

The above mechanism of decomposition of Lat,O(s) matches well with the

reported data [84].
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Reaction Temperature Measured Vaporization reaction Calculated

Steps range (K) mass loss mass loss
(%) (%)
1 314-348 19.5 La@I7H,O = LaCk.3H,0 + 4H,0 19.2
2 359-378 9.7 LaGI3H,O = LaCk. H,O + 2H,0 9.6
3 393-413 4.8 LaGIH,O = LaCk + H,O 4.8

Table-4.1Measured and calculated mass loss for differenbnzgtion reaction steps in the
dehydration of LaGl7H0.

4.3.1.2 Characterization of LaC} hydrates:

In order to ascertain the nature of decompositi@mdypct and decomposition temperature, high
temperature x-ray diffraction patterns were recdr@g the end each decomposition step.
Fig.4.6agives the HTXRD patterns of Lag&ZTH,O(s) at room temperature and its decomposed
daughter products recorded at 348 and 378 K whéiiges.6b gives XRD patterns at 413 and
453 K, which corresponds to LaClThe XRD patterns at room temperature and 348eka@und

to match well with the reported pattern of LaZH,O(s) (JCPDF # 03-0069), Laf3H,O(s)
(JCPDF # 82-1200). However, the XRD plot for thenpound LaC.H,O recorded at 378 K
does not have any reported pattern for compariba.XRD pattern recorded at 413 and 453 K
matched well with reported pattern of Lag@) (JCPDF #73-2063) with some peaks due to
LaOCI. The small amount of LaOCI(s) present insheple could be due to the reaction of the
water vapor with freshly produced La() in static air condition. The formation of La@$)!
may not be possible when the water vapor is effelstiflushed out. FurtheFig.4.6 indicates
that the room temperature pattern has sharp anddefhed XRD peaks and the peak intensity
and sharpness decreases as sample temperaturee cfamhple increases. This is due to

progressive loss of water molecules crumbling efahystal structure and formation new crystal
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lattice with smaller crystallite size. No line dparent compound could be seen all these XRD

patterns, which is in confirmation with our TG résu
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Fig.4.6aHTXRD patterns of LaGIxH,O(s) sample recorded at 303, 348 and 378 K.
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Fig.4.6bHTXRD patterns of LaG(s) sample recorded at 413 and 453 K.

4.3.1.3 Establishment of equilibrium condition:

Fig.4.7 gives the apparent pressure versus flow rate ofctveger gas for LaGl7H,O(s) =
LaCl3.3H,0O(s) + 4HO (g) reaction measured at 330K for eq. (4.1). Fthenfigure it can be
observed that the apparent pressure of water beesdample is independent of flow rate of the
carrier gas in the flow rate region, 1.90 to 2I¥, Ihdicating the establishment of equilibrium
condition. A carrier gas flow rate of 2.4 I/h wasetefore, chosen in the vapor pressure
measurement experiments. Similar experiments wargéed for the vaporization reactions given
in eq (4.2) and eq. (4.3) under exactly similardibons. Care was taken in all these steps to
restrict the total mass loss in the range 10- 30%eexpected weight loss in respective cases. It
was observed that in all these steps the flow iratependent region of the apparent pressure

(plateau) also falls within 1.8 to 2.7 I/h. Henceamstant flow rate of 2.4 I/h was chosen for the
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measurement of temperature coefficient of vaposquree in all the cases. Similar experiments

were carried out at flow rates i.e.2.2 and 2.4tibhaiscertain the reproducibility.
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Fig.4.7 The apparent pressure versus flow rate of the ezagias for LaGl7H,O(s)-
LaCl;.3H,0O(s) + 4HO (g) reaction measured at 330 K.

4.3.1.4 Vapor pressure analysis

The vapor pressure of water as function of tempegatas calculated from the rate of mass loss
for given volume of carrier gas passed over thepsairable-4.2 gives the mass loss data for
vaporization reactions egs.4.1, 4.2 and 4.3 res@bet The plots of Inpgyo versus 1/T for the
above processes are givenkig.4.8-4.10 The least square fitted linear equations could be
expressed as

M +175(x 06) (327<T/K<334) (4.4)

In P, o (+ 001) =

- 8287+ 566)
T

InP, o (+ 003) = +175(% 1.5) (365<T/K<369) (4.5)
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andIn P, ,(+ 001) = M +164(+ 0.9) (391<T/K<396) (4.6)

Mass loss Avg.Temp. Massloss  Time Pressure
step (T/K) (Am/ug) (At/s) (Pq20/atm)
327 220 85 0.00527

328 255 90 0.00577

329 231 75 0.00628

Step- 330 283 85 0.00678
331 354 100 0.00721

332 303 80 0.00772
333 318 80 0.0081

334 416 100 0.00848

Step-lI 365 180 65 0.00564
366 166 55 0.00615

367 244 75 0.00663

368 172 50 0.00701

369 264 75 0.00717

391.5 146 71.5 0.00416

392.5 127 58.5 0.00442

Step-lll 393.5 151 65 0.00473

394.5 192 78 0.00502

395.5 180 71 0.00517

Table-4.2 Mass loss data for the step-1, step-Il and stepfitihe vaporization reactions (in the

decomposition of LaGl7H,O) measured at carrier gas flow rate of 2.4 I/h
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Fig.4.8Plot of Inp versus 1/T for the vaporization reactiaCk.7H,O(s) — LaClk.3H,O(s)
+4H,0 (g) (Step-I).
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Fig.4.9 Plots of Inp versus 1/T for the vaporization reactiaCh.3H,O(s) — LaCk.H,O(s) +
2H,0 (g) (Step-II)
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Fig.4.10Plots of Inp versus 1/T for the vaporization reactiaCh. H,O(s)— LaClk(s) + HO
(9) (Step-IlI).

Comparison of values of standard molar enthalpmesentropies for the vaporization reactions
steps 4.1, 4.2 and4.3 are shownTiable-4.3These values have been compared with the

reported data.

Reaction Vaporization reaction AH® (kJ mol") AH° (kJ mol®) AS%(J mol’K™)  AS%(J mol'K™)

steps This work (Literature) (This work) (Literature)
1 LaCk.7HO(s) = 246.8+1.7 229.8 581.8+4 569.4
LaCls.3H,0(s)+4H0(q) [140-141] [142-143]
2 LaCk.3H,0(s) = 141.4+ 4.7 120.4 290.8+12 284.7
LaCls.H,0(s)+2H0(g) [140-141] [142-143]
3 LaCk.H,O(s) = 72.5+2.9 72.5 136.3+8 142.4
LaCly(s)+H0(g) [140-141] [142-143]

Table-4.3Comparison of values of standard molar enthalpnesentropies for the vaporization

reactions steps I, Il and Il (in the decompositadrLaCk.7H,0).
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4.3.1.5 Estimation of thermodynamic parameters

The Gibbs energy of formatiom\{G°) of LaCk.7H,O and its decomposition products
such as LaGI3H,O and LaGd.H,O were calculated using the measured equilibriurpora
pressures of water over the samples and the vdlstandard Gibbs energy of formation of
LaCl; from literature [144]. Considering Lag$) as anchoring point, the value/a%f the co-
existing phase LaGH,O was first derived by using the vapor eq. 4.6lofeing the reaction
LaCls. H,O(s) — LaCk(s) + HO (g). The free energy change for the reactig®’r = -RTInK,

(K is the equilibrium constant for the vaporizati@action) can be expressed as
DG =Gl s +8Ghoq =8 (Gl ryos

A, G, (+ 003) = -10668(+ 025)+ 024240.0003xT

A, G}, (+ 003) = -2433(+ 005)+ 0044+ 0.000)xT

EquatingAG® = -RTIn P.0, the free energy of formation of La®1,0(s) could be expressed

0 _ 0 0
as AfGLaCI3. H,0S ~ AfGLaCI3.S +AfGH20,g +RTIn PHZO

Putting the value of Inpo from eq. (4.6), the molar Gibbs free energy ofnfation of

LaCl; H,O was found to be
A Gl 0 (* 003) = -1381£10)+ 043+ 001)xT (391<T/K<396) (4.7)

The standard deviation of Gibbs free energy of ifoms was derived from the least square

fitting of experimental data only.
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The standard molar Gibbs energy of formation of lk&8E,O(s) was similarly derived
following the vaporization reaction LagZ3H,0(s) — LaCk.H,O(s) + 2HO (g). The expression

for free energy of the compound in terms of vapespure of KO could be expressed as
AfGI(_)aCI3.3 H,0S — AfGI(_)aC|3_ hos T 2AfGS|ZO,g +2RTIn PHZO

Putting the value of Inp(}D) for the above vaporization reaction from eq)4tbe value of
standard Gibbs free energy of formation of LadlO(s) derived from previous section, the

molar Gibbs free energy of formation of LaB8H,O was found to be
A G, 3,0+ 003) = —200€+11) + 08+ 0.1)x T (365<T/K<369) (4.8)

Similarly the standard molar Gibbs energy of Lal,O(s) was derived by considering the
vaporization reaction LaglF'H,O(s) — LaCk.3H,O(s)+3H0(g) .The expression LagTH,O(s)

in terms of vapor pressure op® could be expressed as
0 — 0 0
AfGLaClsJ HOS — AfGLaClgB H,0S + 4AfGH20,g +4RTIn PHZO

Putting the values of Inp @@) from eq. (4.4), the standard Gibbs free enefgfpionation of

LaCls.7H,O(s) could be expressed as
DGl 7m0 (£ 006) = —3226+13) + 16(+ 01)xT  (327<T/K<334) (4.9)

The standard molar enthalpy of formation of La@#,O(s), LaC4.3H,0(s), LaC}.H,O(s) at the
mean temperature of measurements have been pmkseniable-4.4These values have also

been compared with the available data in the liteea
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Compound T mean (T/K) AH (kI mol?) AH (kJ molh)

(This work) (Literature)
LaCl;.7H,O 329 -3226+13 -3182 [145]
LaCl;.3H,0 367 -2006+11 -1985 [146]
LaCl;.H,O 393 -1381+10 -1381 [147]

Table-4.4 Comparison of values of standard molar enthalpiésrmation of LaC}.7H,O(s),
LaCl3.3H,0O(s) and LaGLlH,O(s).
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4.3.2 Thermodynamic stability of CeC} hydrates

4.3.2.1 Dehydration Mechanism

Fig.4.11shows the TG plot of Ce€YH,O(s) recorded at the heating rates of 0.5 °C/min
under 2.5 I/h flowing argon atmosphere. Froig.4£11it could be observed that the sample
decomposes in four successive steps in the tenpenatnge 315-345 K, 345-360 K, 360-370K
and 395-418 K respectively with 19.0%, 5.0%, 5.2% 4.6 % mass loss respectively. The mass
loss steps are correspond to the loss of 4, 1,wlatér molecules in the®2™ 39 and 4" step

respectivelyTable-4.5 gives the comparison of measured and calculatess thoas for different

vaporization steps.

Mass loss (mg)

~_~ 1ststep

TG of CeCl,.7H,O @ 0.5°C/min

2nd step
/"

3rd step
E 4

4t step

320

360 400 440

Temperature (K)

Fig.4.11TG plot of CeCJ.7H,O(s) recorded at the heating rates of 0.5°C/miretudb I/h

flowing argon atmosphere.
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Reaction  Temp. Measured Vaporization reaction Calculated mass
steps Range (K) mass loss loss (%)
(%)
1 315-345 19.4 Cegl’H0O(s) =Ce.3H,O(s)+4H0(Q) 19.0
2 345-360 4.8 Ce@BH;O(s) =CeC4.2H,0(s)+H0(9) 5.0
3 360-370 4.8 CeGRH,O(s) =Ced. H,O(s)+H0(qg) 5.2
4 395-418 4.8 CeGlH,0(s)=CeCy(s) +H0(g) 4.6

Table-4.5 Comparison of measured and calculated mass losifferent vaporization steps in the

dehydration of CeGI7H,0.

DTA plot of CeC}.7H,0 recorded at a heating rate of 5 °C/r(fting.4.12) showed four

endothermic peaks, corresponding to the loss oémablecules in four successive steps. The

initial endothermic base line shift before theiatibn of first peak in the DTA plot could be due

to loss of adsorbed surface water. Evolved gasysisafig.4.13 of the sample indicates the

loss of only water molecule over the entire ranfymass loss steps. No mass peak for the mass

numbers 36 and 38 due to HCI molecules producethéyhydrolysis of the Cegk) with the

evolved water vapor could be observed.
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Fig.4.12DTA plot of CeC4.7H,O recorded at a heating rate of 5°C/min under 2 fidtving

argon atmosphere
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Based on the above observations the decompositeminanism of the Ce€TH,O can

be described as

CeCh.7H,0(s) = CeCJ.3H,0(s) +4HO0 () (31%T/K<338) (4.10)
CeCh.3H,0(s) = CeCJ.2H,0(s) +HO (g) (345%T/K<360) (4.11)
CeCh.2H,0 (s) = CeG. H0(s) +HO (g) (366 T/K<370) (4.12)
CeCh. H0(s) = CeCY(s) +HO0 () (395T/K<418) (4.13)

4.3.2.2 Establishment of equilibrium condition

Fig.4.14 gives the apparent pressure versus flow rate efctirrier gas for Ce€lH,O(s) =
CeCk.3H,0(s) + 4HO (g) reaction measured at 330 K for eq. (4.10nthe figure it can be
observed that the apparent pressure of water beesdample is independent of flow rate of the
carrier gas in the flow rate region, 2 to 3.0 liindicating the establishment of equilibrium
condition. Similar experiments were carried for Yagorization reactions given in eq. (4.11), eq.
(4.12) and eq. (4.13) under exactly similar coodis. It was observed that in all these steps the
flow rate independent region of the apparent pres§plateau) also falls within 2 to 3 I/h. A
carrier gas flow rate of 2.5 I/lh was therefore, s#ho in the vapor pressure measurement
experiments. Care was taken in all these stepsstaat the mass loss measurements in the range
10- 30% of the expected total mass loss in resgectses. Similar experiments were carried out

at flow rates i.e.2.2 and 2.7 I/h to ascertainrdgproducibility.
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Fig.4.14 The apparent pressure versus flow rate of the eragas for CeGI7H,O(S)-
CeCk.3H,O(s) + 4HO (g) reaction measured at 330 K.

4.3.2.3Vapor pressure analysis

The vapor pressure of water as a function of teatpee was calculated from the rate of
mass loss for given volume of carrier gas passed the samplelable-4.6 gives the mass loss
data for vaporization reactions eqgns. 4.10, 4.112 4nd 4.13 respectively. The plots ofdsp
versus 1/T for the above processes are given 8 Fighe least square fitted linear equations

could be expressed as

InP, o (+ 002) = M +177( 15) (331<T/K<335) (4.14)
In P, o (+ 002) = ~7824+604) 173(+x 1.8) (352<T/K<355) (4.15)
InP, o (+ 002) = m +180(+ 035) (362<T/K<366) (4.16)

and
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-9281+828)
T

InP, o (+ 002) = +174(+ 208) (397<T/K<400) (4.17)

Mass loss  Avg. Temp. Mass loss Time Apparent pressure
step (T/K) (Am/uQ) (At/s) (Pu20/atm)
325 157.2 60 0.00511
326 169.2 60 0.00552
327 180.6 60 0.00588
Step-l 328 187.2 60 0.0061
329 211.2 60 0.00687
330 222.6 60 0.00725
344 130.2 60 0.00423
345 141.6 60 0.00461
Step-II 346 150.6 60 0.00489
347 158.4 60 0.00516
362 114.0 60 0.00371
Step-lil 363 121.8 60 0.00397
364 129.6 60 0.00421
365 139.2 60 0.00452
366 148.2 60 0.00483
397 82.8 60 0.00269
Step-IV 398 87.6 60 0.00285
399 92.4 60 0.00301
400 97.8 60 0.00318

Table-4.6 Mass loss data for the step-1, step-Il ,step-Itl siep-1V of the vaporization reactions

measured at carrier gas flow rate of 2.5 I/h (endlehydration of Ce@lIrH,O).
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Fig.4.15PIlots of Inp versus 1/T for the vaporization reactCeC}. 7H,O(s) —» CeCk.3H,O(s) +
4H,0 (g) (Step-1)
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Fig.4.16Plots of Inp versus 1/T for the vaporization reatiCeCt.3H,O(s)— CeCk.2H,O(s) +
H20 (g) (Step-I),
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Fig.4.17Plots of Inp versus 1/T for the vaporization reatCeC}.2H,0(s) — CeCk.H,O(s)

+H,0 (g) (Step-IlI).
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Fig.4.18Plots of Inp versus 1/T for the vaporization reatiCeC. H,O(s)— CeC (s) +HO

(9) (Step-1V).
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The average standard molar enthalpy and entropyapbrization for the respective reactions

described in Eqns. (4.10) - (4.13) are giveiiable-4.7.

Reaction  Vaporization reaction  AH% (kJ mol%) AS’r (3 mol'K™)
steps This work (This work)
1 CeCh.7H0O(s)= 248.9 £20.0 588.6+£12.5
CeCh.3H,0(s)+4H0(g)
2 CeCh.3H,0(s) = 65.0845.0 143.8+15.0
CeCh.2H,0(s)+H0(g)
3 CeCh.2H,0(s) = 72.1+1.0 149.6+3.0
CeCkH0(s)+H:0(9)
4 CeCh. H,0(s) = 77.2+07 144.6+16.7
CeCl(s)*+H.0(g)

Table-4.7Values of standard molar enthalpies and entrdpiethe vaporization reactions steps

410, 4.11, 4.12 and 4.13 (in the dehydration dZig.&H,0).

4.3.2.4 Estimation of thermodynamic parameters

Gibbs energy of formation of Cefllydrates estimated as per the method described in

section 4.3.1.5.were given below.

DGy 10+ 003) = -1367+09) + 042+ 002)x T (396<T/K<400)

A Gecy 2,0 (£ 003) = ~1683+10)+ 062(+ 003)xT (362<T/K<366)
DGy a0+ 005) = -1991+10) + 080(+ 003)x T (352<T/K<355)

D Gy 7,0 (+ 008) = =3213£17) + 16(+ 009)xT (330<T/K<337)

(4.18)

(4.19)

(4.20)

(4.21)
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The standard molar enthalpy of formation of Gell,O(s), Ced.3HO(s),
CeCk.2H,0O(s) Ce CeGIH,0 at the mean temperature of measurements i.eK3333 K ,364
K and 398 K are found to be -3213+17, -1991+10 ab@83+10 and -1367+09 kJ nil
respectively. The standard molar entropies of foionaat mean temperature of measurement are

found to be -1600+90,-800+30, -600+20 and -400+2@J"' K™, respectively.
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4.3.3 Thermodynamic stability of PrC; hydrates

4.3.3.1 Dehydration Mechanisr

Fig.4.19gives the TG plot of Pr.7H,0(s) recorded at the hezg rates of 0.5, 2, 5 ar
10 °dmin under 2.5 I/h flowing argon atmosphere. Fraig.4.19it could be observed that tl
sample decomposes in four successive steps irethperature rang32:-348 K, 348-368 K,
368-383 K and 413-443 Kespectively with 19.1%, 5.2%, 4.8 and 4.5 % mass tespectively
The mass loss steps are correspondinhe loss of 3, 1, 1, 1 water molecules in t, 2", 3¢
and 4" step respectivelyTable-4.8 gives the comparison of measured and calculated toas
for different vaporization step:Fig.4.20 gives the plot of decomposition temperature ve
heating rate for step-1, st@p-ste|-3 and step-4 for Prgl’H,O dehydration. The extrapolat
decomposition temperatures to zero heating ratestiey-1, step2 and stp-3 and step-4 are

found to be 321, 345, 360 and 40frespectively.

— 0.5 °C/min
— 2°CImin
—5°C/imin
—10 °C/min

-15

-20 -

Mass loss (%)

-25

=30

-35

r T T T T T y T T T
313 353 393 433 473 513 553

Temperature (K)

Fig.4.19TG plot of PrC}.7H,0O recorded at the heating rate of 0.5, 2, 5 an°C/min under 2.5

I/h flowing argon atmospheil
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Fig.4.20Plot ofdecomposition temperature versus heating ratetdg-1, ste-2, step-3 and
step-1V of PrC}.7H,O decompositiol

DTA plot of PrCk.7H,O recorded at a heating rate of 5 °C/rffig.4.21) showed four
endothermic peaks, corresponding to the loss oémmablecules in four successive steps.
initial endothermic base line shift in the DTA platthe temperature ran98 to 343 K is due

to loss of adsorbed surface wa

Evolve gas analysis of the sam|(Fig.4.22)indicates the loss of only water molecule over
entire range of mass loss steps.No mass peak édomdss number 36.5 and 38.5 due to

molecules prodced by the hydrolysis reaction could be obse
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Fig.4.21DTA plot of PrCk.7H,0 recorded at a heating rate of 9 under 2. I/h flowing
argon atmosphere
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i : - —— 18 amu
1.40E-010 { Strating Temp =315 K
] ——236.5 amu
1.20E-010 S5 /5 et
__ 1.00E-010 +
S ]
5
> BO0E-011 4
Z ]
=
L 6.00E-011
i
4.00E-011
2.00E-011 4 HCl
000E+000A——F T —— T T T 71—
0 1000 2000 3000 4000 5000 6000
Time (sec)

Fig.4.22EGA plot of PrC}.7H,0 recorded at the heating rate of 5K/min under/2flowing
argon atmosphere.
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Reaction Temperature Calculated Vaporization reaction Measured

Steps range (K) mass loss mass loss
(%) (%)
1 323-350 19.3  PrCk.7H,0O(s) = PrCi.3H,0(s)+4H0(g)  19.1
2 350-368 4.8 PrCk.3H,0O(s) = PrC4.2H,0(s)+H0(g) 5.2
3 368-380 4.8 PrCk.2H,0(s) = PrC}.H,O(s)+H0(9) 4.8
4 410-445 4.8 PrCk. H0(s) = Prci(s)+H:0(g) 4.5

Table-4.8Measured and calculated mass loss for differenbnzgtion reaction steps in the
dehydration of PrGI7H,O.

Based on the above observations the decompogitechanism of the Prg&¥VH,O can be
described as

PrCk.7H,0(s) = PrC4.3H,0(s) +4H0 (g) (32X T/K<348) (4.22)
PrCk.3H,0(s) = PrC4.2H,0(s) +H0 (g)  (34&T/K<368) (4.23)
PrCh.2H,0(s) = PrCi.H,0(s) +HO0 (g)  (36&T/K<383) (4.24)
PrCl. H20(s) = Prci(s) +H0 (9) (41XT/K<443)  (4.25)
4.3.3.2 Establishment of equilibrium condition

Fig.4.23gives the apparent pressure versus flow rateeoténrier gas for PrglfH,O(s)
= PrCk.3H,O(s) + 480 (g) reaction measured at 335 K for eq. (4.229n¥the figure it can be
observed that the apparent pressure of water beesdmple is independent of flow rate of the
carrier gas in the flow rate region, 1.5 to 3.5 ifidicating the establishment of equilibrium
condition. Similar experiments were carried for Yagorization reactions given in eq. (4.23), eq.

(4.24) and eq. (4.25) under exactly similar condit. A carrier gas flow rate of 2.4 I/h was

therefore, chosen in the vapor pressure measureerpatiments.
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Fig.4.23The apparent pressure versus flow rate of theeragds for PrGl7H,0(s)-
PrCk.3H,O(s) + 4H0 (g) reaction measured at 335 K.

4.3.3.3 Vapor pressure analysis

Table-4.9 gives the mass loss data for vaporization reagtginps. 4.22, 4.23, 4.24 and 4.25

respectively. The plots of Ippo versus 1/T for the above processes are giv&ingid.24-4.27.

90



Mass loss  Avg. Temp. Mass loss Time Pressure

step (T/K) (Am/uqg) (At/s) (Pu20/atm)
332 148.5 60 0.00504
333 159.3 60 0.00541
334 170.0 60 0.00577
Step-l 335 181.4 60 0.00616
336 196.5 60 0.00667
337 206.6 60 0.00701
338 219.4 60 0.00745
339 236.8 60 0.00804
350 125.7 60 0.00427
351 135.8 60 0.00461
Step-Il 352 145.6 60 0.00494
353 152.6 60 0.00518
370 173.9 60 0.0059
371 187.0 60 0.00635
Step-lll 372 196.2 60 0.00666
373 210.8 60 0.00715
374 221.1 60 0.0075
416 150.67 60 0.00511
417 160.95 60 0.00546
Step-1IV 418 167.78 60 0.00569
419 179.66 60 0.0061
420 186.64 60 0.00633

Table-4.9Mass loss data for the step-I, step-Il, step-Itl atep-1V of the vaporization reactions
measured at carrier gas flow rate of 2.4 I/h (endlehydration of PrGI7H,0)
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Fig.4.24Plots of Inp versus 1/T for the vaporization reacPrCk.7H,O(s) — PrCk.3H,O(s)
+4H,0 (g) (Step-I).
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Fig.4.25Plots of Inp versus 1/T for the vaporization reactiPrCk.3H,O(s) — PrCk.2H,O(s) +
H>0 (g) (Step-II)
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Fig.4.26PIlots of Inp versus 1/T for the vaporization reactPrCh.2H,0O(s) — PrCk.H,O(s) +
H,0 (g) (Step-IIl)
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Fig.4.27Plots of Inp versus 1/T for the vaporization reatPrCk.H,O(s)— PrCk(s) + HO (g)
(Step-1V)
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The least square fitted linear equations coulddpeessed as

In P, o (+ 002) = ~7410:112) 17.0(+ 03) (332<T/K<339) (4.26)
INP,o( 002)= M +176(+17) (350<T/K<353) (4.27)
INP,o( 002)= M +173(+ 09) (370<T/K<374) (4.28)
andIn P, ,(+ 002) = M +173(x11)  (416<T/K<420) (4.29)

The average standard molar enthalpy and entropyapbrization for the respective reactions
calculated from the slope and intercept of the gplate given inTable-4.10 and have been

compared with the available literature.

Reaction Vaporization reactions AH%r (kJ mol®) AS’r (3 mol*K™)
Steps (This work) (This work)

1 PrCk6H,0(S) = Prcd.3H,0 (s) + 4 HO (g) 246(x04)[335K] 562 (+10)[335 K]
2 PrCh3H0(s) = PrCL2H,0 (s) + HO (g) 67 (x05) [352K] 146 (+14)[ 352K]
3 PrCh.2H,0(s) = PrCLH,0 (s) + HO (g) 69 (+03) [372K] 144 (+08)[372K]

4 PrCk.H,0(s) = Prc} (s) + HO (g) 78 (x07)[ 418K] 144 (+09)[ 418K]

Table-4.10 \alues of standard molar enthalpies and entroprethéovaporization reactions in
the dehydration of Prgl7H,O.
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4.3.3.4 Estimation of thermodynamic parameters

Gibbs energy of formation of Pr{ilydrates estimated as per the method described in

section 4.3.1.5.were given below.

A, Gpry, 0 ( 003) = —1365+ 04) + 043+ 002)xT (416<T/K<420) (4.30)
A Gprgy o0 ( 003) = ~1683+ 05) + 043+ 001)xT (370<T/K<374) (4.31)
A, Gy, a0+ 006) = ~1993+07)+ 062+ 002)xT (350<T/K<353) (4.32)
A, Gpry 71,0 ( 007) = =3208+10) + 14(+ 008)xT (336<T/K<342) (4.33)

The standard molar enthalpy and entropy of fornmatid praseodymium chloride hydrates at

mean temperature of measurements were given ihabke-4.11.

Compounds AHC (kJ mol?)
(This work)
PrCh.7H,0 “3208 (+10) at 339 K
PrCkL.3H,0 -1993 (07 at 352 K
PrCh.2H,0 -1683 (+05) at 372 K
PrCk.H,0 -1365 (+04) at 418 K

Table-4.11Values of standard molar enthalpies of formatioRii€k. XH,O(s).
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4.3.4 Determination of thermodynamic stability of NICl; hydrates

4.3.4.1 Dehydration Mechanism

Fig.4.28gives the TG plot of NdGI6H,O(s) recorded at the heating rates of 0.5, 2, 5 and
10 °C/min under 2.5 I/h flowing argon atmosphenanirFig.4.28it could be observed that the
sample decomposes in four successive steps irethperature ranges 338-353 K, 353-368 K,
368-378 K and 413-448 K respectively with 15.06%19%, 5.02 and 4.9 % mass loss
respectively. The mass loss steps are corresponditige loss of 3, 1, 1, 1 water molecules in
the £, 2"9 39 and 4" step respectivelyTable-4.11 gives the comparison of measured and
calculated mass loss for different vaporizatiorpst&ig.4.29 gives the plot of decomposition
temperature versus heating rate for step-1, stegef;3 and step-4 for Nd§BH,O dehydration.
The extrapolated decomposition temperatures to eabing rate for step-1, step-2 and step-3
and step-4 are found to be 330, 346, 361 and 4% pectively.

DTA plot of NdCk.6H,O recorded at a heating rate of 5 °C/rHing.4.30 showed four
endothermic peaks, corresponding to the loss oémwablecules in four successive steps. The
initial endothermic base line shift in the DTA platthe temperature range 298-338 K is due to

loss of adsorbed surface water.

Based on the above observations the decompositemhanism of the NdgbH,O can

be described as

NdCh.6H,0(s)—NdCl.3H,0 (s) + 3HO (g) (338T/K<353) (4.34)
NdCh.3H,0(s) —NdCl.2H,0 (s) + HO (g) (34&T/K<368) (4.35)
NdCh.2H,0(s) —NdCl.H,0 (s) + BO (g) (36 T/K<378) (4.36)

NdCls.H,O(s) —>NdCl; (s) + HO (g) (40K T/K<448) (4.37)

The above mechanism of decomposition of N&BEL,O matches well with the reported data [87-

88.
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Reaction Temperature Calculated Vaporization reaction Measured mas

Steps range (K) mass loss loss (%)
(%)
1 338-353 15.7  NdCl.6H,0(s)—>NdCl.3H,0 (s) + 3HO (g) 15.06
2 353-368 5.02  NdCls.3H0(s)—NdCls.2H,0 (s) + HO (g) 5.1
3 368-372 5.02 NdCls.2H,0(s)—NdCls.H,O (s) + BHO (g) 5.02
4 413-448 5.02  NdCl.H20(s)—NdCl (s) + HO (g) 4.9

Table-4.12Measured and calculated mass loss for differenbragtion reaction steps in the
dehydration of NdGI6H,O.

(a) 0.5 °C min”
(b) 2 °C min .
(¢) 5°C min”

(d) 10 °C min”'

Mass loss (%)

-35 ' T T T T T T T T T

Temperature (K)

Fig.4.28TG plot of NdC}.6H,0 recorded at the heating rate of 0.5, 2, 5 antCI®in under 2.5

I/h flowing argon atmosphere.
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Fig.4.30DTA plot of NdCk.6H,0 recorded at a heating rate of 5 °C/min underi2 fidwing
argon atmosphere
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4.3.4.2 Characterization of NdC4 hydrates

In order to ascertain the decomposition mechanisgh temperature XRD patterns were
recorded at the end each decomposition stgp.4.31a gives the HTXRD patterns of
neodymium chloride hydrates recorded at 323, 358368 K, wherea&ig.4.31b gives XRD
patterns NdGl hydrates recorded at 393 and 453 K. The XRD psteecorded at 323 K is
found to match well with the reported pattern of(N6H,O(s) (JCPDF # 01-0131). However,
no XRD data for the intermediate products recorde®53 and 368 K corresponding to the
intermediate compounds Nd@H,O and NdC.2H,O are available in the literature for
comparison. The XRD plots for these two productsfaund to be different from each other as
well as from NdG.6H,O and NdCGJ.H,O. Due to small intensity of the XRD plot it wastno
possible to refine the XRD data to derive crysgéphic information and hence the data was
used only for identification of the compounds. TXRRD pattern recorded at 393 K matched well
with reported pattern of Ndg€H,O(s) (JCPDF #03-0139). XRD pattern recorded at K53
shows the presence of NAQICPDF #75-1893) with small amount of NdOCI (JCP#D8-
0046). NdOCI(s) present in the sample could be wuéhe hydrolysis reaction in static air
condition. The formation of NdOCI (s) could be alel if the evolved water vapor is effectively
flushed out and the heating temperature is coetiolbbelow 453 K. Thermal analyses of
NdCl;.XH,Oexperiments were carried out under the flow obargas to prevent the formation
of oxychloride. The final products obtained aftaclke transpiration measurement were verified
not to have any NdOCI by HCI dissolution test whittows the complete solubility of NdGh
HCI solution without any precipitate. The XRD patteshowed in Fig.4.31 also indicates that,
the spectral peak intensity and sharpness decraagesnperature of the sample increases. This

is due to progressive loss of water molecules ctinglof the crystal structure and formation
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new crystal lattice with smaller crystallite siZzevolved gas analysi@~ig.4.32) of the sample
indicates the loss of only water molecule overghgre range of mass loss steps. No mass peak
for HCI molecules corresponding to the mass numB6érand 38 which could be produced by
the hydrolysis of the Ndg(s) with the evolved water vapor could be observedicating that

the moisture can be effectively removed if the dangpheated at slow rate under flowing argon

atmosphere.

700

— T=323 K

300

Intensity (a.u.)

200 %

. +NdCI_6H,0

20 40 60 80 100
20 ( degree)

Fig.4.31aHTXRD patterns of NdGIxH,O(s) sample recorded at 323, 353 and 368 K.
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Fig.4.31bHTXRD patterns of NdG(s) sample recorded at 393 and 453K.
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Fig.4.32EGA plot of NdC4.6H,0 recorded at the heating rate of 5 °C/min undgi/&.flowing

argon atmosphere.
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4.3.4.3 Establishment of equilibrium condition

Fig.4.33 gives the apparent pressure versus flow rate efctrrier gas for NdgbH,O(s) =
NdClz.3H,0O(s) + 3HO (g) reaction measured at 340 K for eq. (4.349n¥the figure it can be
observed that the apparent pressure of water beesdmple is independent of flow rate of the
carrier gas in the flow rate region, 2.0 to 3.5 ifidicating the establishment of equilibrium
condition. Similar experiments were carried for Yagorization reactions given in eq. (4.35), eq.
(4.36) and eq. (4.37) under exactly similar coodit. It was observed that in all these steps the
flow rate independent region of the apparent presgulateau) also falls within 2 to 3.5 I/h. A
carrier gas flow rate of 2.38 I/h was thereforepsdm in the vapor pressure measurement
experiments. Care was taken in all these stepsstaat the mass loss measurements in the range
10- 30% of the expected total mass loss in respecases. Similar experiments were carried out

at flow rates i.e. 2.7 and 3.0 I/hr to ascertasrgproducibility.

0.0060

T =340K

0.0058

0.0056 4

0.0054

0.0052 4

Apparent Pressure (atm)

0.0050

0.0048 , . . \ , . . \ |
L5 2.0 2.5 3.0 35

Flow rate ( I/h)

Fig.4.33 The apparent pressure versus flow rate of the eraghs for NdAGI6HO(S)-
NdCl;.3H,0O(s) + 3HO (g) reaction measured at 340 K.
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4.3.4.4 Vapor pressure analysis
Table-4.13gives the mass loss data for vaporization reasteamns. 4.34 to 4.37 respectively.

The plots of Inp2o versus 1/T for the above processes are giverngid.Bid-4.37

Mass loss  Average Mass loss Time  Apparent pressure
step Temp.(T/K) (zAm/pg) (At/s) P(HO)/tam

338 140.4 60 0.00481
339 151.8 60 0.0052
Step-I 340 160.8 60 0.0055
341 171 60 0.00586
342 184.2 60 0.0063
353 91.2 60 0.00312
Step-ll 354 96.6 60 0.00331
355 103.8 60 0.00355
356 110.4 60 0.00378
369 74.4 60 0.00254
Step-llI 370 78.6 60 0.00269
371 85.2 60 0.00291
372 89.4 60 0.00149
423 68.4 60 0.00233
Step-1V 424 72.6 60 0.00248
425 75.6 60 0.00259
426 79.8 60 0.00274

Table-4.13Vlass loss data for the step-1, step-ll, step-lit &tep-1V of the vaporization

reactions measured at carrier gas flow rate of 2t38n the dehydration of Ndg:bH,O).
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Fig.4.34Plots of Inp versus 1/T for the vaporization reactiNdCh.6H,O(s) — NdCls.3H,O(s)
+3H,0 (g) (Step-I).
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Fig.4.35PIlots of Inp versus 1/T for the vaporization reactiNdCh.3H,O(s) — NdCls.2H,O(s)
+H20 (g) (Step-1l),
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Fig.4.37Plots of Inp versus 1/T for the vaporization reactNdCk. H,O(s)— NdCk (s) +HO
(9) (Step-1V),
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The least square fitted linear equations coulddpeessed as

In P, o (+ 002) = ~ 7626+ 206) +17.2(+ 06) (338<T/K<342) (4.38)
INP,o( 002)= w +172(+ 05) (353<T/K<356)  (4.39)
In P, o (+ 002) = M +178(+ 14) (369<T/K<372) (4.40)
NP, o(+ 002)= M +163(x 08) (423<T/K<427)  (4.41)

The average standard molar enthalpy and entropyapbrization for the respective reactions
described in Eqns. (4.34) - (4.37) calculated ftbmslope and intercept of the plots are given in

Table-4.14and have been compared with the available litezatu
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Reaction Vaporization AH% (kI molt)  AH%r (kJ molY) AS’r (3 mol’K™) AS%r (3 mol’k™)

Steps reactions (This work) (Literature) (This work) (Literature)
[148] at 298K [148]
At 298 K

1 NdCl3.6H,O(s) = NdC4.3H,0O 191(7) 176.7 431 (£19) 427.1
(s) + 3 HO (g) [ 340K] [340 K]

2 NdCl5.3H,0O(s) = NdC4.2H,0 68 (£2) 66.1 144 (+05) 142.4
(s) + HO (g) [355K] [ 355K]

3 NdCls.2H,O(s) = NdC.H,0 71 (+4) 68.3 145 (x10) 144.8
(s) + KO (9) [370K] [370K]

4 NdCls.H,0(s) = NdC} (s) + 80 (x2) 73.0 139 (+03) 142.4
H.0O (9) [ 425K] [ 425K]

Table-4.14Comparison of values of standard molar enthalpiesentropies for the vaporization
reactions steps 4.34 to 4.37 (in the dehydratiddd€l;.6H,0).

4.3.4.5 Estimation of thermodynamic parameters

Gibbs energy of formation of Nd¢iydrates estimated as per the method described in

section 4.3.1.5.were given below.

A Gpucy o (+ 003) = =1357+ 03)+ 042+ 002)xT (423<T/K<427) (4.42)
A GRycy om0 (£ 003) = -1673+05)+ 061(+ 002)x T (369<T/K<372) (4.43)
A G, a0 (+ 006) = ~1984+ 05) + 080(+ 002)xT (353<T/K<356) (4.44)
A G, si0(+ 007) = -2904+ 07) + 14(+ 004)x T (336<T/K<342) (4.45)
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Compounds AH? (k3 mol?) AtH%ggk (kJ mol?)

(This work) (Literature)

[154]

NdCl;.6H,0 -2904 (+07) -2866
[339K]

NdCl;.3H,0 -1984 (+05) -1964
[355K]

NdCl;.2H,0O -1673 (+05) -1657
[370]

NdCls.H,O -1357 (+03) -1347
[425K]

Table-4.15 Comparison of values of standard molar enthalpiésrmation of NdC}.XH2O(s).
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4.4 Summary:
The equilibrium decomposition temperature of LafH,O, CeC}.7H,O, PrCi7H,O and
NdCl;.6H,O obtained from TG curve with extrapolated heatirge 0°C/min to the

corresponding intermediate hydrates are listeTkible-4.16.

Compound 7HO 6H,0O 3H,0O 2H,0 A HO
(K) (K) (K) (K) (K)

LaClz.XH,O 314 359 393

CeCk.XH20 318 346 359 407

PrCk.XH,0O 318 345 360 408

NdCl;.XH,0 330 346 361 409

Table-4.16Equilibrium decomposition temperatures of REXH,O (RE =La, Ce, Pr and Nd).

From the Table-4.16, it could be observed the deowmition temperatures of the corresponding
hydrates do not vary much from La to Nd. This iadés that that the water molecules are bound
to the crystal lattice with similar bond energyhigh could be explained by the negligible
difference in the charge to radius ratio betweet,L@e**, PF* and Nd"; the crystal structure

being remain same.

RECkL.XH,0 was found to lose water in molecules in multigtieps leading to the formation of
2-3 intermediate products. The enthalpies and pr&soof formation of compounds obtained in

the present study are summarized able-4.17and 4.18spectively.
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Compound AHP AHP AsH of AHP AHC

7H,O 6H,0O 3H,0O 2H,0 1 H,O
ink mol* inkdmol* inkdmol* inkdmol* inkJmol
LaCl.XH,O  -3226%13 -2006+11 -1381+10
CeCk.XH,O -3213+19 -1991+10 -1683+09 -1367+09
PrCk.XH,O -3208%10 -1989+07 -1677+05 -1365+04
NdCl3.XH.0O -2904+07 -1984+05 -1677+05 -1357+03

Table-4.17 Enthalpy of formation of REGI XH,O (RE =La, Ce, Pr and Nd)

Compound AS’of 7TH,O  ASCof 6H,O  ASof 3H,O  ASof 2H,0  AiSPof H,0
inJmolrk?  inJmolfK? inIJmolfrk? inJmolrK?! inJmoltk?

LaCl;.XH20O 1100+100 600+10 360+10
CeCk.XH0 1600+90 800+30 620+20 420+20
PrCk.XH,0 1400480 82020 630+20 430+20
NdCl;.XH20 1400440 800+20 610+20 420+20

Table-4.18 Enthalpy of formation of REGIXH,O (RE =La, Ce, Pr and Nd)

The trend in enthalpy of formation REC{H,O were found to in the same order as that of pure
RECk.This indicates that configurational arrangememd ¢ghe bond strength of molecules in
respective REGlhydrates are same.

The equilibrium vapor pressure of water measuredha present investigation over RECI
hydrates is found to be in the ordefaém at 425 K. This means that, if the sample cadrleel
under a dynamic vacuum less than®an it is possible to effectively remove the crilisted

water by heating at 425 K, where the possibilitpxychloride formation is negligible.
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The present study suggests that for the effecaweowral of crystallized water, the sample should
be heated maximum up to 473 K in dynamic vacuurhOSfatm. This is a simple and effective
method.

To prove the above point, experiment was carridd@dehydrate REGLXH,O (RE = La, Ce,
Pr and Nd) by slowly heating the samples up to KAider dynamic vacuum of 0.1 mbar to
obtain REC4. The schematic diagram for removal of water mdiesis shown in Fig.4.38. The

escaping water vapor was collected by using liquticbgen traps.

MS Tray plate MS chamber
with no cladding with no cladding
- ] Thermocouple

g —
() cramoer i j“t

Furnace control panel

e}

Vaccum
control panel

G.L. G.L

Liquid Nitrogen  Vaccum
or Dry lce vessel Pump

DEHYDRATION SET-UP

Fig.4.38Schematic of the dehydration set-up used in thegmt investigation

Two measurements were taken to avoid the formatiaxychloride in the present study. First,
the dehydration was carried out under a slow hgatte (2 °C/min) and maximum temperature

of dehydration was kept below 473 K. As the hyds@yreaction begins to take place above 473

111



K, the heating temperature was controlled belovzo8dly, large surface area was provided to
the sample and step wise dehydration was carriédooprevent the hydrolysis reaction which
could occur due the kinetic hindrance in the evAonaof decomposed water molecules. The
dehydrated REGIobtained in our study were dissolved in dilute iGlution to check the purity
of the compound. It was observed that the chloridese completely dissolved in dilute HCI

without any precipitate which could form due to iresence of oxychloride.
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CHAPTER-V

ELECTROCHEMICAL BEHAVIOR OF RE (111)
IONS IN ALKALI CHLORIDE MELTS
5.1 Introduction:

Molten chloride electrolysis for making rare eantletals is attractive because of low cost, ease
of operation, batch size and purity of the proddtte process is particularly attractive for the
synthesis of light rare earth metals and alloyd.[3Be electrolytes used in such process are
mostly rare earth chlorides with mixtures of alkalialkaline chlorides. The hygroscopic nature
of alkaline earth chlorides makes them unfavoraider alkali earth chlorides. LiCI-KCI and
NaCl-KCl are the most common solvents used for spgiposes [74]. The major problem
associated with molten chloride electrolysis is line current efficiency which limits the wide
spread and easy implementation of this process.ndtevation of this research is to study the
kinetic properties of molten salt-electrode reactwhich could affect current efficiency in the
electrowinning of rare earth metals.

It is important to study the electrochemistry ofer@arth (RE) ions in molten chloride medium
for the effective use of molten salt electrolygishinology in the extraction of RE metals. In the
present work, the electrochemical behavior of REsion LiCI-KCI and NaCI-KCI melts has
been investigated using molybdenum and tungstestreties. Various studies were carried out
on electrochemical investigations of RE (La, CeaRd Nd) ions molten chloride electrolytes
[89-102]. Most of these literatures reported thermmodynamic properties compared to kinetic

parameters. Moreover, the kinetic data reportegdye researchers are not consistent due to
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different experimental conditions like salt compiosi and material of working electrodes. Apart
from that, electrochemical data of the reductiorR&f (111) in NaCI-KCI are rarely found in the
literatures, although it is considered as a bettedia to get the metal ingot. Therefore, Present
study was carried out to investigate the electrogbal properties of RE (lll) both in LiCI-KCI
and NaCl-KCI melt on inert electrodes (Tungsten anolybdenum) at higher operational
temperatures compared to previous studies to getirtherent mechanism and kinetics of
electrochemical process. Higher operational temperaalso allowed us to compare the kinetic
parameters of the electrochemical process in LiCl-Kedium with that of NaCIl-KCI medium.
The aim was to first probe the reaction mechanisthta determine the kinetic parameters like
diffusion coefficient and exchange current densitrehich are important and relevant in the
formation of RE metal by electrochemical depositfomm molten salts mixtures. The results
may help to do further research in the efficientraotion of rare earth metals by electrolytic

reduction process.

5.2Experimental Details

5.1.1 Preparation and purification of the electrolye

The starting materials used were REXH O (99% pure) from Indian Rare Earths Limited.
Potassium chloride, sodium chloride and lithiumocidle having 99.5% purity of LR Grade used
in the study were procured from Local supplier iarivbai.

RECk available in the market are highly hygroscopic aadtains more than 35 weight %
crystallized water and adsorbed moisture. The Hhgdrachlorides (REGIXH,O) were
dehydrated by step wise heating under dynamic vaafu0.1mbar up to 473 K for 24 hours as

discussed in the section 4.4.The final productiobthwere verified not to have any REOCI by
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HCI dissolution test which shows the complete siitylof RECI3 in HCI solution without any

precipitate.

Mixture of LiCI-KCI (in 1:1 molar ratio) was dehyatted at 473 K for 12 hours to remove
adsorbed moisture. Similar procedure was followedi¢hydrate equimolar mixture of NaCl-
KCI. The chloride mixtures LiCI-KCI and NaCI-KCl| we melted in an alumina crucible placed
inside a tubular furnace under the inert Argon aphere. Inside temperature of the furnace was
measured with a K-type thermocouple protected byalmina tube. Calculated amount of
anhydrous REGI was put into the treated LICI-KClI and NaCI-KCl nsel The total

concentrations of lanthanum ion in both the pregphaadts were measured by ICP-AES analysis.

5.1.2 Electrolytic cell

The experiments were carried out under inert argtmosphere using a specially
designed electrochemical cell. It consists of auuat tight inconel retort of 70 mm diameter and
500mm length fitted with a stainless steel flangeiclv is having provisions for placing of
working electrode, counter electrode, referencectelde, and thermocouple. Electrolytic
mixture was charged into an alumina crucible whigs kept inside the inconel retort. The
whole electrochemical cell was kept inside a tubukatical resistance furnace. The resistance
furnace with electronic temperature control uni (&) was used to heat the cell up to the
operating temperature. The schematic of the elgtitset-up is shown ifig.5.1.

5.1.3 Electrochemical apparatus and electrodes

A three electrode system was used for the eldutroccal measurements. The working
electrode consists of 1mm (diameter) molybdenurtungsten wires. Other Tungsten wires of

2mm and 1 mm diameter were employed as the cousmter quasi reference electrode
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respectively. The surface of each electrode welishpal with emery paper of 1200 grit and then
cleaned with acetone.The surface area of the wgr&lactrode was measured by standard area
addition method together with CV. Cyclic voltamnyteplots were generated for different
immersion depth of working electrode and correspunaturrent was monitored keeping all
other parameters constant like temperature, corateont of the electrolyte and value of applied
potential. Plotting the cathodic peak current daretion of immersion depth (surface area) of
the working electrode generated a linear gf6g.5.2) from which initial area of the electrode
was calculated. Consistent results were obtainemiéasuring the surface area of the working

electrode when similar experiments were carriedddtgrent temperature also.

All the electrochemical measurements were carrigidusing IM6 electrochemical workstation
(Zahner Co. Ltd. Germany). The voltammograms wewmdnded and analyzed using THALES

2.10 software package.
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Fig.5.1The schematic view of the electrochemica-up used in the cyclic votammei

measurement.
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Fig.5.2 Variations of cathodic peak current vs. immersion depth ofkivay electrode in La-

LiCl-KCI melt. Concentration of La: 2.5x™ mole per cc, Temperature: 97.
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5.2 Results and discussion

5.2.1 Electrochemical investigation of LaGlin alkali chloride melts

In this subsection the electrochemical charactesisif La (lll) in molten salt electrolyte media
was discussed.

5.2.1.1 Reduction behavior of La (Ill) in LiCI-KCI and NaCl-KCI system characterized by
cyclic voltammetry technique

Fig.5.3 shows the comparison between the voltammogranasnaat using LiCI-KCI electrolyte
before and after addition of Lafbver a potential range of 1 to -2.5V. The dashexe of
Fig.5.3 shows the electrochemical window obtained in eglamLiCI-KCI melt. The anodic
discharged was observed at more positive potewntidl5 V during anodic potential scan in blank
molten salt electrolyte. This was due to the evoitubf Ck gas, thus 0.5 V is the anodic limit of
the melt. Similarly, cathodic discharge was obserae around more negative to -2.4 V, this
cathodic discharge was due to the deposition @b, thus -2.4 V was attributed to the cathodic
limit of the melt. After addition of LaG] a cathodic peakd)l at -2.05 V and the corresponding
anodic peak ) at -1.87 V were observed. The sharp anodic pbakreed in the reverse scan is
typical signature of the dissolution of the depssiinetal. Thus, the observed pair of peaks could
be due to the deposition and dissolution of lantinmmetal. To substantiate this assumption,
energy dispersive X-ray fluorescence (EDXRF) anslygas employed to characterize the
deposited product obtained after potentiostatictedéysis at -2.1 V for 10 minuteszig.5.4
shows the EDXRF analysis of the deposited produbtchv confirmed the formation of

lanthanum metal on electrochemical deposition.
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Fig.5.3Comparison of the cyclic voltammogram pure LiCIKCI melt and LaCs-LiCI-KClI
melt in the potential range of 1-2.5V.Working electrode: molybdenum, apparent etefe

area: 0.77 cf Temperature: 973K,Conc.:2.5>*mol/cc, scan rate: 0.1
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Fig.5.4 EDXRF spectraf the deposit (metallicanthanum) on Melectrode obtaine under
potentiostatic condition in equima LiCI-KCI mixture at 973K (-2.1V).
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This substantiated the fact that the observed peaR.05 V after addition of La@Was due to

the reduction of lanthanum ion to metallic lanth@anand the peak obtained in the reverse scan at
-1.87 V was due to the dissolution of metallic lklartum in the melt. The shapes of cathodic and
anodic peaks are typical characteristics of sohrdeluble exchange as described by
Vandrakuzhali et.al. [97]. Morphology of the depedilanthanum metal was investigated from
scanning electron microscopy (SEM) and the micnolgtia shown irFig.5.5 The solidified melt
was washed out with hexane prior to SEM chara@goz. Uniform crystallite size was

observed with the average crystal diameter of /8 H

Fig.5.5 SEM micrograph of the deposit product (metallictteanum) obtained under
potentiostatic condition in equimolar LiCI-KCI mixie at 973K (-2.1 V).

Though the electrochemical processes might be mapgpethrough multiple steps, present

investigations could not resolve those elementéepssrather a broad peak due to the three
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electron transfer process was observed. Electrochémeductin of La (lll) to La (0) was

reported previously as one step three electrorsfeaprocess [¢-93].

Cyclic voltammetric measurements were also cawigdor the reduction of Lalz in equimolar
NaCl-KCl melt. Fig.5.6. shows the comparison between thetammograms obtained usil
NaCl-KCI electrolyte before and after addition of L3 over a potential range of 0-2.75V at a

scan rate of 0.025V/s.

1.5

NaCI-KCl
1.0 4 NaCI-KCI-LaCl,
0.5 4
S— 0.0
-0.5 1
-1.0
-1.5 4
T T T T T T T T T T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

E(V)

Fig.5.6 Comparison of the cyclic voltammogram for pure M-KCI melt and LaCs-NaClI-KClI
melt in the potetmal range of 0 t-2.75V.Working electrode: Molybdenum, apparent et
area: 0.30cf) Temperature: 973K, scan rate: 0.02™%.

The black curve shows the spectra of the I-KCI melt and the red curve represents the sp:

after addition of LaGlinto the molten Na(-KCl electrolyte at 973K. As seen from the figure
addition of LaC}, a clear cathodic and corresponding sharp anaeh& jplue to the depositit
and dissolution of lanthanum were appeared. Thsilpitis/ of cc-deposition of lanthanum a

sodium to form LaNa intermetallics was verified by carrying the putestatic electrolysis &
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2.2 V for 10 minutes and the deposited product avedyzed by atomic absorption spectroscopy
(AAS). AAS has revealed the presence of only lamtina in the deposits, presence of Na was

not observed from AAS measurements.

5.2.1.2 Reversibility of the electrode Process

Cyclic voltammetry was carried out in both the melt various scan rates in the temperature
range of 973K to 1053 K to investigate the dependeanf peak potential and peak current on
polarization rateFig.5.7 represents the voltammograms recorded in molteBlsL&2.5x10"
mole/cc) in equimolar LiCI-KCI electrolyte at 973K different scan rates. In order to obtain the
contribution from the back ground current the ayeloltammetry plot of La reduction in LiCl-
KCI molten media were corrected with respect toldhekground plots at the corresponding scan
rates.Fig.5.8 shows the back ground curves i.e. the voltammetriges obtained only in LiCl-
KCI melt at 973K.Corresponding back ground corréatgclic voltammetry plots are shown in

Fig.5.9
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Fig.5.7 Cyclic voltammogram of LaG-LiCl- KCI melt on molybdenum electrode at various s
rates of 0.025 to 0.5VsConLantration of La: 2.5x.* mole per cc, Electrode area: 0.5,

Temperature: 973K.
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Fig.5.8 Cyclic voltammogram of Li¢-KCIl melt on molybdenum electrode at various scaes
of 0.025 to 0.5V3. Electrode area: 0.53¢, Temperature: 973K.
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Fig.5.9 Back ground corrected cyclic voltammograms of l3-LiCl- KCI melt on molybdenun

electrode at vanius scan rates of 0.025 to 0."*. Electrode area: 0.53éniTemperature: 973K.

From Hg.5.9 it was observed that the separation between dattamd anodic peak potenti
(AE = B, -E",) is constantly increasing with increase in thenseae Moreover, the value ofE

was found to be larger than the value of 2.303RTB64V at 973K considering 3 electr
transfer of the electrode process) even at slosest rate (0.025V/s in the present case) w
is unexpected for a reversible electrcmical process. At higher scan rates, the cathoeak
potential (E.) shifted towards more negative side and anodiemiiat (E”,) shifted towards
positive side. Such shifting of peaks indicated theversible nature of the electrochemi
reaction. Adiscussion about the irreversibility of the electremical process was discussel

later sections.

1/2,
)

The dependence of cathodic peak curre;) on square root of scan rate ©) was also studied

and presented iRig.5.1Q Linear dependence of the peak current on sqoateof scan rate we
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observed at higher scan rate. The linear relateiwden current and scan rate is the signature of
fully reversible and fully irreversible electrodeactions. The nonlinear behavior in the scan

range of 0.025 to 0.2 V/s could be due to quasenshle nature of the electrode process.

0.5
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N2 12102,

Fig.5.10variation of cathodic peak current vs. square afadcan rate in LaGILICI-KCl melt.

Concentration of La: 2.5x10mole per cc, Electrode area: 0.58cifemperature: 973K.

Similar to that in LiCI-KCl media cyclic voltammetexperiments were conducted in NaCl-KCl
molten salt. Dependency of observed peak curretht thie square root of scan rate after back
ground correction was shown Kig.5.11 It was observed that the nature of electrochdmica

process (reduction of La (Ill) in NaCl-KCI melt) sgmilar to that of LiCI-KCI melt.
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Fig.5.1variations of cathodic peak current vs. square foscan rate for Lag-NaCl-KCl

melt. Concentration of La: 1.5x™ mole per cc, Electrode area: 0.34°cifemperature: 973|

In order to investigate the effect of working etede material on the electrochemical proc
tungsten electrode was also used as the workirgjretke for the voammetric measuremen
Similar electrochemical response as that of molghde electrode was observed on tung:
electrode. The results of tungsten working ele@race not shown. A similar mechanism of
electrode process for the reduction of La (on both tungsten and molybdenum substrate

proposed.

5.2.1.3 Calculation of Diffusion coefficient and vdfication of the Arrhenius

law:

The linear dependence of cathodic peak currentgoiare root of scan rate was observe

higher scan rates preded in Fig.5.10 and Fig.5.11for the LIiCIKCIl and NaC-KCI melts
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respectively. For an irreversible electrochemiaalcpss, the relation between the peak current

and the diffusion coefficient was given by followiequation [149]

I, = 0.496nFCSD/ (%“TF")UZ (5.1)

I, is cathodic peak current (A), ‘n’ is the numberetéctrons involved in the reduction process
which was taken as 3, ‘F’ is the Faraday constansg the bulk concentration of lanthanum ion
(molcm®), S is active surface area of working electrode?(cD is the diffusion coefficient of
lanthanum ion (cAs'), ‘R’ is the universal gas constant(8.314 Jhot), ‘T’ is absolute
temperature (K)y is the potential sweep rate (Ys and ‘ ‘@’ is the transfer co-efficient 4n
number of electrons involved in the reduction step.

To estimate the value of charge transfer co-efficieathodic peak potentials were plotted
against logarithm of scan rate at various tempegattrig.5.12 shows the relationship between
cathodic peak potential {§ and logarithm of scan rate (logy at 973K for the reduction of La
(1) in LiCI-KCI melt. The slope of this plot giwe the charge transfer co-efficient value

according to following equation

AEPc  23RT
Alogv - 2angF

(5.2)

E"cis cathodic peak potential, is the scan rate, R is the gas constant (8.314olK), T is
absolute temperature (K), F is Faraday constanb0@6C/mol),a is the charge transfer co-
efficient and g is the number of electrons involved in the stBpe value of 4n,” obtained at
three different temperatures for the reduction af(LLl) in LiCI-KCI and NaCI-KCl melts were

given inTable-5.1.
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Fig.5.12variations of cathodic peak potentials with lodamt of sweep rate in LagLiCl-KCI
melt at 973K.

Temperature (K) Value ofan,
In LiICI-KCI medium  In NaCl-KCIl medium
973 1.69 1.38
1023 1.77 1.45
1073 1.85 1.53

Table-5.1The value of&n,’ obtained at three different temperatures forrguction of La (111)
in LiCI-KCl and NaCl-KCI melts.

Diffusion coefficient values were estimated usihg values ofdn,’ using the relation between
peak current and scan rate mentioned in equatidr). (bhe estimated values of diffusion co-

efficient with standard errors at 973K are presgméd able-5.2.

128



Temperature (K) LiCI-KCI (10° D/cnfs™) NaCl-KCI (10 D/cnfs™)

Mo W Mo \W
973 3.80 (+0.03) 3.82 (+0.03) 2.80 (x0.02) 2.75 (x0.04)
1023 4.60 (£.02) 4.56 (+.02) 3.56 (+.03) 3.55(+.04)
1073 5.60 (£0.05) 5.62(+0.05) 4.43(x0.05) 4.33(x0.02)

Table-5.2 Diffusion coefficient of La (Ill) evaluated in epgpolar LiCI-KCI and NaCl-KCI melt
at 973K.

The diffusion coefficients obtained at various temgtures in both the solvent (LiCI-KCl and
NaCl-KCl) showed good linearity in the Arrheniuoid. Fig.5.13 represents the logarithm of
diffusion coefficient vs. 1/T which shows the valydof Arrhenius law. From the plot, empirical
relation between diffusion coefficient and temperat were formulated. The diffusion

coefficients with temperature dependence were shasafollows;

10gDaqury = —2.61(20.06) — 1.756(£0.06) X = in LiCI-KCI system.

10gDaqury = —2:45(£0.07) — 2.047(£0.07) x == in NaCl-KCl system.

129



-4.25

-4.30

-4.35

2.1,
&

-4.40

log (Dfcm

4454
-4.50 4 0]

-4.55

T T T T T T T T T T
0.00092  0.00094  0.00096  0.00098  0.00100  0.00102  0.00104

1UT (K)

Fig.5.13 Verification of Arrhenius law. (1) Laglin equimolar LiCI-KCI melt. (2) LaGlin

equimolar NaCl-KCI melt.

The value of activation energy of the diffusion qgees (E) as obtained using the above
mentioned empirical equation, were 33.6 (+ 1.14) &89.2 (+1.5) kJ/mole for LiCI-KCI and
NaCl-KCl system respectively. It was observed thatin the present case the activation energy
is marginally higher compared to the literatureomt This could be due to the different
composition of melt i.e. equimolar mixture of Li€IEI used in the present investigation
compared of eutectic LICI-KCl used in previous $tsd

Present observation, thus indicated that, La diffuses slowly in NaCIl-KCI melt compared to
LiCI-KCI melt. This slow diffusion of lanthanum ian NaCI-KCl melt may be due to the higher
viscosity of the melt. Lithium being the smallemicompared to sodium ion, it gets heavily

chlorinated leaving lanthanum ion less solvatedcigventually helps in better diffusion.
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5.2.1.4 Determination of standard rate consta

Nicholson treatment was applied to verify the reilility of the electrochemical reductic
process. The standard rate constant (Ks) of eldetreaction is correlated to a functio#f’

according to the following relatis

— Ks 1
T (=DnF/RTIHZ2/2 (5.3)

Ks is standard rate constant (cr, ¥ is a function related to the difference betweerhadic
and anodic peak potentialSEp).

The dependence oAE;, on the¥ function is given in the Nicholson table [150]ertalue of¥
in the Nicholson table represents the function doe electron trafer at room temperatu
(298K) .The normalized function () with respect to operating temperature and 3trele:

transfer were calculated using following equatifirtsl ]

AEE® = 3% 2B} (Z)

(5.4)

_p. [T
tpl" - HUEES-\IZ'}B (55)

From the normalize® function t) obtained from Eqgns. (5.4) and (p.the values of standa
rate constant (§ were estimated at various scan rates using5.3).The values of normalize
¥ function 1) and standard rate constans) for charge transfer on molybdenum electrod
various scan rates in both L-KCl and NaCI-KCI melts are presentedTiable-5.3.

It was observed from the table that within thens@nge of 0.025 to 0.2 V/s, the standard
constant for Lglll)/La(0) in LiCl -KCI system estimated from Nicholson equation wa844o0
5.07)x10° cm/s. The values of Ks obtained here are aimosesamd independent of scan rz
Similar results were obtained in N«~KCI system as presented in the table. Thived value of

Ks in the scan range of 0.025 to 0.2V/s, locatelll wi¢ghin the region oiquasi reversibl domain
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according to Matsuba-Ayabe method [152]. At higbeasn rates, the normaliz&¢ values fall
beyond the reversible limit of the Nicholson talridicating irreversible nature of the electrode
process. Based on the observation, the electrocaéneiduction of La (lll) is regarded as quasi
reversible to irreversible reaction under presetqgeemental conditions. Previously reported
literatures have reported reversible to quasi ke nature of the electrochemical reaction in
the eutectic mixtures of LiCI-KCI molten salt medRresently the electrochemical investigations
were carried out in equimolar mixtures of LiCl-K@hd NaCI-KCl, such difference in molten
salt composition might alter the electrochemicahekics of the La (lll) electrochemical
deposition. Tungsten electrode was also used awdhiéng electrode in place of molybdenum
and similar electrochemical response and rate antsstvere obtained. Thus the electrochemical
kinetics of the reduction of La (lll) to La (0) rened unaltered upon changing the working

electrode from molybdenum to tungsten.
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Medium V/V.S—l AEIZ/V AE%QS/V Wogg Yt Ks

0.025 0.146 0.134 0.269 0.486 4.84x10°

0.05 0.152 0.140 0.248 0.447 6.29x10°

LICI-KCI  0.075 0.172 0.158 0.185 0.334 5.76x10°
0.1 0.187 0.172 0.162 0.292 5.81x10°

0.15 0.206 0.190 0.13 0.234 5.70x10°

0.2 0.228 0.209 0.1 0.18 5.07x10°

0.025 0.157 0.145 0.229 0.413 3.59x10°

0.05 0.165 0.152 0.212 0.382 4.69x10°

0.075 0.179 0.165 0.185 0.334 5.03x10°

NaCl-KCl 0.1 0.188 0.173 0.162 0.292 5.07x10°
0.15 0.212 0.195 0.13 0.234 4.98x10°

0.2 0.233 0.213 0.1 0.18 4.58x10°

Table-5.3 Determination of rate constantdKor the reduction of La (Ill) employing Nicholson
method (in LaG-LiCI-KCI and LaCk-NaCl-KCl melts).

5.2.1.5 Exchange current density:

The exchange current density is an important paemte know the kinetics of electron transfer
during electrochemical reaction. Exchange currentis( the rate of reaction at reversible
potential. Here the exchange current (i) was detexdhemploying Tafel treatment shown in
Fig.5.14 Linear sweep experiments were carried out ata sate of 0.025 V/s in the scan range
of -1.7 to -2.2 V. Tafel treatments was applied ardhange current values were calculated at
three different temperatures. Exchange currentiyels) was calculated by dividing J with the
area of electrode (A). The value of transfer caedfit (@) was also determined from the cathodic

slope of the Tafel plot.
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The results are shown ihable-5.4From the table, it is concluded that the exchangeent
density is smaller on both tungsten and molybdeelatirodes, which could be due to the lat
mismatch effect as reported by Tang et.al. [98]e Exchange current density was incree

marginaly with the temperature indicating lower temperatooefficient of the proces
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Fig.5.14Tafel plot for LaC} in equimolar mixture of LiC-KCI melt on molybdenum electroc
.Conc. =2.5 x 1®mol cni®, are¢= 0.77 cm, T = 973 K, scan rate = 0.025 \

Media Temperatur g on Mo (Acni®) ipon W(Acmi®)  Value ofa
973 0.056 0.055 0.55
1013 0.062 0.065 0.56
LiCI-KCI 1053 0.069 0.071 0.68
973 0.053 0.052 0.46
NaCl-KClI 1013 0.059 0.061 0.58
1053 0.068 0.066 0.62

Table-5.4Values of exchange current density and transfefficmnts estimated at variot
temperatures Hor the reduction cLa (Ill) in LaCls-LiCI-KCI and LaCk-NaC-KCl melts).
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5.2.2 Electrochemical behavior of CeGlin alkali chloride melts

In this subsection the electrochemical charactesisif Ce (Ill) in molten salt electrolyte media
was discussed.

5.2.2.1 Reduction behavior of Ce (lll) in LiCI-KCl and NaCI-KCI systems characterized by
cyclic voltammetry

The voltammograms obtained at 963 K with 2.1%h@l/cn? CeCl at molybdenum electrode
using LiCI-KCI electrolyte are shown Fig.5.15 The dashed curve shows the voltammogram of
the blank salt which has no additional peak exteptreduction and the corresponding oxidation
peak of lithium in the electrochemical window intigated. After the addition of Cefla
cathodic peak at -2.0 V and corresponding anodekpat -1.84 V were observed in the
voltammogram. Energy dispersive X-ray FluoresceSgectra (EDXRF) of the deposited
product was carried out to obtain elemental infdromaof the deposited product and the results
are shown inFig.5.16 These experiments were carried out using the sispobtained after
applying -2.05 V on the working electrode for 10notes. Analysis of the electrodeposited
products by EDXRF spectra confirmed the formatidncerium metal on electrochemical
deposition. This substantiates that the observdétbdec peak at -2.0 V was due to the reduction
of cerium ion to metallic Ce. The peak obtaineela84 V during the reverse scan was due to the
dissolution of cerium metal in the melt. Electrocteal deposition and dissolution of Ce might
be through multistep process; however present cyaltammetric scans could not resolve all
those elementary deposition and dissolution stegsead of that a broad voltammetric plot due

to the anodic dissolution of Ce was obtained.
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Fig.5.15Comparison of the cyclic voltammogram for pure I-KCl melt and CeG-LiCI-KCI
melt in the potential range of 0 +2.6V.Working electrode: Mo, Co: 2.1x10'mol cm?,

electrode area: 0.55¢énmTemperature: 963 K, scan rate: Vs™.
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Fig.5.16 Energy dispersive Xay fluorescence (EDXRF) spectra of the depositdtie cerium)
obtained under potentiostatic conditiorequimolar LiCIKCI mixture at 963K -2.05 V).
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Cyclic voltammetric measurements were recordedttier reduction of Ce (lll) irequimolar
NaCl-KCl melt at 963K which is above the melting poifittguimolar mixture of Na(-KCl i.e.
918 Kand the results are shownFig.5.17. Reduction peak of Ce (llIn this melt was not as
sharp as that of LICkCIl. Electrochemical process was assumed as tlee thlectron transfe
process considering similar results reported aafi€]. In the case of Li¢-KCI the Ce (Ill)
reduction peak was well separated fromreduction of LT whereas the Ce (lll) reduction pe:
was almost merged with the reduction of” in the case of NaGkCl melt. To check th
possibility of formation of C-Na intermetallics, atomic absorption spectroscakS) analysis
was carried out afhe deposited product obtained after potentiostéctrolysis a-2.1V for 10
minutes in NaCKCI flux. Absence of any sodium ruled out the fotioa of CeNa
intermetallics. The narrow difference in the® and C&" reduction peaks is due to the sn

difference in their electrode potenti

§:c - -NaCl-KCl
(Na/Na+) CeC13-NaCl-KCl

0.3 1

1(A)

0.0 4

0.3

(Ce*'ICe)
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=3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
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Fig.5.17Comparison of the cyclic voltammogram for pure MKCI melt and Ce(-NaCl-KCl
melt in the potential range of 0 -2.6V.Working electrode: Molybdenum, Ce: 2.05x10'mol
cm®, Electrode area: 0.38émTemperature: 963K, scan rate: 0.2Vs
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Fig.5.18 SEM micrograph of the deposit product (metalliduwe) obtained under potentiostatic
condition in equimolar LiCI-KCI mixture at 96K (@5 V).

Morphology of the as deposited Ce metal was ingattd from SEM measurements and the
micrograph is shown irFig.5.18 Uniform crystallite size was observed with thee@ge

crystallite diameter of 5 pm.

5.2.2.2 Kinetics of the electrode process

Cyclic voltammetry was carried out in both the medt various scan rates in the temperature
range of 963K to 1053K to investigate the dependearfcpeak potential and peak current on
polarization rateFig.5.19 represents the voltammogram recorded in moltenl£&C1x10*
mole/cc) in equimolar LiCI-KCI electrolyte at 963 different scan rates. The dependency of
the observed peak current with the scan ratesorslin Fig.5.2Q The peak currentdf varied

linearly with the square root of scan rate¥?) of the measurements at the scan rated range
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investigated, which signify the diffusion contrallelectrochemical process. Detailed analysis of
voltammograms disclosed more about the kineticshef electrochemical reduction process.
From Fig.5.19 it was observed that the cathodic peak potenE&)) (shifted slightly towards
more negative side and anodic potentiak)Bhifted towards positive side with increase iarsc
rates. Moreover the separation between cathodi@aadic peak potentialg/i,) was increasing
with the scan rates. All these observations inditahat reduction of Ce (lll) on molybdenum
substrate was an irreversible electrochemical pc&he cyclic voltammograms obtained at
different scan rates in NaCI-KCI melt and the dejgcy of the peak current with the scan rates
are shown inFig. 5.21 and Fig.5.22respectively. It was observed that electrochemical

characteristics of Ce (lll) in NaCI-KCl| melt werienglar to that in LiCI-KCI melt.

0.6 - ——0.05V/s
—0.075V/s
0.4 —01V/is
—0.15V/s
0.2 —02V/s
—0.3V/s
0.0 4
< -0
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0.4
0.6
0.8
1.0 H
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-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
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Fig.5.19 Cyclic voltammogram for 2.1x1bmolcm® of CeC} in equimolar LiCI-KCI melt on

molybdenum electrode at various scan rates. Eldetaoea: 0.53ci Temperature: 963K.
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Fig.5.20Plot between the square root of scan rate and diatpeak current for CegLIiCI-KCI
melt. Concentration of Ce€2.1x10°mol cm?, Electrode Area: 0.53cinTemperature: 963K.
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Fig.5.21 Cyclic voltammogram of CegNaCI-KCl melt on molybdenum electrode at various
scan rates. Concentration of CgZl05x10’mol cm?®, Electrode area: 0.38émTemperature:
963K.
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Fig.5.22Plot between the square root of scan rate anaddiatpeak current for CeENaCl-KCl
melt. Concentration of Ce€2.05x10'mol cm®, Electrode area: 0.38 énTemperature: 963K.

Tungsten electrode was also used for the measuteraed similar results were obtained for
which the results are not shown, thus a similactedéehemical process on both tungsten and

molybdenum substrates was proposed.

5.2.2.3 Calculation of standard rate constant:

Standard rate constant of electron transfer reaet@ms estimated applying Nicholson equation as
described in section 5.2.1.4.

The values of normalize# function (#7) and standard rate constaKt)(for charge transfer on
molybdenum electrode at various scan rates in b@RKCI and NaCIl-KCI melts are presented
in Table-5.5 It was observed that the value of standard ratstant falls in the quasi reversible
to irreversible range. At higher scan rates, thenadized ¥; values fall beyond the Nicholson
table and could not be determined. Based on thdysthe electrochemical reduction of Ce (lll)

is regarded as quasi reversible to irreversiblecti@a Presently the values dfr falls
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approximately in the range of 0.2 to 0.6 amds supposed have influence in the cyclic
voltammogram. However has strong influence on the shape of the cyclitamametric plot.
With decrease im cathodic peak shits catholically and the anodigkpa&iso shifts catholically
thus the peak difference remained unaffected [1BB¢refore the influence ef assumed to be
negligible in the present case and the reportatiata rate constant values indicated the quasi
reversible to irreversible nature of the electrasloal process. Similar results were also obtained
for tungsten electrode. Therefore, it was concluted electrochemical reduction of Ce (lll) to
Ce (0) is quasi reversible to irreversible in natan both tungsten and molybdenum electrode in

LiCI-KCI and NaClIl-KCI melts.

Mediunr wV.s'  AELINV  AEZ%BIV P)os P Ks
0.05 0.132 0.12 0.356  0.639 9.0x10°
0.1 0.165 0.15 0.212 0.380 7.56x10°
LiCI-KCI 0.15 0.216 0.18 0.15 0.269 6.56x10°
0.2 0.231 0.21 0.1 0.179 5.04x10°

0.3 0.243 0.225 - - -
0.4 0.264 0.243 - - -

0.05 0.198 0.183 0.15 0.328 4.03x10°
0.075 0.210 0.194 0.125 0.224 3.37x10°
NaCl-KCl 0.1 0.225 0.208 0.1 0.179 3.11x10°

0.15 0.280 0.259 - - -
0.2 0.300 0.278 - - -
0.3 0.320 0.296

Table-5.5Rate constant (Ks) values obtained for the redoatioCe (l11) employing Nicholson
method in CeGlHLICI-KCI and CeCt-NaCl-KCl melts) using Nicholson method.
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5.2.2.4 Square wave voltammetry:

Square wave voltammetric scans were recorded testigate the deposition and stripping
characteristics during Ce deposition and strippResults are shown iRig.5.23 and Fig.5.24
for of 2.2x10" mole cm®of CeCk in LiCI-KCl and of 2.0x10 mole cm® of CeC} in NaCI-KCl
melts at 963K at 5 kHz respectively. Only a singlduction peak was observed in the potential
range studied which indicated that the electrorednof cerium is a single step process in both
the flux. It can also be observed that both thekpeae somewhat asymmetric in shape which
may be due to the nucleation of rare earth mewldeacribed by previous researchers. In this

case the nucleation process was marginally sloapared to the stripping process.
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Fig.5.23 Square wave voltammogram for reduction of GesZlmolybdenum electrode in LiCl-
KCI melt. Experimental parameters are Pulse hefitwv, Potential step=1mV, Frequency=5
kHz, CeC$=2.05x10" mol cm®, T = 963K,
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Fig.5.24 Net square wave voltammogram for reduction of @etImolybdenum electrode in
NaCl-KCl melt. Pulse height=25mv, Potential step¥]requency=5 kHz, Cegi2.0x10’mol
cm’®, T=963K.

5.2.2.5 Calculation of diffusion coefficient:

The linear dependence of cathodic peak currentth@tsquare root of scan rate was presented in
Fig.20 and Fig.22respectively for LiCI-KCI and NaCl-KCI melts. Faliffusion controlled
irreversible electrochemical process, the relabetween peak current and diffusion coefficient

was given by the following relation [149]
i, = 0.4958 x n X F3/2 x A x (RT)™Y/2 x D¥/2 x € x v1/2 x (an)'/? (5.6)

Ip is cathodic peak currenf), n is the number of electrons involved in the reductprocess
which was taken to be 3F"is the Faraday constan®‘is the universal gas constant (8.314 J
mol*K™), ‘T is absolute temperature (K)A*is active surface area of working electrode {cm

Dceqny is the diffusion coefficient (cfa™), ‘C’ is the bulk concentration of cerium ion (moléjm
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‘y' is the potential sweep rate in (Yjsanda is the transfer coefficient which was taken as 0.5
Diffusion coefficients values were calculated bylgmg the relation between the peak current
with scan rate as per the above mentioned equalioa.values of diffusion coefficients with

standard error at are presented able-5.6.

Temperature LiCI-KCI NaCl-KCI
(10° D/cnfs?) (10° D/cnfs?)
Mo W Mo W
963 3.48 (+.02) 3.53 (¥0.05) 2.65 (x0.03) 2.68 (+.01)
993 4.08 (+.04) 4.05 (x0.03) 3.09 (x0.01) 3.10 (.01)
1023 4.49 (£.03) 4.45 (x0.06) 3.56 (+0.02) 3.54 (+.03)
1053 5.05 (x.05) 5.04 (+0.03) 4.08 (#0.02) 4.05 (+.02)

Table-5.6 Diffusion coefficient of Ce (lll) evaluated fromifférent cyclic voltammetry
technique in equimolar LiCI-KCl and NaCI-KCI melt.

The diffusion coefficients obtained at various temgtures in both the solvents (LiCI-KCI and
NaCl-KCI) are plotted with respect to the experita¢ériemperatures and shown in Fig. 12.
Diffusion coefficient values were correlated wellittw the experimental temperatures as

suggested by the Arrhenius treatment
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Fig.5.25Logarithm of the diffusion coefficient of Ce (Il§s a function of inverse of temperature

in (1) Equimolar LiCI-KCI melts (2) Equimolar Na®El melt.

5.2.2.6 Estimation of activation energy for the dffision process:

The diffusion co-efficient values were used to gkdte activation energy for the diffusion
process. Effect of temperature on the diffusioretfccient obeys the Arrhenius law through the
following equation:

D = Dyexp (_%Ta) (5.7)

D (cnfs?) is diffusion coefficient; Eis the activation energy (kJ/mole). the pre-exponential
term (cnfs?) in the Arrhenius eqn.

The logarithm of egn. can be represented as follows

logD = logD, —% (5.8)
Fig.12 shows the relationship between log D anddald the slope of the lines in were used to

calculate the activation energy for diffusion of @#) ions. Empirical relations between
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diffusion coefficient and temperature as well asnested activation energy for diffusion of Ce
(111 ions in both the molten salt mixtures are g@sted inrable-5.7.

The activation energy for diffusion in the caseNafCI-KCl was higher than in LiCI-KCI. This
was reflected in the observation of higher diffasmoefficients in LiCI-KCI melt compared to

NaCl-KCI melt. This was possibly due to the compaedy higher viscosity of NaCI-KCl melt.

Medium Equation -E. (kJ molY)
|OgDCe(|||):A+B/T
A B
LiCI-KCI -2.59 -1786 34.2
NaCl-KClI -2.38 -2108 40.3

Table-5.7 Variation of diffusion coefficient of Ce (lll) wit the temperature and activation

energy of the diffusion process in equimolar LiGHkand NaCl-KCI melts.

5.2.2.7 Exchange current density:

Exchange current density was determined emplotlregTafel treatment as shown in
Fig.13 and Fig. 14 in two metals. Linear sweep expents were carried out at a scan rate of 20
mV/s at the potential range of -2.10 V to -1.85T\fel treatment was applied and the exchange
current density was calculated and the values afhaxge current densities at various
temperatures on both molybdenum and tungsten etkxtrare given ifable.5.8 As per the
Butler-Volmer equation the Tafel region falls attmoderately higher over potentials. In the
present case (cFig. 5.26 and Fig 5.2Y in the anodic region the diffusion limiting cotidn

started early and there is limited scope of gettivegextended linear Tafel region. In the cathodic
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region there are sommore quasi linear regions. However we choose alainpotential

difference away from the equilibrium potentiThe value of transfer coefficiena) was also

determined from the cathodic slope of Tafel |

0.0 -

log 1

-3.0

-1.90 -1.85

Fig.5.26Tafel for CeC4 in equimolar LiC-KCl salt on Mo electrode Ce&i2.1x10"mol cm?®, T
= 963K Area of M0=0.48cfy scai rate = 20 mV/s.
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Fig.5.27Tafel for CeC} in equimolar NaC-KCl salt on Mo electrode Ce3=2.0x10"mol cni®,
T = 963K Area of M0=0.43c?, scan rate = 20 mV/s.

The exchage current densities as reported previously [Medie in the range of 0.04 to (
Acm at 773K.In the present investigation, the exchangeent densities were obtained in
range of 0.05 to 0.08Achin the experimental temperature of 963 to 1053KsTthe curren
densities at higher experimental temperatures énpttesent case were lower in compariso
previously reported values [154].A lower value g€leange current density has been reporte
the case of La deposition and explained to be dileet lattice mismatch effect between subsi
and the deposits. Howevargeneralized conclusion on the lowering of exckangrent densit

could not be obtained based on the present findingshe revious report:
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Media Temperature ipon Mo (Acni®) g on W(Acni®)  Value ofa

963 0.058 0.056 0.48
993 0.064 0.065 0.56
LiCI-KClI 1023 0.070 0.070 0.62
1053 0.076 0.075 0.52
963 0.059 0.060 0.50
993 0.065 0.065 0.43
NaCl-KCl 1023 0.071 0.069 0.68
1053 0.075 0.077 0.55

Table-5.8valuation of exchange current density for the ctida of Ce (Ill) on Mo and W at

various temperatures in CedliCI-KCl| and CeCt-NaCl-KCl melts.
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5.2.3 Electrochemical investigation of PrGlin alkali chloride melts

In this subsection the electrochemical charactesisif Pr (lll) in molten salt electrolyte media
was discussed.

5.2.3.1 Reduction behavior of Pr (Ill) in LiCI-KCI and NaCl-KCl systems characterized by
cyclic voltammetry

The reduction mechanism of praseodymium chloridenoiybdenum and tungsten electrodes in
LiCI-KCIl and NaCI-KCI molten salt systems was stdliby cyclic voltammetry technique.
Fig.5.28 shows the voltammograms obtained in LiCI-KCI alelgte on molybdenum electrode
at 973 K in the absence and presence of P@Ikar reduction peak due to the reduction of Pr
(1 distinctly different from the blank responssas observed at -1.93 V, corresponding
oxidation peak was obtained at -1.77 V. To subgitenthe assumption, EDXRF analysis was
carried out of the deposited product obtained afpglying -2.0V on the working electrode for
10 minutesFig.5.29 shows the Energy dispersive X-ray fluorescenceXEB) analysis of the
deposited product which confirmed the formationpodiseodymium metal on electrochemical
deposition. Thus, the cathodic peak at —1.93 Vamesponding anodic peak at —1.77 were due
to the deposition and dissolution of praseodymiuon iat molybdenum electrode.
Electrochemical deposition and dissolution of Pgimhibe thorough multistep process; however
present cyclic voltammetric scans could not reschlle those elementary deposition and
dissolution steps. Instead of that a broad voltatrimplot due to the anodic dissolution of Pr

was obtained.
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Fig.5.28 A Comparison of the cyclic voltammogram for pui€EKCI melt and PrG4-LiCI-KCI

melt in the potential range of 0 to -2.5V.Workinigatrode: molybdenum, apparent electrode
area: 0.55cm2, Temperature: 973K,Conc.:2.5%1dl/cc, scan rate: 0.1Vs

Fig.5.29 EDXRF spectra of the deposit (metallic Praseodymiiobtained under potentiostatic
condition in equimolar LiCI-KCI mixture at 973K (5 V).
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Fig.5.30 Comparison of the cyclic voltammogram for pure NKCI| melt and PrG-NaCl-KCl
melt in the potential range of 0 to -2. 5V.Workialgctrode: Molybdenum, apparent electrode
area: 0.30c) Temperature: 973K, scan rate: 0.023Vs

In case of equimolar NaCI-KCI, voltammograms reeartbr the reduction of Pr (lIl) in at 973K
on molybdenum electrode is shownFig.5.3QThe black curve represents the voltammogram of
the blank salt which has no additional peak exteptreduction and oxidation peaks of sodium
metal. After additions of Prgl a small cathodic and corresponding sharp anodak pvere
appeared in the figure (represented by red curxpeaed for a metal deposition process.
Therefore, the observed pair of peaks was attribtethe reductive deposition and oxidative
dissolution of praseodymium metal in the melt. Rtidun peak of Pr (IlI) in NaCIl-KCI melt was
not sharp as that of LiCI-KCI melt. In the casd_a@I-KCl, the Pr (lIl) reduction peak was well
separated from the reduction of Wwhere as the Pr (Ill) reduction peak was almostgemwith

the reduction of Nain the case of NaCI-KCI melt. Pr-Na intermetaficemation could not be

expected as there was no extra peak observed etkeegissolution of praseodymium metal in
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the reverse scan. Atomic absorption spectroscogysjfanalysis confirmed the absence of Na in

the electrodeposited Pr.

It was also noticed that intensities of the anatfimals due to the oxidation of Na on both W and
Mo electrodes are much smaller than that of thairesponding reduction signals. This could be
due to the high solubility of Na in NaCl melt [15% was observed that the reduction peak was
more cathodically shifted in NaCI-KCl media compghate that in LiCI-KCl media. In such
molten media two phenomena can affect the peakipos(1) the micro viscosity of the media

and (2) the ion association effect of the moltdh[4&6].

5.2.3.2 Reversibility of the electrode Process

Cyclic voltammetry was carried out in both the medt various scan rates in the temperature
range of 973K to 1053 K to investigate the dependesf peak potential and peak current on
polarization rateFig.5.31 represents the voltammograms recorded in molté€i; R2.5x10"

mole/cc) in equimolar LiCI-KCI electrolyte at 973K different scan rates.
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Fig.5.31 Cyclic voltammogram of Pr&lLiCI-KCI melt on molybdenum electrode at various
scan rates of 0.025 to 0.5V€onLantration of Pr: 2.5xI0mole per cc, Electrode area:
0.53cnf, Temperature: 973K.

FromFig.5.31 It was observed that the separation between datlamd anodic peak potentials
(AE = Ba -Epo) is constantly increasing with increase in thenscate. This indicates the

characteristics limit of an irreversible electrocheal reaction.

The dependence of cathodic peak currejtoh square root of scan rate’d) was also studied
and presented iRig.5.32 Linear dependence of the peak current on sqoateof scan rate was
observed at higher scan rate. The linear relateiwden current and scan rate is the signature of
fully reversible and fully irreversible electrodeactions. The nonlinear behavior in the scan

range of 0.025 to 0.2 V/s could be due to quasenshle nature of the electrode process.
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Fig.5.32 Variation of cathodic peak current vs. square aicgcan rate in PrglLiCI-KCI melt.
Concentration of Pr: 2.5xT0mole per cc, Electrode area: 0.58cifemperature: 973K.

Similar experiments were conducted in NaCl-KCl rmapoltsalt. Fig.5.33 represents the
voltammograms recorded in molten Py(2.5x10" mole/cc) in equimolar NaCI-KCl electrolyte
at 973K at different scan rates. Dependency otesl peak current with the square root of
scan rate after back ground correction was showign5.34 It was observed that nature of
electrochemical process (reduction of Pr (lll) in@¥-KCI melt) is similar to that of LiCI-KClI

melt.
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Fig.5.33 Cyclic voltammogram of PrgINaCI-KCI melt on molybdenum electrode at various
scan rates of 0.025 to 0.5V€onLantration of Pr: 2.5xI0mole per cc, Electrode area:
0.53cnf, Temperature: 973K.

Tungsten electrode was also used as the workimgretee for the voltammetric measurements
and similar results were obtained. The resultsinfsten working electrode are not shown. We
propose a similar mechanism of the electrode psodes the reduction of Pr (Ill) on both

tungsten and molybdenum substrates.
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Fig.5.34Variations of cathodic peak current vs. squaré obgcan rate for PrgNaCl-KCI

melt. Concentration of Pr: 1.5xt@nole per cc, Electrode area: 0.34°ciremperature: 973K.

5.2.3.3 Calculation of Diffusion coefficient and erification of the Arrhenius law:

Diffusion coefficient of Pr (Ill) in LiCI-KCl andNaCIl-KCI medium were calculated applying

following equation as describedsection 5.2.1.3

The values of diffusion co-efficient estimated htee different temperature are presented in

Table-5.9.
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Temperature (K) LiCI-KCI (10> D/cnfs?) NaCl-KCI (10 D/cnfs?)

Mo W Mo W
973 3.62 (£0.04) 3.60 (x0.03) 2.60 (+0.02) 2.62 (+0.03)
1023 4.38(x.04) 4.38(+.02) 3.26(x.03) 3.25(+.04)
1073 5.21(+0.05) 5.22(+0.05) 4.02(+0.05) 4.05(+0.05)

Table-5.9 Diffusion coefficient of Pr (lll) evaluated in eguolar LiCI-KCl and NaCl-KCI melt
at 973K.

The diffusion coefficients obtained at various temgtures in both the solvent (LiCI-KCl and
NaCl-KCl) showed very good linearity in the Arrhasiplotskig.5.35represents the logarithm
of diffusion coefficient vs. 1/T which shows thelid&y of Arrhenius law. From the plot,
empirical relation between diffusion coefficientdat@mperature were formulated. The diffusion

coefficients with temperature dependence were:

10gDaqury = —2.75(£0.05) — 1.645(£0.08) x = in LiCI-KCI system.

10gDaqury = —2.55(20.06) — 1.980(£0.07) X == in NaCI-KCl system.

The value of activation energy of the diffusion ggses found out using the empirical equation,

were 31.5 (x 1.5) and 37.9 (x1.3) kd/mole for LK and NaClI-KCI system respectively.
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Fig.35 Verification of Arrhenius law. (1) Prelin equimolar LICI-KCI melt. (2) PrGlin

equimolar NaCl-KCI melt.

Based on this present study, Pr (lll) diffuses $yoim NaCl-KCl melt compared to LiCI-KCI
melt. This slow diffusion of praseodymium ion in Gla&KCl melt may be due to the higher
viscosity of the melt. Lithium being the smallemicompared to sodium ion, it gets heavily
chlorinated leaving praseodymium ion less solvatbith eventually helps in better diffusion.
5.2.3.4 Determination of standard rate constant

Standard rate constant for electron transfer re@aatias calculated applying Nicholson equation
as discussed in treection 5.2.1.4.

.The values of normalized function r) and standard rate constant)Kor charge transfer on
molybdenum electrode at various scan rates in bi@RKCI and NaCIl-KCI melts calculated. It
was observed that within the scan range of 0.028.20V/s, the standard rate constant for Pr
(IN/Pr (O) in LiCl -KCI system estimated from Niolson equation was in the order of*10

cm/s. The values of Ks obtained here are almosesamad independent of scan rate. Similar
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results were obtained in NaCl-KCI| system. The dstivalue of Ks in the scan range of 0.025 to
0.2V/s, located well within the region of quasi eesible domain according to Matsuba-Ayabe
method [160]. At higher scan rates, the normalitgdvalues fall well beyond the reversible
limit of the Nicholson table indicating irreversébhature of the electrode process. Based on this
study, the electrochemical reduction of Pr (lll)regarded as quasi reversible to irreversible
reaction under present experimental conditions.il&nresults were obtained for tungsten
electrode also. Therefore, it was concluded thedtedchemical reduction of Pr (lIl) to Pr (0) is
guasi reversible to irreversible in nature on bithgsten and molybdenum electrode in LiCl-
KCl and NaCl-KCI melts. The table containing théues of rate is not shown in this case.
5.2.3.5 Exchange current density:

Exchange current density was determined employeiglTreatment shown iRig.5.36.Linear
sweep experiments were carried out at a scan f&i@®5 V/s in the scan range of -1.7 to -2.0
V. Tafel treatments was applied and exchange cudensity values were calculated at three
different temperatures. The value of transfer coeffit (@) was also determined from the

cathodic slope of the Tafel plot.
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Fig.5.36Tafel plot for PrC} in equimolar mixture of LiCI-KCI melt on molybdenmuelectrode
.Conc. =2.5 x 1®mol cm®, T = 973 K, scan rate = 0.025 V/s.

The results are shown ihable-5.10The exchange current density was increased madlygina

with the temperature indicating lower temperatuwefficient of the process.

Media Temperature ipon Mo (Acni®)  ioon W(Acmi®)  Value ofa
973 0.061 0.060 0.58
1023 0.072 0.072 0.60
LiCI-KCI 1073 0.081 0.080 0.64
973 0.059 0.058 0.46
NaCl-KCl 1023 0.070 0.069 0.50
1073 0.078 0.078 0.58

Table-5.10 Values of exchange current density and transfefficemts estimated at various
temperatures (For the reduction of Pr (lll) in BFOICI-KCIl and PrCg-NaCl-KCl melts).
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5.2.4 Electrochemical investigation of NdGlin alkali chloride melts

5.2.4.1 Reduction behavior of Nd (Il1) in LiCI-KCI and NaClI-KCI systems characterized by
cyclic voltammetry

The reduction mechanism of neodymium chloride onlybdenum and tungsten
electrodes in LIiCI-KCl and NaCl-KCI molten salt s3s was studied by cyclic voltammetry
techniquerig.5.37 Shows cyclic voltammograms obtained on molybdemlectrode in LiCl—
KCI salt, at 973 K, before and after addition ofQNg For the blank salts, the cathodic peak
observed at -2.4 V indicates the cathodic limittloé electrolyte. After addition of Nd€in
LiCI-KCI melt, two successive cathodic waves obsdrat about -1.78 and -2.01V, followed by
their corresponding anodic waves at about -1.61 &84 V were observed. Previous
researchers [157-159] had concluded that the retuot Nd (l11) ion to Nd metal takes place in
two steps with the formation of Nd (1l) ion in tirgermediate step. Therefore the observed pair

of peaks was attributed to the reduction of Nd/Nd (II) and then Nd (11)/Nd (0) respectively.

163



0.4

0.0 1

-04

1(A)

08 4 — LIiCI-KClI
—— NdCL3-LiCIKCI

" - = =
3.0 2.5 2.0 1.5 1.0 0.5 0.0
E(V)

Fig.5.37 Comparison of the cyclic voltammogram for pure KCl melt and NdGs-LiCI-KCI
melt in the potential range of 1 -2.5V.Working electmde: molybdenum, apparent electr

area: 0.77 cf Temperature: 973K,Conc.:2.5>*mol/cc, scan rate: 0.1

Voltammograms recorded for the reduction Nd (lll) in NaCIKCI melt at 973K or
molybdenum electrode is shown Fig.5.38The electrochemicalindow of the blank molte
salt system is limited by the reduction of sodiuom.i After additions of Nd(, only one
additional pair of signals (one cathodic and itsregponding anodic peak) was observed.

peak observed in the cathodic region wasibuted to the reduction ¢Nd (lll) through the
process: Nd (lll) +3e= Nd [155]. Therefore, the corresponding anodickpeas due tc
dissolution of neodymium metal in the melt. Unlik€l-KCI system, inNaC-KCI system there

IS no intermediate formatioof Nd (II) observed from the voltammogram.
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Fig.5.38 Comparisorof the cyclic voltammogram for pure NeKCl melt and NdCs-NaCl-KCl
melt in the potential range of 0 -2.75V.Working electrode: Molybdenum, apparent etz
area: 0.30cf Temperature973K, scan rate: 0.025™.

It was also noticed that intensities of the anailjnals due to the oxidation of Na on electrc
are much smaller than that of their correspondatyiction signals. This could be due to the |
solubility of Na in NaClmelt. It was observed that the reduction peak wasencathodically
shifted in NaCIKCI media compared to that in Li-KCI media.

5.2.4.2Reversibility of the electrode Proces

Cyclic voltammetry was carried out in both the medt various scan rates the temperature
range of 973K to 1053 K to investigate the dependesf peak potential and peak current
polarization rateFig.5.39 represents the voltammograms recorded in moltenls (2.5x10"

mole/cc) in equimolar LICKCI electrolyte at 973K atifferent scan rate:
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Fig.5.39 Cyclic voltammogram of Nd@-LiCl-KCI melt on molybdenum electrode at varic
scan rates of 0.025 to 0.5%.ConLantration of Nd: 2.5xIDmole per cc, Electrode are
0.53cnf, Temperature: 973K.

FromFig.5.39 It was obsrved that the separation between cathodic and@pedk potential
(AE = Ba -Epo) is constantly increasing with increase in thenscee. At higher scan rates, |
cathodic peak potential ¢& shifted clearly towards more negative side anddanpctential
(Epa move towards positive side. This indicates ¢haracteristics limit of an irreversit

electrochemical reaction.

The dependence of cathodic peak curres) on square root of scan rate’?) for both the
reactions Nd(III)/Nd(Il) and Nd(I1)/Nd(0) were stigdi and presented iFig.5.40 and 5.41
Linear dependence of the peak current on squateofagran rate was observed at higher ¢
rate. The nonlinear behavior in the scan range of 0.to 0.2 V/s could be due tquasi

reversiblenature of the electrode proce
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Fig.5.40variation of cathodic peak current vs. square mfoscan rate for Nd (111)/Nd (ll) in
NdCls-LiCI-KCI melt. Concentration of Nd: 2.5xT0mole per cc, Electrode area: 0.58%cm
Temperature: 973K.
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Fig.5.41 Variation of cathodic peak current vs. square mioscan rate for Nd (II)/Nd (0) in
NdCls-LiCI-KCI melt. Concentration of Nd: 2.5xT0mole per cc, Electrode area: 0.58%cm
Temperature: 973K.
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Similar experiments were conducted in N-KCI molten salt. Fig.5.4z represents the
voltammograms recorded in molten N3 (2.5x10* mole/cc) inequimolar NaC-KCl electrolyte
at 973K at different scan rates. Dependency otmiesl peak current with the square roo

scan rate after back ground correction was shovFig 5.43

04

0.2
0.0
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Fig.5.42 Cyclic voltammograms of Ndg-NaClKCl melt on molybdenum electrode various
scan rates of 0.025 to 0.5V<Electrode area: 0.53¢, Temperature: 973
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Fig.5.43 Variations of cathodic peak current vs. square wfatcan rate for Nd@NaCl-KCl
melt. Concentration of Nd: 1.5xf@nole per cc, Electrode area: 0.34*cifemperature: 973K.

Tungsten electrode was also used as the workirngretke for the voltammetric measurements
and similar results were obtained. The resultsinfsten working electrode are not shown. We
propose a similar mechanism of the electrode peodesthe reduction of Nd (lll) on both

tungsten and molybdenum substrates.

5.2.4.3 Calculation of Diffusion coefficient and erification of the Arrhenius law:

Diffusion coefficient of Nd ions in LICI-KCI and &CI-KCl medium were calculated applying
following equation as described in section 5.2Th8. diffusion coefficients obtained at various
temperatures in both the solvent (LICI-KCl and N&Tll) showed inTable-5.11 Empirical
relation between diffusion coefficient and temperat were formulated. The diffusion

coefficients with temperature dependence were:
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l0gDaqiny = —2.58(0.04) — 1.836(+0.07) x == in LiCI-KCI system.

logDyaqr = —2.55(+0.04) — 1.530(+0.07) X @ in LiCI-KCI system.

l0gDaqiny = —2.40(0.06) — 2.140(0.08) X = in NaCI-KCl system.

The value of activation energy of the diffusion gges of Nd(Ill) found out using the empirical
equation, were 35.1 (x1.3) and 40.9 (x1.5) kJ/mfade LiCI-KCI and NaClI-KCI system
respectively. Activation energy required for difils of Nd(II) in LiCI-KCI melt was 29.2 (£1.3)

kJ/mole.

Temperature (K D of Nd(lll) in LICI-KCI D of Nd(ll) in LiCI-KCI D of Nd(lll) in NaCl-

(10°/cnfst (10°/cnrst KCI (10° /cfs™)
973 3.41 (+0.04) 7.54 (+0.05) 2.50 (+0.05)
1023 4.20 (+.07) 8.9 (+.06) 3.21 (+.06)
1073 5.12 (+0.02) 10.1 (+0.04) 4.02 (+0.04)

Table-5.11Diffusion coefficient of Nd ions evaluated in equilar LiCI-KCl and NaCI-KCl
melt at 973K.
Based on this present study, Nd (ll) diffuses fammhpared to Nd (lll) because of its lower

charge it gets less chlorinated compared to NJ. (Tthe slow diffusion of Nd (lIl) in NaCI-KCI
melt compared to LiCI-KCI melt could be due to thgher viscosity of the melt.

5.2.4.4 Determination of standard rate constant

Standard rate constant of the electron transfectioea was determined using Nicholoson
equation as discussedsaction 5.2.1.4.

The values of normalize#l function t) and standard rate constant)(For Nd (II)/Nd in LiCl-
KCl medium and for Nd (IlI)/Nd in NaCIl-KCl medium eve estimated. It was observed that
within the scan range of 0.025 to 0.2 V/s, thedsad rate constant for Nd(III)/Nd(ll) and Nd

(I/Nd(0) in LiCl -KCI system estimated from Nictemn equation was in the order of4® 10
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% cm/s. Similarly the standard rate constant for(NYNd (0) in NaCl -KCl system estimated
from Nicholson equation was in the order of*léin/s. At higher scan rates, the normalided
values fall well beyond the reversible limit of tNécholson indicating irreversible nature of the
electrode process. Based on this study, the etdwtmical reduction of Nd (I1)/Nd and Nd (I11)
to Nd in LiCI-KCI and NaCI-KCI systems respectivetye regarded as quasi reversible to
irreversible reaction under present experimentatitmns.

5.2.4.5 Exchange current density:

Here the exchange current density was determimegloging Tafel treatment shown in
Fig.5.14. Exchange current density for Nd (I1)/Nd (O) and Nd)/Nd (O) coupled reactions

were estimated in LiCI-KCl and NaCl-KCI melt respeely.
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EiV

Fig.5.44 Tafel plot for NdC} in equimolar mixture of LiCI-KCl melt on molybdenuelectrode
.Conc. =2.5 x 1®mol cm?, T = 973 K, scan rate = 0.025 V/s.
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The results are shown ihable-5.12The exchange current density was increased malyginal
with the temperature indicating lower temperatuoefficient of the process. The exchange
current of Nd (I1)/Nd (0) was found to be higherthat of Nd (IIl) /Nd (0). This may be due to

participation of two electrons in the Nd (11)/Nd)(@dox process compared to 3 electrons in Nd

(1/Nd (0O) process.

Media Reactions Temperature ipon Mo (Acni®)  Value ofa
973 0.070 0.45
LiCI-KCI Nd(11)/Nd(0) 1023 0.079 0.53
1073 0.088 0.65
973 0.060 0.49
NaCIl-KCl  Nd(l11)/Nd(0) 1023 0.070 0.58
1073 0.079 0.68

Table-5.12 Values of exchange current density and transfefficats estimated at various
temperatures (For the reduction of Nd ion in NgIGCI-KCI and NdCk-NaCl-KCl melts).
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5.3 Summary:

Under this chapter the electrochemical behaviodaothanides (La, Ce, Pr and Nd) were
investigated in two molten salts; LiCI-KCl and NalKCI electrolyte media. Electrochemical
kinetics of the reduction of rare earth metal iomgheir corresponding metallic form and the
dissolution characteristics of the reduced metal thhe corresponding metal ions were
investigated. Variation of the voltammetry with tbkeange in the molten salt media and the
variation across the different rare earth metalsitvave been investigated. Mechanism of
electrochemical reduction and diffusivity plays mmportant role in deciding the deposition
condition during recovery by electrochemical deposiof rare earth metals from their molten
states. Diffusion kinetics of rare earth metal ibase been investigated and discussed in length
in all the four rare earth metal ions.

It was observed from the investigation that theuotion La (111), Ce (Ill) and Pr (lll) undergo a

3 electron transfer process in both the moltenrselfia investigated. Whereas the reduction of
Nd (11l) in LiCI-KCI media has shown two step redion process. In the first step Nd (Ill) was
reduced to Nd (II) and in the second step Nd (IBsweduced to metallic Nd deposits.
Interestingly it was observed that in the case aCNKCI molten media Nd (lll) undergoes
electrochemical reduction through one step redngti@cess from Nd (Il) to metallic Nd. This
difference might be due to the better stabilityNaf (I1) by solvation in LiCI-KCI compared to
that in NaCl-KCI media.

It has been observed that the diffusion co-effic@ranthanide ions decreased with the decrease
of their ionic radii among the lanthanides investegl presently. This is attributed to the greater

degree of solvation of the smaller lanthanide iomisich resulted in effective bulkier solvated
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cation. Thus the diffusion coefficient was obsert@de less among the smaller lanthanide ions
compared to the larger ions.

It was observed that the exchange current densityeg were marginally increased from
lanthanum to neodymium. Increase in the exchangeermudensity is related to the better
electron transfer kinetics of the process. Theeefbe enhanced exchange current density trend
from lanthanum to neodymium is related to the iaseein the electron transfer kinetics; though
no significant difference in their electron transkénetics was observed under the present

investigation by cyclic voltammetry measurements.
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CHAPTER-VI

ELECTROCHEMICAL DEPOSITION OF RARE
EARTH (RE) METALS
6.1 Introduction

Molten salt electrolysis is an attractive and dffecmethod to produce light rare earth metals.
Relatively low melting point of light rare earth taks facilitates the electrowinning of these
metals in molten state. Due to narrow differencelactrode potential of RE metal and solvent
ions (Li'/Na"), it is very difficult to separate the RE metadrfr the solvent. Therefore, a careful
control of process parameters like temperaturecemtnation of electrolyte and current density
are required for production of pure metal in thegéascale operation. Information on the effect
of temperature, bath composition and current dieissin the yield and current efficiency in the
production of rare earth production are limitedhe literature. The objective of this study is to
develop detail process parameters for the extmaatiolight rare earth metals by molten salt
electrolysis process using LiCI-KCI and NaCl-KCltgaixtures. In addition, the effect of using

single carrier electrolysis using electrolytes liKEI, NaCl and LiCl, in the preparation of

lanthanum and cerium metals have been carried out.

6.2 Experimental

6.2.1 Preparation of electrolyte

The starting materials such as rare earth oxicebgh Rare Earths Ltd), potassium chloride,
sodium chloride and lithium chloride with purity 9% (LR Grade) were used the present

experiment.
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The first step in the process was the conversioREfoxides to their corresponding chlorides.
The oxides were dissolved in hot hydrochloric §8@%% strength) at 353-373 K and the solution
was stirred till the formation RECKH,O crystals [160]. The dehydration of samples wased
by step wise heating up to 473 K for 24 hours inatgic vacuum of 0.1mbar and the evolved
water vapor was collected using a liquid nitrogep tdescribed in section 4.4. Mixture of LiCl-
KCI (1:1 mole ratio) was also dehydrated at 4730K I2hours to remove adsorbed moisture.
The anhydrous REgland LiCI-KCI mixture, intimately mixed in the remed proportion was
used as electrolyte for extraction of metal. SimExperimental procedure was followed for

extraction of RE metal using NaCI-KCI (1:1mole odtelectrolyte.
6.2.2 Electrolytic cell

The electrolytic mixture was charged into a graphstucible which served the purpose of
container material as well as anode. A molybdenurtuogsten rod with 6 mm diameter was
used as cathode. The cathode rod was sheathedcloge fitting alumina tube stuffed with
asbestos rope. The role of alumina tube was toeptethe rod from getting corroded with,Cl
gas formed during electrolysis. A schematic diagcditne electrolytic cell assembly is shown in
Fig.6.1 It consists of a vacuum tight inconel retort (@00 dia) fitted with a stainless steel
flange system having provision for placing cathoat# thermocouple, gas inlet and outlet tubes.
The graphite crucible was placed inside the incoetgdrt which was kept in a tubular vertical
resistance furnace as shown in Figure. The resisteurnace with temperature accuracy@2
was used to heat the cell up to the operating testyre. The electrolyte in the graphite crucible
was melted under the protective argon gas. The @eatyre of the bath was measured with a
protected K-type thermocouple. The negative teamai DC power supply was connected to

cathode rod and positive terminal to inconel retioatt eventually made graphite as anode. After
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equilibrating the bath for 1 hour at the operatldeanperature, pre-electrolysis was carried out
to remove residual water followed by electrolygmplging potential from a DC power supply.
Electrolysis was carried out at temperatures highan the melting points of the metals to be
extracted. To collect the metal deposited at cathadh alumina crucible was placed below it
inside the graphite crucible. The Alumina crucibled cathode rod were kept in such a manner
that the tip of the cathode rod remained just abthee alumina crucible. Electrolysis was
continued for a specific period and after eachtedsis, the cell was allowed to cool to room
temperature under the flow of argon gas. Cathodearw thermocouple were taken above the
electrolytic bath before allowing the furnace tmkctm prevent them sticking inside the salt. The
molten metal collected in the alumina crucible wesovered by washing the solidified molten
salt with water. The alumina being non-conductirepbhd to protect the metal from anodic
attack as well as from reaction with graphite doleci The amount of metal collected in each
experiment was found to be 200-300 gram in accamanith the amount of functional
electrolyte (REG) used.Figs.6.2, 6.3, 6.4 and 6.9ive the picture of lanthanum, cerium,

praseodymium and neodymium metals prepared bytitecamethod.
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Fig.6.1 Schematic view of the molten salt electrochensegiup

Fig.6.2 Electrodeposited product obtained from the elégsie of LaCk in LiCI-KCI flux.
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Fig.6.3 Electrodeposited product obtained from the elégsie of CeC} in LiCI-KCI flux.

l_!l‘.}ﬂnilﬁ!i.’:lsalll]!llllli;lllpitﬂglllllll

1t j9
et wvre .0

Fig.6.4 Electrodeposited product obtained from BAGCI-KCI electrolyte.

Fig.6.5 Electrodeposited product obtained from NgOCI-KCI electrolyte.
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6.2.3 Instrumentation

The extracted metal ingots were characterized bgydiffraction (XRD) and Energy dispersive
X-ray fluorescence (EDXRF) techniques. The chemaradlysis of the metal was carried out

employing Inductively Coupled Plasma-Atomic Emiss#pectroscopic (ICP-AES) technique.

6.3 Results and discussion:

6.3.1 Analysis of the electrodeposited metals

Fig.6.6, 6.7, 6.8 and 6.8how the Energy dispersive X-ray Fluorescence t&p€EDXRF) of
La, Ce, Pr and Nd metals obtained by electrolysiegss. The EDXRF spectra confirmed the
presence of RE metal only. No peaks due to the iitypphases could be observed. Lanthanum
and cerium metals were characterized by XRD usidgld/radiation.Fig.6.10 and 6.11show
the XRD pattern of cerium and lanthanum metals. dlgerved XRD pattern for the Ce and La
metals are found to match well with the reportettgpa of the metal corresponding to the
PCPDF file no 36-0815 and 78-0638, respectively.

The impurities present in the deposited metalsyaedl by ICP-AES technique were found to be
around 0.5 wt %. Impurity from cathode material wasnparatively more when molybdenum
was used as cathode rod compared to tungsten hosl.cbuld be due to higher solubility of
molybdenum in rare earth metal compared to tungst@perating temperature. Carbon impurity
in the metal was determined to be around 0.01 wty%acuum fusion method. Concentration of
K, Na and Li were determined by Atomic AbsorptigmeStroscopy (AAS) analysis and found in
ppm level. The gaseous impurities of hydrogen,ogi#n and oxygen were also found in ppm

level.
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Fig.6.6 EDXRF spectra of the electrodeposited product fta@l;-LiCI-KCI electrolyte

Fig.6.7 EDXRF spectra of the electrodeposited productinbtafrom CeGH-LiCI-KCl

electrolyte.
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Fig.6.8 EDXRF spectra of the electrodeposited productinbthfrom PrCi-LiCI-KCI

electrolyte.
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Fig.6.9 EDXRF spectra of the electrodeposited productinbthfrom NdC4-LiCI-KCl

electrolyte.
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Fig.6.10XRD plot of the electrodeposited product from LaOICI-KCI electrolyte
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Fig.6.11XRD plot of the electrodeposited product obtain@af CeC}-LiCI-KCI electrolyte.
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6.3.2 Electrolytic reaction

The cell reactions can be represented as follows.
C (graphite), Cl,(g)|RECl; — LiCl — KCI|RE3*/RE,Mo (When molybdenum was used as

cathode and LiCI-KCl was used as carrier electe)lyt

T>Tm
Overall cell reactior2RECI; (1) R 2RE°(1) + 3Cl,(g) (6.1)

T is the temperature of operation ang 3 melting point of RE metal. During the electratys
process, RE ions were reduced to RE metal and degasn cathode surface in liquid form,
which are then collected in an alumina crucibletk®gow the cathode rod. The difference in the
density of RE metal and molten salt (6 gm/cc anah/2g, respectively) helped the metal to settle
at the bottom of the alumina crucible. At anoddeane, chloride ions form chlorine gas by. The
chlorine gas released during the process was effgctswept out from the electrolytic cell by
bubbling high purity argon gas in the molten elelgte. In order to prevent air pollution and
toxicity of chlorine gas, the evolved L£fas was converted ta0Cl(aq) by dissolving in

sodium hydroxide solution according to followingcéion

Cl,(g) + 2NaOH (aq) Tt NaCl(aq) + NaOCl(aq) + H,0(1) (6.2)

Current efficiency for the electrowinning procesasvealculated as per Faraday’Sadw by
following expression:

n= %X—%goox 100 (6.3)

n represents current efficiency (%), W = mass ofaing¢posited (gm), e is the electrochemical

equivalent of the metal (g), Q is the quantity béaige passed through the electrolytic cell (Col).
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6.3.3 Relation between electrolytic temperature andurrent efficiency

The effect of temperature on current efficiencythia electrowinning of all the four metals (i.e.
La, Ce, Pr and Nd) was summarizedFig.6.12 Experiments were carried out at a constant
cathode current density in a bath containing 40 \REECk in equimolar LiCI-KCIl melt.Table-
6.1 shows the typical operating data for electrawvig of RE metal from REGILICI-KCI and
RECk-NaCl-KCI electrolytes chosen for this study. Teenperature of electrolysis was raised in
20 K intervals. From fig. 6.12, it could be obseftvihat the temperature at which, cerium,
lanthanum praseodymium and neodymium yielded maxiretficiency were 1173 K, 1223 K,
1233 K and 1323 K respectively. The optimum temjueeaobtained in the electrowinning of La,
Pr and Nd metals were found to be 30-40 K abovertéking point of these metals. The current
efficiency obtained just above their melting tengperes is low because of the higher surface
tension of the liquid metal formed which resultsgoor coalescence of metal droplets. At
optimum temperature (30 to 40 K above melting pothe surface tension of metal droplet
decreases which enhances the coalescence of maédtd resulted in higher recovery. At much
higher operational temperature current efficiergyow due to the increased solubility of the
metal in the melt [75]. At high temperature, the Rtetal formed at cathode redissolved in

molten chloride according to following reaction 16

Yields
RE + 2RECl; «— 3REC, (6.4)
Yields
RE +3MCl «—— RECl; + 3M (6.5)
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Mass of supporting electrolyte (LiCl + KCI) or (NBEKCI) 600 g

Mass of functional electrolyte (RESJI 4009
Applied current 31A
Cathode current density 10 A ém
Voltage measured 451t05.5
Duration of electrolysis 3 hours

Table-6.1 Typical operating data chosen to study the efdétemperature on current efficiency
in electrowinning of RE metal from RELLICI-KCIl and REC-NaClI-KCl electrolytes.

In case of cerium the optimum temperature of op@rat/as found to be 100°C above its melting
point. This is because cerium has a lower meltiammperature where the viscosity and
conductivity of the melt is poor which results aw efficiency.

It can also be observed keeping above mentionegerture of the corresponding metal, the
efficiency decreases from lanthanum to neodymiuhe difference in the observed efficiency

could be explained by the increase in the operatitamperature. Except for Ce, the operational
temperature increase from La to Nd. The evapordtisa of electrolyte at higher operational

temperature resulted in low efficiency of the psx:elThe lower efficiency in the case of Ce as

compared to La can be attributed to cyclic oxidaad reduction of G&Ce** [58].
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Fig.6.12 Relationship between current efficiency and opegtitemperature in the

electrowinning of RE metals using REG40wt%)-LiCI-KCI electrolytes. (RE = La, Ce, Pr and
Nd).

6.3.4 Effect of concentration of functional electrlyte on current efficiency

The effect of electrolytic composition on currefftaéency is illustrated irFig.6.13 Here
the wt% of REG] was varied keeping the current density (cathodecanodic) and the operating
temperature constant. Table -6.2 shows the typigatating data for electrowinning of RE metal
from RECE-LICI-KCIl and RECE-NaClI-KClI electrolytes chosen for this study. Itsvabserved
that there is an improvement in current efficiemgyh increase in concentration of functional
electrolyte (REG), which is the indication of mass transferred ooligd phenomena. At higher
concentration of REGg|Ithe electrolyte becomes more viscous which resatb lower current
efficiency [58].The poor result at low concentratiof RECE may be due to the codeposition of

solvent ions along with RE ions. The optimum conion of RECS for deposition of rare
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earth metal was found to be 30-50 wt % in both 4Cll and NaCl-KCI mixturesFig.6.13
gives the plot of current efficiency as a functmfinconcentration of REglat constant operating
temperature. From the figure it could be observet the optimum concentration of RECI

decreases from La to Nd, which could be due todé@ease in solubility of RECIn molten

chloride.
Mass of supporting electrolyte (LiCl + KCI) or (Ne€EKCI) 600 g
Mass of functional electrolyte (RESJI 100-800 g
Applied current 31A
Cathode current density 10 Aém
Voltage measured 45106
Duration of electrolysis 1 hour

Table -6.2 Typical operating data chosen to study the eftéatomposition of electrolyte on
current efficiency in electrowinning of RE metabrin REC}-LICI-KCl and REC-NaClI-KCI

electrolytes.
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Fig.6.13 Relationship between current efficiency and etdgte composition of LiCI-KCI-
REC systems obtained on a molybdenum electrode at.@@iAat T=1223 K for La, T=1173
K for Ce, T=1233 K for Pr and T=1323 K for Nd.

6.3.5 Effect of cathode current density on currenéfficiency:

The effect of cathode current density (CCD) on enirrefficiency was studied in LiCl-
KCI and NaCI-KCl meltsFig.6.14 shows the variation of current efficiency in the @@ the
range 5-18 A/crhin the electrowinning of La, Ce, Pr and Nd in LTI melt. Table-6.3 shows
the typical operating data for electrowinning of Rietal from REGHLICI-KCI| and REC-
NaCl-KCI electrolytes chosen for this study. Frome figure, an improvement in the current
efficiency could be observed with increase in CQD dll the metals. With higher CCD, the
kinetics of migration of lanthanide ions towardsthcale surface increases which help in
depositing metals at a greater speed. Howeveryatyahigh current density, the codeposition of
solvent ions resulted in high negative potentiatathode and hence there was fall in C.E. The
optimum CCD for deposition of the RE metals underspnt investigation was found to be 12
Alcm? in LiCI-KCI and 14 A/cni in NaCIl-KCl melts. The higher current density rieqd in

NaCl-KCl melt was probably due to the higher visgosf bath compared to LiCI-KCl melt.
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Higher current efficiency was also observed in @I melt compared to NaCI-KCI melt. The
range of stability and greater fluidity of LiClI-K@iver NaCI-KCI solvent could be the possible

reason for this trend as described by some researfrb].

Mass of supporting electrolyte (LiCl + KCI) or (Ne€KCI) 600 g
Mass of functional electrolyte (RES}I 400 g
Applied current 15.5t0 55.8A
Cathode current density 5 tol8 Atm
Voltage measured 3.5t08
Duration of electrolysis 2 hour

Table-6.3 Typical operating data chosen to study the efféd€@D on current efficiency for
electrowinning of RE metal from RE£ELICI-KCI and RECk-NaCl-KCl electrolytes.

{| —m—s50wt% Lacl, at 950°C

—@—40 wt% CeCl at 900°C \
®
80 \

-A—40 wt% Prcl, at 960°C

—w—30 wt% NdCl_ at 1050°C A \

eo-— ‘% S
. %

20 4 A /

Current Efficiency(%)

CCD(Acm?)

Fig.6.14Relationship between CE and CCD obtained in tbetedlysis of LiCI-KCI-REC}
systems on molybdenum at mentioned temperature@mngosition of electrolyte.
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6.3.6 Effect of electrolysis duration on yield andurrent efficiency

Fig.6.15shows the metal yield and current efficiency alediwith time in the electrowinning of
lanthanum metal. Typical operating data for eleginming of La metal from LaGiLICI-KCI

and LaC4-NaCl-KCl electrolytes chosen for the present itigegion is mentioned in table-6.4.

It is evident from the figure that short duratioh @ectrolysis resulted in higher current
efficiency which steadily reduced with the increasethe electrolysis time. The decrease in
current efficiency with time can be explained daelte increase solubility of metal deposit in
the molten salt due to longer time of contactsltiso observed that metal yield increases with
electrolysis time. However, after a certain timield/ increases marginally but current efficiency
decreases drastically. This is due to the factdftat consumption of a certain concentration of
functional electrolyte during the electrolysis pess, the applied voltage reaches the over
potential limiting of solvent deposition. Therefa#ter optimum duration (4 hours in this case),
the deposition of solvent ion occurs with functibimam which reduces the current efficiency. In
this case, it is observed that after 85% recovérh® metal, the maximum fraction of current
used in the deposition of solvent ion. Therefongrent efficiency reduces. Maximum metal
yield of 85% was obtained when 25% excess charge passed over the theoretical charge
required for complete decomposition of LaSImilar behaviors were also observed in the

electrowinning of cerium, praseodymium and neodymiuetals.
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Mass of supporting electrolyte (LiCl + KCI) or (NBEKCI)
Mass of functional electrolyte (RESJI
Applied current
Cathode current density

Voltage measured

600 g

400 g
31A

10 Aém

451t05.5

Table-6.4 Typical operating data chosen to study the eftécelectrolysis time on yield and
current efficiency in the electrowinning of La metom LaCk-LiCI-KC| and LaCk-NaClI-KCl

electrolytes.
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Fig.6.15Metal yield and current efficiency obtained wititme in the electrowinning of lanthanum

metal.

6.3.7 Effect of single carrier electrolyte:

Extractions of lanthanum and cerium metals werdistluusing single carrier electrolyte such as

KCI, NaCl and LiCl. Fig 6.16 showed the effect a1 on CE in the electrowinning of lanthanum

metal using single carrier electrolyte. Here, tippli@d voltage in the electrolysis was slightly

higher compared to LiCI-KCI or NaCI-KCI electrolyt&he current efficiencies obtained in the

single carrier electrolyte are found to be low hattobtained in mixture solvent. However, the
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purity of metal was comparable to that mixed sdlvefrhe current efficiency single carrier
electrolyte was found to be in the order KCI>NaGQEGIL The lower current efficiency for NaCl

and LiCl compared to KCI could be due to formatadrhigher order lanthanide complex in these
solvent [162].The bulkier complex formed in caséNaiCl and LiCl resulted in slow mass transfer
which eventually makes the current efficiency ldtmay be related to the solubility of lanthanide

chloride in the salt. However a detailed explamatiad experimental evidence was not obtained so

far by us.
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Fig.6.16Relationship between CE and CCD obtained in teetedwinning of lanthanum from

the electrolytic composition containing 40wt% ofClain LiCl, KCl and NaCl respectively.

6.3.4 Conclusion

Electrowinning process has been successfully dpedldo produce Lanthanum, Cerium, and
Praseodymium and Neodymium metals with more th&h @@rity from their corresponding
chlorides. The process parameters for maximum wgure#ficiency such as composition of
electrolyte, operational temperature, and cathanleent density have been standardized for the

extraction of these metals in both LiCI-KCI and NKCI solvents. The standardized parameters
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are summarized iMmable-6.5 It is proposed to get higher current efficiencsing these

standardized parameters by operating the eledtrobgll in continuous or semi-continuous

mode.
Metal Optimum Temp Optimum Conc. Optimum CCD
LiCI-KCl  NaCI-KCl
La 1223 K 50 wt% LaCh 12A/cnf  14Alcnf
Ce 1173 K 50 wit% CeC{ 12A/cnt 14A/ent
Pr 1233 K 40 wt% PrCj 12A/cnf  14Alcnf
Nd 1323 K 30 wt% NdC 12A/cn?  14Alcnf

Table-6.5Standardized parameters in the electrowinning ofdeg Pr and Nd metals in LiCl-
KCI and NaClI-KCI carrier electrolytes.

6.5- Verification of optimized parameters by Taguchmethod:

Taguchi method [163] is a multi-parameter optim@atprocedure, which is very useful in

identifying and optimizing dominant process pararetwith a minimum number of

experiments. Taguchi method has been adopted iprésent work to select the most influential
parameters and their effect on electrowinning mscelhe three key parameters in the
electrowinning process i.e. temperature, conceatraif electrolyte and cathode current density
have been selected and varied in three differarglde which makes it a 3 factor three level
system. The method [164] is based on an orthogarraly set of experiments with various
combinations of parameter levels. Output of théaagbnal array, which indicates the relative
influences of various parameters on the formatibthe desired product, is used to optimize an

objective function. There are three types of objecfunctions: larger- the-better, smaller-the-
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better and nominal-the-best. The influences arenconty referred in terms of S/N (signal to
noise) ratio.

For optimization of electrolysis parameters to bigghest current efficiency, larger-the better
type of objective function has been used. Here,etkect relation between S/N ratio and the

signal is given by

%= —10log (%)Z?y%z (6.6)

‘yi’ is the average measured current efficiencye Bffect of a parameter level on the S/N ratio
(mi) and the relative effect of process paramdt®rs) can be obtained computed using

following relations

=)z o7
&
Sum of squares (SOS) X'/ N; (m; — (m;))? (6.8)

m; represents the contribution of each parametet tev®/N ratio,(m;)is the average of s for

a given parameter and the coefficient anddyresents the number of times the experiment is
conducted with the same factor level in the ergkperimental region. SOS is obtained by using
Egn (10). This term is divided by corresponding rdeg of freedom (DoF = number of
parameter level minus 1) to derive relative impoctof various experimental

parameters by following equation

_ S0s
Factor effect = IDOFX 3505 /DOF)] (6.9)
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Several researchers [165-166] have extensively thsgdechnique in optimization of parameters
in various processes. Here optimum conditionsHerelectrowinning of praseodymium metal in

LiCI-KCI melt were determined employing Taguchi imed.
6.5.1 Selection of parameters for Taguchi optimizain:

The objective is to verify the optimum operatingndiion in the electrowinning of
praseodymium metal. Three parameters in three rdiffelevels have been identified for
optimization. These are Temperature (1213 K, 123K 1253 K), wt% of Prgl(20%, 40%,
60%) and cathode current density (8AfcttRA/cnt, 16A/cnf). Table-6.6 shows the parameters
and their levels. This is a three-parameter-theselldesign. Therefore, L-9 orthogonal array has

been chosen as per design and same has been pdesdrable-6.7.

Parameters Levell Level2 Level3

Temperature(K) 1213 1233 1253
W1t% of PrCg 20 40 60
CCD(A/cnf) 8 12 16

Table-6.6 Taguchi parameters and their levels
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.No.

experiments Temp Cd Conc efficiency S/IN

1 1213 8 20 46 33.26

2 1213 12 40 63 35.99

3 1213 16 60 45 33.06

4 1233 12 60 65 36.26

5 1233 8 40 60 35.56

6 1233 16 20 40 32.04

7 1253 8 60 38 31.60

8 1253 12 40 55 34.81

9 1253 16 20 52 34.32

Table-6.7L9 Orthogonal array according to Taguchi method

Parameters Level mi <mi> SoS %effect

1213 34.10
Temp(K) 1233 34.62 34.10 0.55 9.54

1253 33.57
8 33.47

CCD(A/cnr) 12 35.68 34.10 3.82 66.62
16 33.14
20 34.38

Conc. (wt %) 40 35.29 34.44 1.37 23.82
60 33.64

Table-6.8Effect of each parameter on current efficiency

The results of the experiments as per the L-9 aralthe corresponding S/N ratios are given in

Table 6.6.The effect of each parameter on the current efficy is shown iTable-6.7.1t can

be observed frontable 6.8,that cathode current density has the maximum ef@&62%) and
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the temperature and concentration of electrolyteeHass effect. The effect of concentration of
functional electrolyte is more than effect of temgtere. Column 3 iTable-6.8 represents the
effect of different parameters on S/N ratio in #lectrowinning of praseodymium metal .It
predicts that the best conditions (correspondinghighest S/N) to get maximum current
efficiency in the electrowinning of praseodymiumtateare Temp=1233 K, Conc. = 40wt% of
PrCk and CCD= 12A/crh

Conclusion: The results obtained from Taguchi calculation srewell agreement with the
results obtained in our study. This model was applied to validate the optimized process
parameters obtained in the electrowinning of lamtima and cerium metals. The dominant factor

which greatly affects the current efficiency waarfd to be CCD.

6.4 Determination of solubility of RECk in molten alkali chloride

melts:
Solubility of RECEin molten salt media i.e. in LIiCI-KCI or NaCl-KCl edium is an important

parameter in determining the current efficiency gredd in the electrowinning of RE metals.
The data on solubility of individual rare earth @idle in molten alkali chloride melts are not
available in the literature. To understand thedrencurrent efficiency in the electrowinning of
RE metals, solubility of individual RE€both in LiCI-KCI and NaCIl-KCI medium were carried
out in the present investigation.

The molten salt mixture LagLiCI-KCl was vacuum sealed in8mm diameter Pyrelzetand
1173 K. The salt mixture was equilibrated at tleamperature for more than 2 hours and then it
was quenched to room temperature immediately. Sufrttee un-dissolved rare earth chloride in
the bottom of the Pyrex tube was clearly obseriée: upper portion of the tube was colorless

showing complete solubility. Lanthanide ion soliiin the molten salt mixture was measured
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by quantitative measurement of lanthanide conceotrdrom upper solidified portion of the
melt by ICP-AES analysis. In case of La and Cesalised La (lll) and Ce (lIl) in LICI-KCI are
colorless but the undissolved chloride is whiteahihis clearly visible to the naked eye. Similarly
in case of Pr and Nd, dissolved Pr (lll) and Nd)(Wwere colorless, whereas undissolved
chlorides were green and pink in color for Pr amtirdspectively.

To verify the results obtained in the above memtprocess, solubility test was conducted in
another way. The salt mixtures i.e. LiCI-KCI (1\as first melted in an alumina crucible under
an argon atmosphere at 1173 K. Calculated amouamlofdrous REGIwas put into the treated
LiCI-KCI melts and the molten mixture was allowedequilibrate there for sufficient time. Very
small sample was pipetted out from the mixture e tmolten state itself. The total
concentrations of lanthanide ions in prepared seti® measured by inductive coupled plasma-
atomic emission spectroscopy (ICP-AES) analysis. véoify the vaporization loss of the
RECkfrom the molten salt mixture was also studied bylecting the sample at various
interval.itb was observed that vaporization behawafoRECE is almost negligible in the alkali
chloride melt in the experimental temperature. #swobserved that the results obtained from
both the experiments were consistent with eachro8imilar experiments were carried out for

the solubility of REQ in NaCI-KCI melts also. The results obtained dreven in Table-6.9 and

6.10.
Solute Solubility in wt% (from EXPT-1)  Solubility (from EXPT-11)
LaCl; 40.3 40.1
CeCt 35.8 34.6
PrCk 26.9 26.8
NdCl; 20.5 19.8

Table-6.9Solubility of REC} in LiCI-KCI electrolyte measured at 1173 K.
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Solute Solubility in wt% (from EXPT-1)  Solubility (from EXPT-I11)

LaCl; 39.5 40
CeCk 36.2 35.8
PrCk 25.7 25.2
NdCl; 17.5 18.2

Table-6.10 Solubilityof RECE in NaCl-KCI electrolyte measured at 1173 K.

From the results it is clear th&ECkis more soluble in molten LiCI-KCI media compared t
NaCl-KCl media. The solubility of Laglwas found to be highest and Nd@las lowest in both

the media.

6.6 Summary:

In this chapter, the effects of process parametersurrent efficiency in the electrowinning of RE
(La, Ce, Pr & Nd) metals were studied in two molgatts; LiCI-KCl and NaCl-KCI. The three
important process parameters i.e. temperature, asitign of electrolyte and cathode current
density were optimized to get highest current efficy for each of these four rare earth metal.
Variation of current efficiency with the changethre molten salt media and the variation across
the different rare earth metal ions have been tigeged. Current efficiency for the electrowinning
of La, Ce, and Pr metal using molten chloride etdgtes was to be in the range of 70-90% which
definitely more than the value reported in therdture which is 50%. The current efficiency
obtained in the present investigation with chloridedium has been compared with the current

efficiency obtained in oxide-fluoride media in Tald.11.
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Metal Molten salt media Current efficiency (%)

La Oxide-Fluoride 75-90 (59)
Chloride(present study) 88

Ce Oxide-Fluoride 75-90 (60)
Chloride(present study) 85

Pr Oxide-Fluoride 80 (61)
Chloride(present study) 75

Nd Oxide-Fluoride 70 (62)
Chloride(present study) 40

Table-6.11 Comparison of current efficiency value in chloriggesent study) and oxide-fluoride
media (literature).

It is evident from the table that the current e#ficy obtained in the electrowinning of lanthanum;
cerium and praseodymium in chloride media are coafpea with that of oxide-fluoride media. It
can be noted that the current efficiency was deatexthin continuous mode operation in case of
oxide-fluoride media as compared to batch mode atjper in the present investigation. The
current efficiency obtained in this case can bestartially improved with the continuous mode
operation.

Neodymium electrowinning from the chloride elecytek is perhaps not the best method for the
production of neodymium metal. The low current @éfncy observed in the electrowinning of
neodymium metal in molten chloride electrolysis Idooe due to low solubility of Ndglin LiCl-

KCI or NaCI-KCI melt. Slow diffusion co-efficientfdNd ion, existence of divalent ion in the
molten chloride salt (evident from chapter-V) anaessive vaporization of electrolyte due to
higher operational temperature could be responsiole low current efficiency in the
electrowinning of Nd metal. The optimized parametéerived in each case were verified using

Taguchi method.
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Although a slightly higher current efficiency wabserved in the electrowinning of metals from
molten LiCI-KCI electrolyte compared to NaCl-KCleetrolyte, from industrial production point

of view NaCl-KCI has the advantage over LiCI-KCledio its low cost. Regarding the use of only
one carrier electrolyte, some more investigatiomsdefinitely required to make any meaningful
conclusion. In the study, a method for the effitieeutralization of chlorine gas has been
established, where the evolved chlorine gas isggagough sodium hydroxide solution to form
sodium hypochlorite which is a commonly used bl@aglagent in many households. Containment

of chlorine is a critical factor which may find vadspread acceptance in the electrowinning

process.
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CHAPTER-VII

ELECTROCHEMICAL DEPOSITION OF RARE
EARTH (RE) ALLOYS
7.1 Introduction:

Electrochemical synthesis of alloys and compousds very efficient tool to produce materials
and coatings [167-169]. It is performed most offieim aqueous solutions. However, due to the
limiting factor of hydrogen evolution and small potial window, alloys consisting of more
electronegative metals cannot be electrodepositedqueous electrolysis process. Therefore,
Alloys [170] and compounds [171] having more electgative metals are usually produced
from molten salts. Molten salt electrochemical psxis a powerful method to develop rare
earth alloys. This process has some advantagesrnms tof batch size, homogeneity of alloy
composition and ease of operation which facilitatesexpensive mass production.
Electrochemical technique is useful in significgnttducing the production cost of rare earth
alloys. There are two methods employed in the matdt electrolysis process to produce alloys.

1) Electrochemical co-deposition technique

2) Consumable cathode technique
Choice of either of these two methods depends erelctrochemical nature and reactivity of
the alloying elements. The electrolytic codepositinethod involves simultaneous deposition of
two metal ions from the electrolyte on the cathodeparation of La-Mg alloys by
electrochemical co deposition of Mg (Il) and Lal)(lions on a molybdenum cathode from

molten chloride electrolyte has been studied h&tee electro reduction of rare earth on a
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reactive cathode to yield the alloy directly isledl as consumable cathode technique. The
preparation of neodymiume-iron alloys from molterit sdectrolysis in a chloride bath using a

consumable iron cathode has been studied here.
7.2 Electrochemical codeposition technique:

In co-deposition technique, the electrolyte (molsait) consists of two electrochemically active
cations, with their known concentrations. The aatiare considered to co-deposit on the surface
of the same inert cathode in their metallic stdteming different possible phases under the
influence of the outer electric source. Producbbha-Mg alloy was studied by this technique.
La-Mg alloys:

Rare earth-magnesium intermetallic have attractegtast in the recent past due to technological
important properties such as high temperature ldyctorrosion resistance and low temperature
superconductivity etc. [172-173].The high hydrogéorage capability of lanthanum-magnesium
intermetallic is relevant for hydrogen storage &dNi-MH batteries [174-176]. Some La-Mg
compounds have enhanced effect on hydrogen abmorpid desorption kinetics in various

materials [177-179].

The traditional method for producing the La-Mg glis pyro-metallurgical, which involves the
metal mixing and thermal reduction processes. Blo#ise processes have their limitations like
micro-segregation and small batch size [180]. Thpseblems can be circumvented by

employing molten salt electrolysis process.
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7.2.1 Basic electrochemical study:

In this work, the electrochemical co-reduction ofyNll) and La (lll) ions was investigated
employing transient electrochemical techniques arofybdenum electrode in LiCI-KCI-Mggl
LaCl; melt.

7.2.1.1 Cyclic voltammetry:

Fig.7.1lillustrates the cyclic voltammograms obtained om@ybdenum electrode in the LiCl-
KCI-MgCl; (2 wt%) melt before and after addition of La@ 773K.The black line in the figure
corresponds to the cyclic voltammogram without lza&Hd red line correspond to the spectra
after addition of LaGl (5wt%).The cathodic peak A at -1.70 V in the redve was attributed to
the deposition of Mg (evident from the black cuna)d anodic peak Al correspond to the
dissolution of Mg metal. After addition of Lag lthere was substantial increase in the cathodic
current at an potential of around -1.8 V which cobé due to the under potential deposition of
La(lll) on deposited Mg layer or due to the co-dapon of La(lll) and Mg(ll) to form La-Mg
alloy. The cathodic signal C at -2.1 V was ascridedthe deposition of La (lll) and

corresponding anodic peak C1 corresponds to tleldison of La metal.
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Fig.7.1 Cyclic voltammogramms obtained on molybdenum electrodgGh-KCI-MgCl; In the
presence and absence of Ls.

7.2.1.2 Open circuit potentiometry

OCP is an suitable electrochemical technique tdysthe possible formation of an alloy at 1
working electrodd=ig.7.2 corresponds to the OCP of the electrode versus obtained after
potentiostatic electrolysis a2.4 V for 10 minutes. Thérst platue corresponds to t-1.99 V
was related to the equilibrium potentialLa (lll)/La system. The second platue corresponc
the -1.70 V was attributed to the formation of-Mg alloys. The third and last platue-1.66 V

was related to the MyMg redox couple
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Fig.7.20pen circuit potentiogramm of LagZMgCl,-LiCI-KCI system at molybdenum electrode

at 773K, Bppie-2.4 V.

7.2.1.3Potentiostatic electrolysis and characteritian of La-Mg alloys:

Based on the results of CV and OCP studies, potatic electrolysis was carried out at -1.80 V
for 30 minutes on molybdenum electrode in LiCl-K@élt with 5.0 wt% of MgG and 2 wt%
LaCls. The XRD characterization of the product shows finenation of LaMg and LaMg
alloysFig.7.3shows the XRD pattern of La-Mg alloys obtainedpoyentostatic electrolysis at -
1.80 V for 30 minutes from LiCI-KCI-LaGl (2wt%)-MgChL (5wt%) electrolyte. Similar
experiments were carried out with different composiof electrolyte and ICP-AES analysis of
the obtained products are shownTiable-7.11t was evident from the study that with varying

concentration of LaGland MgC} in the electrolyte the alloy composition can batoalled.
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Fig.7.3XRD pattern of La-Mg alloys obtained by potenttistalectrolysis at -1.80 V for 30

minutes from LiCI-KCI-LaC} (2wt%)-MgCh (5wt %) electrolyte

Sample No MgCl, conc. LaCls conc. La content Mg content

(Wt %) (Wt %) (Wt %) (Wt %)
1 2 6 84.2 Bal.
2 2 5 77.8 Bal.
3 3 5 74.3 Bal.
4 3 3 39.7 Bal.

Table-7.1ICP-AES analysis of the obtained products with wragyconcentration of Laglnd
hﬂg(:b.
7.2.1.4 Conclusion

Electrochemical co reduction behavior of Mg (lI)ddra (I1l) ions was investigated in LiCI-KCI-

LaCl;-MgCl, electrolyte on molybdenum electrode employing icysloltammetry and open

208



circuit potentiometry studies. It was concludedt thmect electrodeposition using MgGind
LaCl; in molten chloride electrolyte has the potent@al the industrial production of La-Mg

alloys.
7.2.2 Bulk preparation of La-Mg alloy:

With this background, we studied the preparationLatMg alloys by electrochemical co
deposition of Mg and La on a molybdenum cathodmft@Ck-MgCl-KCI melt. Here KCI was
only used as carrier electrolyte instead of LICHK@sed in the CV study) to increase the
potential window of the solvent and thereby supprd® possible co-deposition of Li (I) ion.
The main aim was to see the feasibility in obtagnthe intermetallic compounds of La-Mg
alloys particularly in molten state. So, the elelgtiic cell was operated above 1073 K in order to
obtain the intermetallic compounds in molten stétethis study, the preparation of different
phases of La-Mg alloys in La&MgCl,-KCI melt was investigated. The phase control ofMg
alloys with variation in LaGland MgC} concentration in the electrolyte was studied. &tfiect

of experimental parameters like temperature, cahodrrent density (CCD) on current
efficiency was also investigated.

Description regarding electrolytic cell is giventime section 6.1.3The schematic of the cell is

given in theFig.7.4

209



A .
Y () oc]
+)

PR Gas outlet
——— Gas inlet

Thermocouple

Molybdenum cathode
Inconel Retort

«— Fumace

Graphite anode

Alumina Crucible

Fig.7.4Schematic of the molten salt electrolytic-up used in our study for -Mg alloy

production.

7.2.2.1Results and Discussion

7.2.2.1.1Effect of electrolyte compositior

The molten salt bath used in this study consistelda€l;, MgCI2 and KCI where La(; and

MgCl, acted as functional electrolyte and KCI as carmelectrolyte. The function of KCl is 1

increase the electrical conducty and reduce the viscosity of baffable7.2 shows the current
efficiency with the change in composition of carrieglectrolyte. The results show rate

deposition is slow in the composition where (Ls+MgCly): KCI ratio is 60:40 .Currer

efficiency stars increasing and reaches maximum where wt% of iKG0.when wt% KC

becomes more than 60 wt% current efficiency staesreasing due to -deposition of
potassium ions. Thus an electrolyte bath of (I3+MgCl,): KCI=40:60 was selected for tl

study.
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Wit% LaCk Wt% MgCl Wt % KCI Current

Efficiency
45 15 40 42
37.5 12.5 50 64
30 10 60 76
22.5 7.5 70 60

Table-7.2Current efficiency obtained with change in compgosiof electrolyte in the

electrodeposition of La-Mg alloys.

7.2.2.1.2Formation of alloys

Electrolysis was carried out at a constant curdemssity of 10A/crfiin LaCk-MgCl,-KCl melt

for 3 hours using molybdenum electrode at 1123r&ble-7.3 gives the composition of alloy
obtained with varying concentration of electrolifig.7.5 shows typical XRD pattern with La-
Mg, LaMg+LaMg,LaMg and LaMg;7 alloy phases. In the sample ‘a’, the peaks of dualylg
phase were obtained where the concentration of Mg@é 10%.The presence of strong LaMg
and LaMg phase was observed in sample ‘b’ obtaired the melt having 12% Mggin the
electrolyte. The pure LaMghase appears in the pattern where MgGhcentration in the melt
increased further to 15 weight %. Similarly inciegsconcentration of MgGlto 20 weight %
resulted in forming a new Lilg;7; phase. From the XRD pattern a-d, magnesium coirighe
alloy increases with increasing concentration ofQ¥gn the electrolyte.

XRD study which shows the existence of Laldpase at room temperature is an interesting
observation. According to phase diagram, LaMibase is only stable above 998 K temperature.

The existence of LaMgphase could be due to the slow decomposition k@t presence with
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molten salt. In the sample ‘C’, there may be presesf other phase in very low concentration

which is beyond the detection limit of XRD.

The ICP results are shownTiable-7.4which confirms the elemental composition of theysd

are consistent with the phase revealed by XRD.eb®ing concentration of magnesium ion
enhances the Mg deposition rate leading to formation of alloys inavhigher magnesium
content. Experiments were also carried out to sthdyeffect of electrolysis time on the phase
pattern of the alloysTable-7.5gives the phase structure of La-Mg alloys withyway duration

of electrolytic process. It is evident from the lealhat the duration of electrolysis process
doesn’t have any effect on the phase structurehefalloy. It therefore appears that phase
composition of the alloy can be controlled by vagyconcentration of Lagland MgC} in the

electrolyte.
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] 1 La,Mg,,
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| llll L. i
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£ ]
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Fig.7.5X-ray diffraction pattern of the products obtair®delectrolysis in LaGtMgCl,-KCI
(60wt %) melt containing a-10wt%, b-12.5wt%, c-1%wand d-20wt% of MgGl
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Sample Weight% Weight% of Weight% of Phase Products obtained

No. LaCls MgCl, KCI after cooling
1 30 10 60 LaMg
2 27.5 12.5 60 LaMg+LaMg
3 25 15 60 LaMg,
4 20 20 60 La,Mg7

Table-7.3 Phases of products obtained in the electrolysisa@fl;-MgCl,-LiCI-KCI electrolyte
at 850C temperature at cathode current density (CCP#fcnt for 3 hours duration

Sample No Phase La Content (wt %) Mg content (wt %)
1 LaMg 84.5 Bal.
2 LaMg+LaMg, 78 Bal.
3 LaMg; 74.3 Bal.
4 La,Mg:7 40.1 Bal.

Table-7.4 ICP-AES analysis of the samples obtained in thetrllysis of LaC}-MgCl,-LiCl-
KCI electrolyte at 1123 K temperature at cathodeeru density (CCD) of 10A/cfrfor 3 hours

duration.

Duration of electrolysis(hours) Phase obtained

2 LaMg,
3 LaMg.
4 LaMg,

Table-7.5 Effect of electrolysis duration on composition difetalloy obtained in the melt
containing 25wt% of LaGland 15wt% MgGlat 1123 K temperature at CCD of 10Afcm
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7.2.2.1.3 Microstructure Evolution

The SEM images of the identified products are shamwrthe Fig.7.6. The product shows
uniform distribution of particles in the alloy poaxd The average grain size of the alloys is
around 30um indicating the absence of grain growthe mapping analysis shows that

magnesium and lanthanum distribute homogenousbugirout the alloys.

Fig.7.6 SEM images of samples a-LaMg, b-LaMg+LaMg-LaMg and d-LaMg;7 obtained by
electrolysis in LaGFMgCl,-KCl electrolyte at 85U temperature at current density of 10A7cm
for 3 hours duration. Electrolytic Composition as8®6 LaCk+10 wt% MgC} + 60wt% KCI
b-27.5 wt% LaCGiH+12.5 wt% MgC} + 60wt% KCI c-25 wt% LaGhk15 wt% MgCh+ 60wt%
KCI d-20 wt% LaC+20 wt% MgC} + 60wt% KCI
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7.2.2.1.4 Current efficiency:

Current efficiency is the ratio between the actwaights of the material obtained upon the
theoretical weight calculated as per Faraday's l&st Mathematical equation for current
efficiency ) used in the present study has given below [181].

= w )(96500)(100
e

alloy

W-is the mass of the alloy deposit in (gm).

Cioy -is the electrochemical equivalent of the alloy

Q-is the quantity of electricity passed (Col)
Electrochemical equivalent of the alloy was caltedaas

€. X €yg

ealloy =

eLa\ X fMg +eMg X fLa

fmg and fa are the fractions in the deposit which were foontlfrom ICP-AES analysis of the
alloys. e, and g are the electrochemical equivalents of lanthanumd anagnesium

respectively.

The point to note here is the current efficiencyntitmed here has not been calculated for liquid
alloy. This has been calculated by taking into aberstion the total mass of the alloy and

fraction of individual elements of the solid masgaoned after electrolysis.

7.2.2.1.5 Effect electrolysis temperature on currdrefficiency

Fig.7.7 shows the relationship between current efficieacyl electrolysis temperature. The

alloys were obtained by electrolysis in the eldgtro bath containing 60 wt % of KCI, 30wt %
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of LaClk and 10 wt % of MgGIAIl these experiments were carried out at an @misturrent
density of 10A/crhfor 3 hours in the temperature range of 1073 @81Kith products obtained
after each experiments were consisting of only Lg-phase having lanthanum content of
84wt%.This shows the composition of products doatschange within the temperature range
studied here. Fromig.7.7it is clearly seen that with increase in elects@ytemperature, current
efficiency increased and reaching maximum of 85% ahereafter started falling. The

explanation here remains same as that in secti8.6.

80

70 4

60

Current efficiency (%)

50 g T g T y T : T g
1060 1080 1100 1120 1140 1160

Temp (K)

Fig.7.7 Effect of electrolysis temperature on current &ficy (CE) in the electrolytic bath
containing 60wt % KCI, 30wt % Laghand 10 wt % MgGl

7.2.2.1.6 Effect of cathode current density on cuent efficiency:
The relationship between cathode current densi@{Cand current efficiency is shown kig.
7.8The effect of cathode current density (CCD) on entrrefficiency were studied for CCD from

5-15A/cnt in the electrolyte consisting of 60 wt % of KCOQuit % of MgCh and 30 wt % of
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LaCls.La-Mg alloys were prepared by electrolysis at 1K2®r duration of 3 hours at different
CCD. Here also the product composition does nonhghawith current density. The current

efficiency increases with increase in CCD from 55%cn? and thereafter decreases. The

explanation remains same as in section 6.2.5.

20

80

70

Current efficiency (%)

60

T T " T T T T
6 9 12 15 18
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Fig.7.8 Effect of cathode current density (CCD) on currefficiency (CE) in the electrolytic
bath containing 60 wt % KCI, 30 wt% Laind 10 wt% MgGl

7.2.2.2 Conclusion:

La-Mg alloys were successfully prepared in the smltstate in 150-200g scale by
electrochemical codeposition of lanthanum and msigne ions in LaG-MgCl,-KCl
electrolyte Different phases of La-Mg alloys were prepared Mayying LaCy and MgC}

concentration in the electrolyte. The optimum ctinds were established to have high current

efficiency in the process.
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7.3 Consumable cathode technique:

In this technique, one component of the alloy keteas cathode. The other component/s of the
alloy is taken as functional electrolyte. Metal foom the functional electrolyte is deposited on
the reactive cathode during the electrolysis pree@sl forms alloy. In this process, the cathode
is consumed and hence this is called as consurnatilede technique. Nd-Fe alloy production

in this technique has been studied here.

Nd-Fe alloy:

The Nd-Fe alloys have attracted a lot of interestalpise it is used in the development of high-
performance magnetic materials based on the hagihetia compound NéFe4B. To have large
scale preparation of Nd-Fe-B alloy, it is necesdaryeduce the production cost of metallic
neodymium. The neodymium metal can be preparedalgfothermic reduction or molten salt
electrolysis. It is known that continuous productaf the molten salt electrolysis process offers
great advantage in reducing the cost of the préparacompared to batch mode of
metallothermic reduction process. But the currdintiency obtained in the electrolysis of Nd is
low as discussed in the chapter-V. This problenidcbe alleviated by direct production of Nd—
Fe alloy by reducing the electrolytic temperatusing consumable cathode (Fe) in molten

chloride electrolytes.
7.3.1Analysis of cyclic voltammograms:

Electrochemical reduction of Nd (lll) on iron elemie was investigated employing cyclic
voltammetry technique. The comparison of electratbal domain of NaCl-KCI electrolyte on
Fe electrode with that of molybdenum electrodéhmas inFig.7.91t is apparent from the figure
that the electrochemical window of the NaCl-KCI sl significantly smaller than that on the

molybdenum electrode although the cathodic limitmass same for both the
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casedig.7.1hows the comparison of the voltammogram obtainedaCl-KCl molten media
before and after addition of Nd{on iron electrode at 973K.The black curve represdme
spectra obtained in NaClI-KCI electrolyte and redveurepresents the spectra of NgNRCI-
KCI system. The peak correspond to the extremeadritie cathodic side is definitely due to
deposition of Na(l) ion which is the cathodic linoit the melt. After addition of Ndgin NaCl-
KClI melt two extra pair of cathodic/anodic signa(8/B1l, A/Al)) appeared in the
voltammogram. This corresponds to the participatbtwo phenomena. The first reaction step
A/Al, is associated with the electrochemical foloratand dissolution of Nd-Fe alloy and the
Nd (IlI)/Nd (O) redox reaction was responsible foe B/B1 wave [182]. The formation of Nd-
Fe alloy occurs at less cathodic potential becagseity of neodymium (@) in Nd-Fe alloy is
less compared to pure neodymium metal. Energy dise X-ray Fluorescence (ED-XRF)
analysis was employed to characterize the depogiteduct obtained after potentiostatic
electrolysis at -2.0 V for 10 minutefig.7.11 shows the EDXRF analysis of the deposited

product which confirmed the formation of Nd-Fe gltmn electrochemical deposition.
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Fig.7.9The comparison of electrochemical domain of NaCIEléctrolyte on Fe electrode with
that of molybdenum electrode
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Fig.7.10 Gmparison of the voltammogram obtained in NaCl-K®©lten media before and after
addition of NdC4 on iron electrode at 973K.
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Fig.7.11Fluorescence (ED-XRF) analysis of the depositedycbobtained after potentiostatic
electrolysis at -2.0 V for 10 minutes.

7.3.2 Bulk Preparation of Nd-Fe alloy:

The description regarding electrolytic cell remag@sne as given in theection-6.1.3The only
difference here is the cathode used in the La-Mganmation is an inert electrode(molybdenum)
where as consumable cathode iron(mild steel) wasl uis this case. The schematic of the

electrolysis set-up is shown kg.7.12.
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Fig.7.12Schematic of the electrolytic set-up used in theRgdalloy preparation

Here the electrolysis temperature was kept 1328 Knsure that Nd metal forms in the liquid
state at cathode and that neodymium reacts withrtme cathode to from Nd-Fe alloy. The
electrodeposited neodymium on cathode surface agaatth Fe to produce molten alloy

according to following reaction:

1323 K
Nd™ (1) + ne- —— Nd°(1)
1323 K
Nd°(l) + Fe(s) —— Nd — Fe alloy (1)
The liquid alloy dripped into an alumina crucibléaged just below the tip of cathode rod.
Typical product obtained in the experiment was shawFig.7.13and the EDXRF spectrum of

the product is shown iRig.7.14Characterization of the product by EDXRF techniqaefirmed
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the formation of Nd-Fe alloy. Typical alloy produmintains 85 mass % of Nd and 15 mass %

Fe.

Fig.7.13Photograph of the Nd-Fe product obtained in oueerment.

Nd

Fe

e
Nd -
UM

Fig.7.14EDXRF spectra of the obtained Nd-Fe product

7.3.2.1 Results and discussion

7.3.2.1.1Effect of concentration of electrolyte:
The effect of variation of concentration of NdCh the electrolyte on the current efficiency

(CE) was studied and the results are present&dbie-7.6. The CE was found to increase from
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12 to 45% as the concentration of the electrolytedases from 10 to 35 wt% .Further increase

in concentration decreases the current efficienbichvcould be due to increase in the viscosity

of the bath.

Conc. Of NdC} Current efficiency (%)

10 12
20 23
30 34
35 45
40 38
45 33

Table-7.6Current efficiency obtained with varying conc. a®@l; in the electrodeposition of
Nd-Fe alloy using NdCI3-NaCl-KClI electrolyte and ¢ahode.

7.3.2.1.2 Effect of cathode current density:
The relationship between cathode current densi@{Cand current efficiency is shown Hig.

7.15The effect of cathode current density (CCD) onenirefficiency were studied for CCD from
2-10A/cnf in the electrolyte consisting of 35 wt % NgThe applied voltage in this case was in
between 4-7V.The current efficiency increases withrease in CCD from 2-7A/cmand

thereafter decreases. The explanation remains aammescribed igection 6.2.5.
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Fig.7.15 Current efficiency obtained in the electrowinnirfg\al-Fe alloy with varying CCD.

7.3.2.2 Conclusion:

Nd-Fe alloy was successfully prepared in the mo#itate deposition of neodymium on iron
cathode using NdGIKCI electrolyte Typical composition of obtained products conta&386

Nd and 15% Fe. The electrolytic process has begtiest at 1323 K at varying amount of NdCI3
and with different CCD. The optimum conditions wesstablished to have high current
efficiency in the present electrochemical set-upe €urrent efficiency in this process was found

to be low.
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7.4 Summary:

Under this chapter, synthesis of two alloys name&Mg and Nd-Fe were studied by
electrochemical codeposition and consumable cattexdaique respectively. Basic information
of deposition in both the cases was evaluated usargsient electrochemical techniques like
cyclic voltammetry and open circuit potentiometry.

Bulk deposition of La-Mg alloy was carried out upibaCk-MgCl,-KClI electrolyte. Different
phases of La-Mg alloys could be prepared with vagyconcentration of electrolyte. The
operational parameters like composition of elegteml bath temperature and cathode current
density were varied to get maximum current efficierSimilarly bulk deposition of Nd-Fe alloy
was carried out in NdGIKCI electrolyte using iron cathode. Here also psscconditions were
varied to get maximum efficiency. It was observiedttgood current efficiency and yield was
obtained in La-Mg preparation where as in Nd-Fe= e&fticiency was poor. Three reasons could
be attributed for the poor efficiency in preparataf Nd-Fe alloy (i) slow diffusion of Nd (ll1) in

the melt (ii) slow diffusion of Nd and Fe atom twrh alloy (iii) higher operational temperature.

226



CHAPTER-VIII

CONCLUSION

In this work, the mechanism for the thermal dehidnaof RECE.XHO (X= 7, 6) viz.,
LaCl;.7H,O, CeCI3.7H20, PrGI7H,O and NdG.6H,O was established and the onset
temperatures of each dehydration step have beeerndaed from equilibrium thermo
gravimetric experiments. The vapor pressure of mater REC4.XH,O and the decomposition
products have been measured employing dynamicpiratisn technique. From the measured
vapor pressure data, thermodynamic parameters #©CIHXH,O and the decomposition
products such as standard molar Gibbs energy ohdton, standard molar enthalpy of
formation and standard molar entropy of have bemiveld. The derived thermodynamic data
have been used to predict condition for completaoral of water of crystallization from
RECkL.XH,0, require for maximum yield of RE metal in the adfelysis process. From this
study it is concluded that RE£LXH,O can be completely dehydrated by heating the hgdra
chlorides up to 200°Cunder a dynamic vacuum of*mii@ar. With this procedure, 500 gm per
batch of anhydrous REC(RE — La, Ce, Pr and Nd) have been prepared byddation in our
laboratory.

Electrochemical behavior of lanthanides i.e. La, Beand Nd in molten LiCI-KCl and NaCl-
KCI salts have been studied using transient elelstmical technique. The reduction mechanism
and diffusion co-efficient of lanthanide ions in ikem chloride mixtures have been investigated
by cyclic voltammetry. The diffusion co-efficierD) of RE (1) ions in molten salt mixture was

found to decrease with decrease in ionic radiuscinthas been attributed to the higher solvation
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of smaller ions forming bulkier complex. Similardyffusion co-efficient D of RE (lll) in LiCl-
KCI electrolyte was found to be higher that of N&@I electrolyte. The slow diffusion of RE
ions in NaClI-KClI electrolyte could be due to thgher viscosity of the melt. Reversibility of the
reduction reactions were also studied by analyzyajic voltammogramms obtained at different
scan rate. The nature of reduction of RE (lll) ib@sorresponding metal could be described as
qguasi-reversible to irreversible.

Process parameters for the extraction of light earth metals by molten salt electrolysis process
using LiCI-KCI and NaClI-KClI salt mixtures were haleen standardized. Lanthanum, cerium,
praseodymium and neodymium metals were electrowitin good current efficiency and yield
from their corresponding chlorides salts. The optim operating conditions have been
established for highest current efficiency in tiecgowinning process. Electrolysis of molten
chloride is found to be an efficient process far #xtraction of La, Ce and Pr metals, whereas,
production Nd metal by this process is found tddss efficient.

Electrochemical techniques such as electrochenuodeposition technique and consumable
cathode technique have been explored in the preémaraf rare earth alloys. La-Mg alloys have
been prepared following co-deposition techniqudiaBke information on reduction mechanism
has been generated from cyclic voltammetric anchapecuit potentiometric studies. La-Mg
alloys of different compositions in 150-200 gm schhve also been synthesized following co-
deposition technique. Operational parameters wésedardized to get maximum current
efficiency and yield in the process. Synthesis @f\lg alloy by this is found to be attractive and

the method is suggested for its large scale pramtuct

Consumable cathode technigue has been adoptetidasynthesis of Nd-Fe alloy, where Nd

metal was electrodeposited on iron cathode to fdd¥Fe alloy in NaCl-KCI-NdC electrolyte.
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In this case, the mechanism of formation of all®@svalso established from cyclic voltammetry
study. The bulk production of Nd-Fe alloy has beancessfully carried out using this method

and the operational parameters for maximum cue#itiency has been determined

Future scope of work

The data on the solubility of rare earth chloridesnolten LiCl, KCI and NaCl media which is

limited and needs to be generated in order to éurtimprove the metal yield. Similarly; vapor
pressure data of REELLICI-KCI and RECE-NaCl-KCl are required to minimize the loss
precious RE metal. These data will also helpfubnderstanding the current efficiency trend

among the lanthanides. These studies are plannéldeféuture course of work.
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