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Abstract

The influence of the lonic structure of clectrolvtes used in the electrodeposition of motyvbh-
denum. titanivm pand alumininy on the mechatism wnd kineties of mew! deposition is
discussed. Using electrochemicat methods of study and 2 cotpies thermodyuamie and phys-
ico-chenmcal anaivsis it was determined thet inoall die clectralyies investizated the electro-
diposition process ts significantly facilivated by the formation of complex antons with lower
symiuetry of the co-erdimation sphere, In the case of molybdenum deposition. complex
heteropolyanions are prabably created in the melt by the addition of 8,0, or S, to the
K.MoO -bused electrotyies. The electrodepositton of tianimn from the K, TiF-based clectro-
vies is enhanced by the formation of the less stable TiF . resp. TiF.C1*" anjons. In the
electrolysis of aluminium from ervolite glvming mehs the ereation of exyflucroaluminate
antons faciliiates ihe electrodeposition of alumimins, € 1997 Elsevier Science 5.4,

1. Introduction

The clectrodeposition of metals from mollen salts has been extensively studied
for many deeades. From an analysis of the Hierature it 3s clear that several types of
mollen systens have been tested as electroivies. On the basis of the electrouctive
species used they cun be divided into iwo principad groups:

{i) systems containing hato-complexes of the deposited metals,

(i} systems contalning oxides or oxy-complexes of the deposited metals.

In all of the systems investigated one of the most important tasks (o be solved is
to find the proper composition of the electrolyle with regard botk to the suitable
physico-chemtical properties of the clectrolyte and the desired characters of the
electrodeposited product. Both problems are closcly related to the actual structure,
i.e. the lonic composiiion of the melt.

Quite recently atlention was paid (o the role of oaides, cither as electroactive
species, as impurities or us additives in the electrodeposition of metals. This may be
derponstrated e.g. in the case ol electrodeposition of molybdenum {1,2], where the
electrolysis of neither pure K ;MoO,, nor the KF- K, MaQ, mixture vields a motyb-
denum depostt. However. by introducing small amounts of baron oxide, or silicon
dioxide to the basic mels. smooth and udherent violybdenum depostts may be
obtained [2.3].

In the present review we study the influence of different additives which change
the structure of the electrotyte (.. ionic composition) of the pure molten compound
on the electrodeposition of molybdenum, titanium und aluminium wsing a voltanme-
tric method. Based on measurements of the nhase equilibrium. density. electrical
conductivity and viscosity and using the complex physico-chemical apalvsis of the
etectrolytes, conclusions about the probable structure of clectroactive specics present
in the clectrolyte as well as on thelr electrochemica! stability were made.

2. Fhermodypamic appreach

In genersl, the mehts investigated represent multi-component systems of inorganic
salts and oxides or oxygen-coniaining compounds, in which chemical reactions take
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place. The chemical equilibrivm in the melt depends on the composition and temper-
ature, The miiuence of composition plays the most imporlunt role. while the chaage
in temperature does not affect the cquilibrium dramatically

A physico-chemical analysis. based on the results of the measurements of phase
equilibrivm. density. cleetric conductivity and viscosity of the melts and combined
with the clectrochenical study of elecivolvies. X-may phase analysts and 1R, resp.
Raman spectroscopy of guenched melis. has been used lor the study of the siructura.
re. the iontc composition of the melten systems uwnder iavestigation. 1t may be
assumed that the high temporature compastion is st least quattatively conseived
aller quenching.

To draw conclusions en the structure of the electrolyies from the concentration
dependencies of the particular properties the following thermodynamical, statisiica!
approaches and material bulance calculation were used.

28 Dilute solurions

e the region of ditute solutions the limiting baw s valid

nm —A{Sl} {1

A=l {-‘

where g, 15 the activily of (he componeant exprossed in terms of 1the mole fractions
X,'s gecording to any suitable model and £(S1) iz the correction fector introducad
by Storienbeker [4]. representing the number of foreign pariictes. which introduces
the sotute o the solvent ai infinite dilution. If Z{Str= 1. the invesitgated sviom
obueys Raoult's law and belongs to the solution type No. [ IF 4451 # 1. the sysiem
tzlongs to type No. 1, which do not obey Ruouit's law.

The region of diluied solutions can be investiated preferentialis by cryoscopic
measurements, For the lowermg of thie wmperature of fuston of 1he solvent. AT
the following eguation holds

RT .
AT = Ay RIS} 124
f’lH[
where Ty and AH; are the teraperatere and the epthaipy of fusion of the sohvent,
respectively, v is the mole fraction of the sohent and & &y the gas constant, The
resutting knowledge of 4¢S17 2nables ane 1o deduce the possible ongoing chemicad
reaction betwaen soivent and solute.

22 Whole svstems

For the whole concentration vegion of the sysium investignted two difierent
approaches may be used. In the frst appreach. the struciure fle. the jonic composi-
tion) is determined by the thermodvnamic equilibrium compositon. after all the
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chemical reactions taking place i the system are over. kdeai mixing of components
is supposed after reaching cquthibrium. I the standard devintion of the caleotuted
und measured property obtained for the given chemical reactions is in the range of
the experimental crror, 1415 reasonuble 1o assume that the striacture of the electrolvie
ts given hy the cquilibrivym composhion determiined by the calcudated equilibrium
constants. In addition. information on for example the thermid stabiliy and the
Gibbs™ energy of the compounds which are present may be obtuined. The task
solved by weans of the materidl bakince and wsing the thermodynamic relations
valid for idez! solutions. In gencral. this approach may be used in the evaluation of
those properties for which the ideal behaviour of the system is physically defined,
¢.g. for Gibbs™ energy of mixing mxl molic volume. The procedure can e demon-
strated on the calculanon of equilibrium composition based on e measarement of
density in the system A-E i which the intermediate compound AB is formed.

Let us consider ¥ maol of mixture consisting of ¥, moles of compuonent A and v,
moles of component B. Since the partial thermal dissociation of AB must be taken
o account, the degree of conversion of the reaction A+ B=AB. » has 1o
introduced. The cguilibrium amounts of substances can be expressed as follows for
r, <05

alAY={1 - 2%, +xv;) mol
#(By=2x, mol
M ABY=x, {1 -x)mol
Toend— (0 &,z ) mol
and tor the cquilibrium motke fructiors we cas write

FN s wad b .
- B {3
A A R A

The degres of conversion of the rezction A + B = AF is then given by the equiiibrium
constant

.

= 2. (4}

where 2, is the degree of conversion to pure AB. For every value of the equilibrium
constant we can caleufate the equilibrivm mole fractions of constituents for every
composifion, Recalealating the mole fractions </} into mass fractions wif} and
introdocing them Wt the equation

Wa Wy oy
#(C-dlc}zlr_._. + — o

a fa fhap

L]
—

which is based on the additivity of specific volumes, we get a st of density values
for every chosen equilibrium constant. The accepted valie of K is determined by
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the condition
n
Y {picake)— plexpl}t =min {h}

in the second approach. which [nds application in real svstems, the vatdity of
the general Redlich -Kister tvpe equation for the excess proparty iy supposed. Tor
the deseription of the composition dependence of the ghven property Vo the
system. the foliowing equation is then used {e.g. i s lornary systom)

3 " ™
. . - } G =
+ }_ RV ‘; By, X+ T LA O i
it ] RIS

The brst term vepresents the additive behaviour, the seennd one the biaury nter-
actions and ihe third onc the imicraction of all three componenis. For the vxoess
Gibbs” energy of mixing mn the real sodution ihe foljowing equution may be suprosed
feg for & ternary sysiem)

R
o Y v
AG Z 3 + 3 i%
] LI Rl TR :I = [
in the case of transport properties, such as viscosity and eleetric conductiviny. ideal

behaviour is

not physicihiy defined. sinee we deal with sealur guantitizs which do
not possess fie tolal dovivative, Thus, the sieple additivity ruje may net be used
However, these properties are thermally acinaicd ang the adgditivity of setivalion
crergios is aiowed. Bused on this idea the addntivity of Iogarithms of these propurtios
15 often accepted as “deni” behavioar. For the deseriptton of cog. the viscosty m o

three componei svstem the following cquaton has boeon su od

=4yttt - E RS

Pey =i

Al R A

-

Coelficients of the regression Eas 73 (95 ure celouinted using multinle hncur
regressiom anabyie. Omiting the stutistical nosamportant wrms on the chosen
confidence lovel and wnimising the number of relevani ferms v obtain a solution.
which deseribes the coacentration dependence of the property investigated widd o
standard deviation of the fit betng of the same order 45 the experimental errer, For
statistically imponant binsty and wrnary inlerzeitons we look for dapproprivie
chemical veuctions and cheek thelr ibermodynamic probanility cajoulabing ther
standard roaction Gibbs™ energies. The reaclion progucts gre wentfied using the
Xeray phase anabysis and 1R spectroscopy of guenched melis, Again we sasume thai
the composition a1 high remperature i3 oat least g
quenching.

Imeractions sre mostly considercd as chemicul roactions betwetn: componenis.

L)
14

dtativels  cons




f ¥ Panek e of. [ Coovdination Chesibsiry Reviews I67 197} dy

However, van der Waals bonds and the formation of associates may not be excluded
4s inferactions, even if they cannol be detected by spectroscopic measurements,

3. Deposition of molybdenum

An analysis of the litcrature data ou the clectrodeposition of molybdenum shows
that scveral types of molien salis have been tested as clectrolytes. On the basis of
the electroaciive species used. they can be divided into two main groups:

{ 1) halide systems containing either K, MoCl, [5-97 or K;MoF, {[0] dissolved in
alkalt metal halides, mainly chlorides and Auorides;

(23 mixed systems containing oxide compouncds of molybdenum, such as molyb-
denum oxide, MoQ; 111-13]. alkali metal molybdates {1,11.14-16] and CaMo(l,
£17]. Supporting electrolytes include: LiCl KCl mixtures {12]. sodium and hthium
metaborates [111. KF-Na,B,O; [i4). KF-L5B0- [1]. KF-By0; [2.15} and
Call-CaO 171

Comparing the results of molybdenum electrodeposition from several types of
electrolvte, it was confirmed i Ref, [2] that the process is most suceessful in electro-
Ivles consisting of a mixture of alkali metal Muorides and boron oxide (or alkali
metal borate) to which molybdenum oxide {or alkah metal molybdaice) is added as
the electrochemical active component,

The electredeposition of molybdenum from binary MeF Me, MoQ, mixtures does
not occhr {1-3.5-17} However, a small addition (i mol%) of boron oxide
{1L21014-16] or Si0, [3] o the electrolyle facilitutes the clectrodeposition of
molybdenum. The presence of boron or stiicon oxide most probably maodifies the
structure of the melt which results 1 changes in the cathode proces

3.1, Elecrrocheniisivy of mofvhdeniin

The mechanism of the cothode process has been exiensively studied in chloride-
based electrelytes containing either Me;MoCl, [18] or Me.MoOy [12.17.19.26] us
the electrochemically active species. For pure chloride electroiyies { 18] the reduction
of Mo(1i}) proceeds in a single three-electron irreversible step. It was found that
the irreversibibty of the precess decreases with increasing temperature from 600 to
750 C. However. chlonde melts containing dissolved molyvbdenum( VIl oxide
and alkali metal molybdates are found 10 be unsuitable for the clectrodeposition
of melybdenum because the primary product of the cathodic reaction is a
molybdenum{ 11} oxide which is insoluble in the chlonde melt.

Very promising clectroivies for the elecirodeposition of molybdenum are melts of
the systemr KF-K,MoO,-B:O.. especially when smooth. adhersnt molvbdenum
lavers on metatlic surfaces are desired {11).

The mechanism of molybdenum elecirodeposition from potassium molybdale
disselved in a KF B0, molten mixture was investigaied by Guoxum and Defang
[21]. The process proceeds in two consgcutive charge transfer electrode reactions:
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Mo{ VI -»MotI)—Mo(0}. The diffusion coefficiont of Mo{ VI species in the melt
is in the range 1.99-2.25 % 10" *em? 571,

The influence of B,0; addition on molybdenum <lcctredenosition from moken
K,MoQ, and KF-K MoO, clectrolyies was studied in Rell [22). Fig. | shows the
voltammetric curves recorded i a pure polassium moiybdate melt and in the
K, MoO B0, system with different boron oxide addivons. On the volismmaetric
curve recorded in pure K Mo(), {curve 1} only one electrochemical process is
observed at a4 potenlial of approximately — 1 V. This process represents efectro-

cposition of potassium on the cathode. The addition of a small amount of boron
oxide to the basic mel causes significant changes in the shape of the voltemmaeiric
curves. A new expressive current peak starting at aporox. — 0.2V appeared on the
voltammetric curve {curves 2 and 3). with current dependimng on the B(; content
in the melt. Similar behaviour was also ohserved using the KF-K, MoO, system
with 510, additions.

On the basis of these results it is evident that the addition of oxides most probably
causes changes in the lonic composition of the ciectrolyie. te. the kind of electroactive
species from which inelvbdenwm can be veduced. Changes in the lonic coniposition
were studied using a phivsico-chemical and thermodynamic snaivss {see below).

Makyta et o], [23] curried out chronopotentiometric and vollammetric measure-
ments to determine the effect of electrolyte compositien on the mechanism of
molybdenum electrodeposiiion from KF- K, MoO, B,0, melis. The dissolution of
potassium molybdate in molten KF B0, mixtures is accompanied by chemical
reactions between different boron-containimg species such us B,027. BOY and
BF; (241 and flwonde anions present at cquilibrium it the basic KF-B.D, mell
These chemizal resctions most probubly create now. molybdeswm-contaimng eleciro-
chemically gotive species. Such multi-atomic species consisting of MoQ, groups with
boron as & central aiom. present i the MoOg-based glassfonming melis. were
deseribed e.g. by Ruwson [23].
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On the other hand, according to Makyta et al. [231. the reaction of polassium
molybdate with fluoride antons creates electrochemically inactive molybdenum-con-
taining speeies. These species ave probably identical with those present in the molten
KF--K,MoQ, mixture [26]. When ail the boron-containing electrochemically active
molybdenum species have been consumed. further dissolution of melybdate vnions
proceeds through formation of clectrochemically inuctive melybdenum specics only.

[t & series of chronopoieutiometric measurcments i melts containing 1.5 mols
B, and more than 0.4 molg K:MoQO . and in melts contuining 3 mol% B0, and
more han 1 mol% K MoO, Makyvta et al. (23] observed only one wave on the
chronopotestiometric curves, This observation together with previous results [2]
indicate 1hat the charge transfer elecirode reduction of MofVl) from
KF-K.MoO,- B.O, melts proceeds in one six-electron step. These authors further
chaimed that the equilibrium chemical reaction between the vaiious spectes in the
melt. in accordance with the quantitative description of such a process published in
Rel [27]. precedes probably this onc-step electrode reduction. Based on a regression
analysis of the chronopotentiometric data obtained at the two lowest K:MoO,
concenlrations in ihe above two melts and forcing the vegression line to pass through
zero, the ditfusion coeilicient of the clectrochemically active moltybdenum species
was calculated to be 2.8 % 1077 em®-s7 5 This value iz in a good agreement with the
vaiue determined by Guox: 1 Defang [217.

Stmilar elecirolytic v eparatuon of molybdenum coatings in the molten sysiem
KF-K,MoQ,--S5i0, i 7 nvestigated by Zatko et al. [28.29). Colerent. smooih
and well aahesive . ~rum lavers were obtained on electrically conductive
substrates in a relatively narrow compaosition region. The guality of the deposit
depends on the silica content 1 the mell. The authors exphitin the positive role of
Si(3, in the molybdenum elecirodeposition as being due 1o a change 1a the struciure
of the electrolyte and the formation in the melt of {SiMo,.0,.J* " heteropolyanions
according to the veaction

12K, Mo0, + T8I0, 4 36K F = K,[$iMo 0,0 + 0K SIF, + 22K,0 (10}

Such heteropolyanions are rather voluminous and thus much wore polarizable. In
the vicinity of the cathode in the electric double layer this anion is stroagly polurised
and finally disintegrated into smaller species. from which consecutive molybdenum
deposition takes place. The X-ray diffraction sualysis of the solid deposit on the op
closure and furnace wall proved that the deposit thercon consists of pure K.SiF,,.
thereby supporting the formation of the above mentioned  heteropelvanion.
Unfortunately, the guthers did not study the mechanism of the cathodie process in
this system,

D2 Serucrure of the KF K MoO, B.O, mchis

fn a number of papers measurement of different thermaodynamie and transport
properties of the KF K;MoQ,;-B,0, melts was done with the goul of clanfying
their structure. ie. the ionic composition on the basis of a complex phyvsico-chemdeal
analysis.
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3.2 Subsvstem KE KMol

I binary systems of alkali pictad fQuorides and other sahis of alkall metals. such
as suiphates. chromates. molvbdates and tungstnes. additive compounds such as
Na, F50,. K FCrO, K FWO,L KTiF. KZrF. eten are tormed. In the case of
atkalt metal chloride T may adso be o ligand in the co-ordmaiion sphere of the
central atom. These compounds exhibit low symmeiry of the complex #nion mest
probably due 1o the repulsive forces between both antons. Owing 10 this olfoct und
obviously « relatively high encracue staie. such compounds ofien undergo a more
or less extended thermal disseciation upon melting, in some cuses (hey even melt
mcongiuently. Evidence of such behaviou: may be found e.g in Refs [20311 Into
this group also befongs the compound K FMoO, fermed in ithe systom
K K. Mo,

The phase divsram of the iy systein KF KoMoOy was studied by Schmitz-
Dumont and Weeg [32]. Materko and Bukbalova 133, and Julsrud and Kleppa
341 The fost cnthors also measured the enthalpies of mixing of this system. In this
systeyy is fownd (he congruently meiting addition composnd K ,FMoO, wih a
melting poini of 752 €. This compound divides the system into two simple cutectic
oses with the co-ordinates of the euteciie points of 202 moi% KL,MoO, und 7284 C
m the subsystem KE K FMoO, and 584 molse K-MoQ, and 7480 C o the
subsystem KFMoQ, KadoG,. From the flin conrse of the K PMoQ, liguidues
curve i this system it may be assumed that the addition compound underzoes
considerable thermal dissociation. Upon melting the values obtained for the enthalpy
of miving bxbicate that the KF K.MoO; svstem deviates very Rittle from ideal
behaviour,

The phase dingram of the systom KE KMo, (Fig. 2} was also Tater measured
by Patarak ot al. [35.36] These suthors showed that the addition compound
K FMoQ, melts at 751 ¢ The co-ordmaics of the individuai eutectic points are as
follows: Mmoo KoMoO, and 721 O in dhe K17 K FMoQ; subgsiom sad

950 — e

900

b b3 ] : . .
00 02 04 06 08 10
Kr XLKzMOO_{;} KZIRI";'£004

Fiar 2 Pluse dingrar of the BR300y, sistem, Faperimont 134 35] (8 ealowbaied o 1.



1¢] ¥ Reiel: o e - Coordivation Chenary Beviews $07 0 F097; - 48

59 mol% K,MoQy, and 745 C in the K, FMoO; K:MoO, subsystern, Fhese vialues
are very c¢lose 1o hose obtaimed by Julsrud and Kleppa [34].

The densities of mehis of the molter KF K,MoeO, systems were mcasurad in
Ref, [263. The density in this sysiem increases monotenically with increasing conient
of K;MoQ,. The vouwcentration dependence of the moldr volume of this system at
927 "C is described by the eguation

Fiom® mol =316+ 74 61 —BT0xE, +3.7607, (i

From the values of the cxcess molar volume it follows that the svstem shows only
small deviattons from deal behaviour. The maximoem deviation of 0.55% 15 attained
at the concentration of v(KF)=0.75 The formation of the congruently melting
compound K;FMo(}; does not affect the molar volume course. since the excess
molar vohune at ¥(KF)=0.5 is very close to roro. This indicates siapificant thenmal
dissociation of ihe addition compound.

The density data oblained in Ref. {261 were u-ed in the colculation of the degree
of thevmal dissociation ol the addiiive compound K FMoO,. The result was also
compared with the degree of thermial dissocation obtuined from (hermodynamic
analysis of the phase diagram of the system investigated in Ref {24] using the value
of the enthalpy of lusion of K,FMoO,. taken from Ref. [371.

Iun Refl [26] it was found that the degice of dissociation of K;FMeQ,. obtained
from analysts of the phase diagram, reaches a value 2, =081, confirming the pro-
nounced therinal dissociation of K, FMoO; during melting, Fip. 2 shows the experi-
mentatly determined [347 phase disgram for the KF-K,MoC, system and the
liquidos curves caleulated for the vaiue of the equilibrium dissociation constanmt
Ko x tuno, = 06536, The sinndard deviation ol the il was 6.8 C. The {ulfifiment of
ihe limiting Taws for a;— 1 demonsirates tie plausibility of the caleunlated equilibrium
composition as well as ihe thermodynantie consistency of the experimental phase
diagram. The value determined for the degree of dissociation of K ;FMoQ, agrees
very well with the value (827 C)={.86 determined by the analysis of the valume
propertics. Based on the dependence of the equilibriem dissociation consiamt
on temperature. the enthalpy of dissociation AHj, i iaeo, = 188 kI mol” U has
also been calculuted. representing @ substuntial part of the enthalpy of fusicn
AM=58 kJ mol "' {37}

The existence and structure of the complex anion [FMoQF . however, nay be
a subject of discussion. Even though it cannot be identificd by speciroscopic methods,
obviously due to weak Mo F or O F bonds and probably alse 2 short hfetime. this
coraplex anion can be considered as an associate. Iis acecptance is weli-founded at
feast thermodynamically and serves as an wseiul exampic to understund the nature
and behaviour of the nvestigated melis

3.2.2 Subsystem KF B,O,
The hquidns curve of K¥F in the KF-B,0; syslem up to 20 mol% B0, was

ar oA

determined by Chrenkova and Danek {38] and Paturik ct al. [35,36] and is shown
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in Fig 2 Secording o the Gibbs™ encrgy of the meiathetice! reaction
6K lF“IIJ + BEO.’HIJ = :‘KE(]:.\} + EBFM;} f12}
AGME2T Ch=930kl mal !

the KF--B,0, systens should be the siable dingonal of the ternary reciprocal system
K*, B** . F. 0% However, a number of compounds are Formed in this ternary
reciprocal system. From the thermodynamic analvsis of the lquidus curve of KF it
follows, that the reaction

SKFy, + 7805, = 3K,.B Q- + KB, {13}
AGM927 Ci= - 2017 ki mol !

vielding two complex compounds KBEF, and K.8,0.. takes plece in the melts. The
presence of both compoeunds was also confirmed by micans of the Xeray powder
diffraction analysis and IR spectroscopy in the quenched sumples, The positive
deviaton of the real lguidus cuyve from the theoretica! one is most probubly due
to further polymerisation of the horale species,

The crvoscopic measurements of B,0; in molten potassium {tuoride weve per-
formed by Mukyta [24]. He oblained the best Lol the experimental and theorelicad
tiguidus curve for the reaction

32KF,,+25B,0;,, = 6KBO,,,+ 9K, B.O-,, + BKBE (i
Fhe last two originating compounds ware contirmed boih by the Xeray anedesis and
IR spectroscopy of guenched melts, ,BG- s creaied prefoventiely with increusing
content of B0 in the mixture. The presence of mictaborsie antans, however. wus
not deter ted. most probabiy due W itk low concentration s the meh

Q00 i T T T T ™

850 i
O -
o
800 ]
750 : : : e
00 04 02 03 o4
K(BHO&!
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The density of the KEF B0, systent was measurved in Rel. f191 The density course
m Ehis system shows o nimimsuny ol 20 mol% B0y, The concentration dependence
of e moelar volume ai 827 O was described by the second order polvnomial

Faom® mol =300 23330, 47 g, (35
Diflerentiating Eg. (£33 and mtroducing into the equation

. . RN
Yoo, = Pt v N

AV

{16}

we abbain for thie pactal molar volume of B.0; ab o temperature of 827 O the
cijtitlion

Vo, cm' mol F=6384 +47.225:¢, (17}

Following [rom this equation, for vy, -+ the parttal motar volunie ot 827 {7 reaches
the viiue $ 4 5300 e mat ! being substantially higher than the mobar volum
of pure B0, (2., =4L0Tem® mol 'y which indicates formation of hareer ions.
The formation of KB Q- and KBE, according to Eqg. (13) wos confirmed in Refs,
24397 usiveg Xeray dilliaetion and R specirascopic analyses of the quenched melts.

228 Kuhwestern K, MeQ, B.0,

The tigquidus cuive of K;MoO, woas micaswred a6 the bieary KMo, B,0, system
only [35.36] (Fig. 4). The strong posilive deviation from ideal behaviour 15 obvions.
Acsimilar course may be observed in systems with 2 sivong tendency o immiscibiliy,
or when more polvimerised ons ave formed in the higeid phase.

The abality of molybdates to torm sopelyvanions is well kuown. Morcover, in the
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Fig, 4. Liguickio cur 2o KMot i the £ No(, BoY, syaem, Experinent [35] 0 ) Hmiting course
fol pwa e panticles £ -3 liguidas care, it fopmanion of [EMo 83 0 heteropolyanions is considered
{ R
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presence of some foreign atoms, like B, Si. P, ete., they form hoteropoelyanions. in
which the central foreign alom is co-ordinated by siv. nine or twebve MoQy, octahedra.
The strong positive deviation of the hguidus curve muy be coused by the formation
ol such heteropelvanions in the meli. according 1o the following equation

6K Mo, + 28,0, = Ky BMe 0.,]+ 3KBO, {1

Taking into account this chomical reaction. and assuming a degree of conversion
approximnately equad to b the foltowing refitionship may be derived for the equilil-
viney mole fraction of K.MoO, in the mixture

¥ K, r\‘(‘lO‘,.Lq}_ -—

I3 KMo, -3
- {ll\)}
RAVE i

where v KGMoO, ) s the wetghicd mole Truction of K.MaO,. Using {ormally the
theory of reeular solettons, Tor the scuvity of KoMoO) ;1 the nuxture, we can wiie
[40]

&('ll
et KMo, eq) = v KoMeO eq)oxp s (1= x{K,Ma0, e £203

where AGY is the standard Gibbs™ energy of the chemieal reaction Eqg, 1183 refated
to ! mol K.MoQ, instead of the clussical inleraction parmveter or The Bguidas
curve of KiMoO,, calealted aceording 1o Bq. {20} with the chosen walue of
AG"= 20 k) mol "1 is shown in Fig 4 by the selid line. The value of the enthalpy
of fusion of K.Mo(, was taken from Refl (34 The stusdard Gibbs™ enerpy of
reaction By, (187 shoudd then be — 126 k8 mol ' The very pood agrecmient of the
expertmental and calerlated Bquidus cune confirms the sheve chemticad vepction,
Tiits concluston s canfirmed alo oy the fulfifment of the Himiting reliion

} I'Llu( KMo )]
lim Bt S A
AR t_d.\'{ K:r\qt\()_:]

:"1])

N -

Thus by the addition of one molecule of B.O; into mohien KMo, o new
particles, the anions [BMo 0.1 and BO. L are tormed.

The density of the K. .MoO; B.OG, svstem 397 decremses monetomeally with
increasing content of B,0; The concentration dependence of the motar volume of
this system was deseribed by o sevond order pelvnomiah. Lipow 28 mel% B.O; the
excess mokir volume in this system s posiive, while ibove this concentration the
excess molar velume i negative. Pifterentiating the modsr volume and introducing
it mto Fq. {163 the partial molur volume of B>y an the temperature of 827 O 13
deseribed by the {otlowing equation

P om® mol 7P = 38780 31T o, (21}

and for x{ KoMoO =1 FiB-0,) s 4505 cm® mol 1 This vilue is surprisingly vory
close to the molur volume of pure B.O,. Both observations. ibe volwme expansion
up 1o 20 mol: B0, and the very good agrcemeni of ihe pania! molar volume of
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B;0; in dilute solutions in K,MoO, with the partial molar volume of pure B,O,
may be explained by the lformation of poivimerised particles in the meit.

324 Svsienm KF -KoMaQ - By 0y

From the (heoretical point of view, the melt systems KF -K,MoQ,-B,0), represent
very little investizated electrolytes containing both classical ionic components and
network forming ones. The possible chemical mieractions beiween these are not well
understood.

The KF-K . MoO,-B,0, system is g constderably complicated subsystem of the
quinary reciprocal system K, B3~ Mo®"/F", 0%, in which a number of com-
pounds are formed. The phase cquifibrivm in the KF K, Me, B3, system was
studied m Refs. [35.36]. The phase diagram of the ternary KF-K;MoO,-B,O,
systern with up 1o 30 mol% B,0,. interesting from the viewponit of electrochemical
deposition of wmolybdenunt, and constructed using the coupled analysis of theemo-
dynamic and phase diagram daia is shown in Fig. 5. The very extended plateau on
the crystallisation surface of KMo, shifts the boundary line with the primary
crystullisation fieid of the additive compound K;FMoQ, 16 the KF corner, most
probably due to formation of {BMo,0,,]° heteropolyanions in the ternary melhts,
The formation of [BMo,0,41%" hetzropolyanions alse indicates the excess Gibbs®
encrgy of mixing of the system showi in Fig. 6. The entarged shape of the crystailisa-
tion sotherms ol K,;MoO, may also be due te the substitution of oxygen atoms of
the co-ordination sphere of molybdenum in the [BMo,O5,]° ™ heteropolyanions by
Huoride. However, the existence of more highly polvmerised heteropolyanions with
Mo/B ratios of 9 or 12 may not be excluded.

e Ay
;\’508‘:1'-.
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Fig, 5 Phuse divgram of the KF K Motd, B.0 system,

Fig. 6 Escess Gibbs” eporgy of mixing of the B BoMoO,- B0, system. Values are in Jmo! ',
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The density of the KF-K,;Mo00,-B,0; moiten system was measured in Ref, [39].
For the concentration dependence of the molur wolume at a temperalure of 827 .
the following equation was obtained

Viem?® mol 1 =29.89xyp + 89505 o0, + 4562300, + ¥V wen,
% (8,50 = 5,285 son,) + ¥y Vg,0,( 1 1.92— 53,2255 o)
- &
— X a0, Vi EL3EH 102 50xy, o )+ 110205 vy o0, 10,
(23}

The first three iorms represent ideal behaviour, the next threc. the interactions in
the binary systems, and the last one the interaction of all thrze components. The
cocfficients were derived using the mcthod of multiple linear vegression analysis and
omilting statistically ron-important terms at the 0.99 confidence levei. The sfandard
deviation of the #t is 0.404 cm® mol ~? The different sign of ih: coeflicicnts in the
KF- B,0; and K.MoO,-B,0; systems indicates the different behaviour of B,0; in
KF and K;MoO,.

The ecxcess moler volume of the KF- K800, RO, mells s shown in Fig. 7.
From the figure it follows. that in this system a region of volume sxpansion axists
with 2 maximum at 10 mel% B.O; and 20 mols KMo, and « rogion of volume
contraction with a maximem at 40 mol% B-O; and 30 mol%: K,MoO,.

The volume expanasion region indicates the formation of larger ions according to
Eq. {13}, while in the volune contraction region the formation of [BMo 0, %"
seteropolyanions according to Eq. (18} and the probable further polymerisation of
the melt, iz assumed. The deviation from ideal behaviour is more pronouncad in
comparison with the boundary binary systems. which indicaes stronger interuction
of all threc components. Such ternary intersction may be explained as the substtu-
tion of oxygen aloms in the co-ordinstion sphere of [BMo,0,.]° beteropolyanions
by Muoride.

The viscosity of the KF-K Mo - B.O, melts has been measured [41] using the
compuierised orsion pendulum method. The viscosily of the miclts increases both
with increased content of K, MoQ, and B,Q,. Within experimentaf ervor the viscosity
of the KF-K,MoQ, melts increases inearly with mereasing KMo, conteny. Taking
into account this additive behaviour m the binary KF- K Mo, system and adopting

04 06
X{K McO,)

Fig, 7. Exvess mokar volume of the KF- K MeO, 5,0, system a1 7=827 € Vahues are in o gt 77,
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the formal value of 1800 Pa- s for the viscosity of pure horon oxide. the lollowing
final equation was obtained for the concentration dependence of the viscosity in the
KF-K,;MoO-B;0; ternary system at 877 C

pmPacs=128xp + 2810 oo, +999%0,0, — Xk Vn,0,
#(3317 = 3658x + 133638, ) — Vi a0, V40,
% (3242 — 3586.0 o0, + 139853 1100, )
+ VkE XK oo, Yoo 3214 41570 ) {243

The stundard deviation of the it 1s 0.082 mPu-s. The wiscosity of the lernary system
at 927 °C is shown m Fig 8. From the rcgression analysis it Tollows taat the
interaction in the binary KF- K ,MoO, systern: is statistically unimportant. compared
with thosc in the KF-B,0; and K,MoeOQ-B,0O; binary systems. The values of the
standard deviations relaie mostly to the viscosity of the iernary melts.

The viscosity of the ternary <ystcm melts mcreases very steeply with increasing
content of boron oxide. Uhis observation is, hewever, not surprising, because of the
ability of boron oxide 1o polymerise. The formation of more voiwainous { B,0.¥~
and BF] antons is obviously also increasing the viscosity ol the melt. However, the
increase of viseosity is higher than might be expected {or the pure polycondensation
of boron oxide. Evidently bigger particles than the boroxol rings are formed m the
ternary system. especially near the K,MoO, B,0; boundary. Accordiag 1o conclu-
sions based on phase cquilibrium and density measurements these bigger particles
are [BMo,0,,1°" heteropolyanions formed in the mals according to Eq. {18). The
statistically important ternacy interaction. however. mav also be ascribed to
the entrance of fluorine atoms inio the co-ordination sphere of molvbdenum in the
heteropolyanions.

From viscosiiy, as well as phase equilibrivm and densiiy measurements il 1s
evident. that the KF-K,MoO B0, system is a very complex one. Beside the
chemicat reactions, the tendency of the melts to polvmerise, especially in the region
of higher contents of boron oxide. makes ihis system difficult to stady. From physico-
chemical and thermodynamic analysis of the mehen KF-K,MoQ, B,O, and
KF-K;Mo0,-8i0, systems it lollows that the Tormation of heieropolvmolybdates
containing boron, ({BMo,0.,)° 7). and silicon, {({SiMo,0,6 71 as a ceniral wiom
is most probably responsible for the cusy molybdenum deposition [42.43]. s addi-
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Fig. §. Viscosity Isothermy of the KF-K Mo B0y system at T= 1200 K. Velues are in ol s,
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tion the entrance of flucrine atoms into the molybdenum co-ordination sphere in
the heteropolyvanions alse lowers the symmetey and thus the clectrochemical stability
of such ¢lectroactive species.

4, Peposition of titapium and TiB,

The electrochemical production. refining and electroplating of titanium and tita-
rtum diboride 3 a matter of scientific imerest because of their use as advanced
construction material in different techinologies. Titantum diboride is especially con-
sidered to be a most promising material for iuert cathodes in Auminium electrolysis
[44] because it exhibits a high melting point. elecironic conductivity, weitnbility by
meiien aluminium, and resistance towards chemical attack of alumimum and molten
fluorides.

Electrolytes employed in the slectrodeposition of tianium and of titanium dibor-
ile consist of enther oxygen-contaiming titanium and boron contpounds [45 -361. or
binary halides of titanium and horon [52.57- 08} as clectrochemically active compo-
nents. Mixtures of atkali halides serve as supportng electrolyte. Systems based on
cryolite have also been tested 148.32.35.69). Alkali chiorides. In comparison o
fluorides, exhibii sosme obvious advantages us [av as price. low corrosion of
construclion materials and casy separation of the praduogt from the cathodic deposit
containing sclidified electrolvie.

It Electrochemisiry of titaniup

lnman and White [ 70] report a comprehensive Hleruture revicw up 1o 1977 of the
elecirochemisiry of tiianium i molien salt electrolytes and there s u more recent
reperl by Girginov ei al. [71]. The following corclusions may be drawn concerning
the mechanism of the cathodic process n different types of electralvies,

The chemicai nature of the amionic environment and the anture of the alkall mewal
cation, play an important role in the mechanism of cathodic redyetion.

In all-chloride meits. the reduction of THIH) 10 metaliic titaniem procesds ia
general in two steps (69,71 Ta(i =T 1y - Ti0). According 1o Chassaing et al.
{59.601. the following equilibria take place in NaCl-KO-TICTH melts

TiClE™ =TiCl; +2C1° {2

L)

)
TiCI™ =0.5Ti,Cl{ ™ + L.5C1 (263

With decreasing sem, v2te the voliammetric peak corresponding to the first raduction
step TiIH ) -Ti( 117 gradually disapnears, eveniually merging into the next peak
aseribed 1o the reduciion Ti(H )= Ti{0) and the process apparently becomes a single-
step one. In electrolytes based on CsClthe TiCH ™ complex lons become more stable
compared with these of NaCl and KC! due to the lower polansing effect of Cs*
Consequently, TH{]11} is reduced to tfanivm metal in a single step TigiH 3—THG)
{58].



15 {7 Demped of ol Ceagedivations Cletaivgre Reviews JA7 §TWU70 1 48

In chlonde-Auoride mised electrolytes a partial substitution of the large chlerde
ligands in the TiCI~ anion by the smaller fueride ones with farmation of
TiCl,_,F3™ anions also causcs a change in the mochanism of Ti{IH) rednction. Tn
the Nall- KCl- NaF-TiCi, mehs the single siep reduction

TiCLE} 43¢ =Ti+4(1 ™+ 2F" (Z7)

takes pluee [69]. and is a simple trreversible charge transfor resction which is not
complicated by any preceding chemical reaction. With decreasing concentration of
TiF;™ in the NaCl-KCl -K,TiF, melts the composition of the TitIV) complexes
changes from TIFS ™ through TiF C10 7 7% o 10387 (58]

The mechanism of TH{IV) reduction in ail-Auoride welts was studied c.g. by
Scqueira [63]. De Lepinay et al. [64.657 and Makyts ot al. 136.67). According 10
these authors the mechapism of the cathode nrocess in the LiF KF K,Tit, or
LiF-NaF-KIF K,;TiF;, melix can be  deseribed by the  sequence
THIV)-Ti(NINH-Tu ).

The influence of the meh compostiion on the deposition of tianium from the
K, TiF, meit was studied by Makyta et «l {22,772 The cysential results of this work
are summarised in Fig. 9. From commurison of the cathodic pavt of the voltammetric
curves obained in pure K,THY, {curve 1) and those obiained in the K¥F- K, TitF,
and KCI-K.TiF, mixtures (curves 2 4 substantial changes oceur when K17 or KCl
is added Lo the pure K TiF,. As mentioned above. the reduction of THIV) to
titanium metad in the ali-Auoride and chloride - Ruoride melts proceeds in two electio-
chemical consecutive reduction steps, T IV I=Ti(H=Ti(4). These two reduction
steps are clearly visible i all recorded curves. ihe first starting at approximately
—0.2V and the second starting at appreximately — 1.3 V. The values of the indivi-
dual peak currenis, reprosenting the above titanium reduction steps, wcrcase with
ncreasing content of petassium chioride in the meh (Fhe 95 Similar changss ware
also observed on voltamunctric curves when KT was added 1o K,TiF,. In spite of
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Fig 9. Voltenwimete curves e the KT, KO system, (1) K.TiEG () KLTiF,+ 5 moky KCE
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the fuct that titanium may also be deposited from pure K, TiF . wtost probably dise
to the presence of KF impurities, the addition of either KE or KOV sisnificunily
inergases the peaks curreit corresponding to titanium reduction.

On the bagis of these resubts. the addition of KT or KCTis mest probably chamzng
the jonic composition of the clectrolyte, Le. the chiracter of the electroactive spucies.
thereby enhancing the clectroreductinon of titanivum. The changes in ionic compesition
were studied using physico-chemical and thermodynamic analysts {see beiow),

On ihe other hand. aceording to Girpinoy et al. {71 the ong stop four-clecron
reduction T ST0 {5 the most zecepled mechanisn in oxide slectroivies. The
mechanmism of T'B, clectrodeposition from LiF KE-B8,0, TiO, mehs was also
studied by Makvla and Udigard {36] These nmclts are very suftable clectrolvies
especially for the preparation of fine untforn TiB; powders with an average grain
stze up (o 5 um. The mechanism of TiB, syathesis is rather complex. On e basis
of Uir clectrochemical measurements either the clecirachemicat or glecuro-metziio-
thermal mechanisms take place depending on the potential applisd,

Henee. as in the electrodeposition of malybdenum. the lopic struciure of the
clectrolyte, especially the kind of electroactive speeies. 15 the most Important fuctor
influencing the electrodeposition of thanium, Since Utaniun is redueed mainiy from
Ti 1V ) complex-comtaining gnions. the thermochenical stubility of these compounds
also plays ot substaniial role in high temperature clectrochemico! anplivations.

2.3 Strctire of the KF KCUKBE, KTiF. el

Melis of the quaternary KF KO KBF - K. TiF, systam are very suliabls eicetro-
Ivtes in the eiectrochemical synthesis of 1‘3 L uspes when cofierent coatings on
metallic bases have ta be prepared {661 In o series of papers Uie structure of these
melts was investigated by means of complex physiweo-chemical unsivses. The modsore-
ment of different thermedyrnamic and transport propartics was nerformed
structure of these melts was denved, We will anadyse the imporiunt bouindary
systems individuaily.

4.2.0. Subsvstem KE- KO KBF,

in addition to the clectrochemicsl TiIB. conting application mentiored abhove. the
KF-RCL KBF, molten system i zlso inmevesting as a possibie 2lectrolvie Tor
the electrochemical boriding of sieels [T73.74] The mteraciion of COMpUnents 4 10
the chernical reactions possible taking plice i the melt ailedt the jorie composiix
thus determining the kind of elcctroaciive species. The *pmunrmu Jm;cc unf the
clectrolvie composition may provent the formation of vo
BT, which feads o undesirable exhalations zpd lovers the cii'c‘nnu U‘ the

The phase diagrams of the boundary sysezites of the ¥F-KC-KBF,
sysiem have been siudied {75 TR] Al three binary sistems are simple oo
the phase diagram of the RCEKBE, svstem deiormined in Retl{735]L i':n“nu-uim‘; of
the congruently meking cempound 11 KBIF,-KCOE was stggesiad. How "m'. the
existenece of this compound was not confivmed In later invostigations [76.77

The phase diagram of the KF-KC{-KBF, ternury systemr wis Jh.a«u;"d
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Ref. [791. The systom s & simple eutectic with ewtectic pomi co-ordinates of
192 mol% KF, 184 molsi KOl and 61.4 mol% KBF, and & temperature of culechic
crystallisation of 422 C.

Amang the physico-chemical propertics. the densiy and conductiviy of ihe
KF-KCl hinary system [8(]. the density of pure KBF, [81] as well as the conductiv-
ity of the KF--K B, binary system [R2] have been measured. However. the conductiv-
ity data of the lauter system seems unrchabic. The donsity of the ternary
KF-KCL-KBF, system was measured in Refl [83), the clectrical conductivily in
Ref. [84] and the viscosity in Ref. [85].

The veactions of porassium tetrafluoroborate in mobien alkal: chlorides were
investigated in Rell [89] using the arvoscopic method, The main aim of this work
was to study the stability of the BF; anion in the presence of CI7 antons and
ditfferent cationic enviromments, KBY, is unstable in molten LiCl and decomposes
with formation of gascous BCL. In molten Null the exchange reaction between
KBF, and the €1~ aninns with the formation of KBCI, only procecds at very low
concentrations of KBF, while no reaction occurs in imolten KCL the BF! anion is
relatively stuble up to approx. 900 C. The experiitiental results were supported by
thermiodynamic caleulavions.

From the results of the physico-chemicai analysis [79,83- §5) devintions irom ideal
behaviour were observed in all the boundary binanies as well as in the ternary
svstem. Since the syvstem investigated hos g copnron cation. the observed deviations
from ideal behaviour must be u consequence of the anionic interaction only. The
intersction of components may be of o difturent origm. Primarily. a differert inter-
action character must be present in the boundary binaries KF KBE, and KO
KBT..

in pure KBE,; melt. BY, tetrahedry tend 1o Gink, forming refatively weak B F B
bomds. Tiw strongth of this bond depends strongly on lemperature. By introducing
I 7 iong into the KBF, mek by addition of KF. the B F- B bridues break, lowering
the viscosity and leading (0 a negative deviation [rom ideal behaviour i the
KF KBF, svstem. In addition there is muixing between the small Fooanjons with
the relatively Targe BIF anions. In systems of tius tvpe the deviation from addiivity
is proportional to the fractional difference in the radn of the ditferent amons [§7L
Therefore a refatively lurge devintton from ideality may be achieved. confirmed by
densiiy [83) conductivity [B4] or viscosity [85] measurcments,

An opposite inieraction cifect lakes place m the KCU KBEF, system where the
mixing of two relatively large and polarizable BF] and C17 antons oceurs, As in
atkali metal chloride. broinide and iodide systems with & common cation. no impor-
tand deviaiions From additivity were found [7R.87] Such hehaviour was 1lso con-
firmed 1 the KO KB, system by deasity [83]. conductivity [84] and viscosity [R3]
mensurements. On the other hand. introducing C17 lons into the KBF; melt, the
cxchunge of fluonde woms in BF, tetrahedia by chlonde takes place according 1o
the generai sehemse

BF; -+ a0Cl = [BF, . [ClL}" +aF" {28

and [BF,. CLY™ mixed anions may be present, Conscquently. the fower stabiiity of
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the B- Cl--B bridges and the lower concentration of 8-F - B leads 10 negative devia-
tions of the propertics in the KCI-KBF, system. This explanation is also sunnosted
by he asymmelric course of the excess viscosity curve, which is due 1o reaction
Eq. {28) shifted to the right side in the region of high concentration of KB,

In the KF-KCl binasy sysiem the origin of the negative deviations in prpertics
may be sought in the mutual inAuence of the degree of disscciation of the compo-
rents. described in detail in the dissociation mode! of the electric conductivity of
molten salt mixtores [87].

The negative deviations, {fovad in the KF- KCT KBYF ternary system. obviously
have the same origin as was described for boundary binary systems. Following from
the course of the excess molar Gibbs™ energy of mixing [ Fig 18, the excess molar
volume (Fig. 11}, the excess molar conductivity {Fig. 123 and the excess viscosity
(Fig. 13} in the system investigated. the maximum iteraction effect s localised near
the KF-KBF; boundary.

Fhe amanic intgraction according 1o reaction Eg. { 281 was confirmed by infrared
spectroscopy. The R spectra of KBF, and thut of the guenched molten
KBF,-KCI (i mole ratio) mixture are shown in Fig 14, Excepl jor the
600 900 em ™! region, the mid infrared spectya of both samples are almost identical.
In agreement with the earlier study of the alkali metal ciradnoreboraies 188],
comymon vibrations can be assigned to crystaliine K BF . Significant differences have
been observed onlv in the 800 SO0 om ™7 region. It is obvious that hesides the v 1}
vibration corresponding to KBF | the guenched molten K B, KCmixture prodeccs
two additional peaks at 760 and 726 cm ! with a shoulder a1 770 cm ™ L These peaks
arise due to different B-F and B-Ci valeace vibrations in the [BF,_ 4] anions.
The «abstitation of fuorine atoms by chlorine in the co-ordination sphere of the
BE, amon inmolten KF KO KBE, mixtores was dies confinped. However, the

“iz. L0, Exvess {iibbs’ energy of mising tn the R -RUT-KBF, svstem Vsloss urein Smol 5
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type of mixed anion was iot deterntined cither by physico-chemical analysis or by
SPeClroscopy.

4.2.2. Subsystem KF KCHR,TiF,
As mentionad in Section 3.2.1. in atkalt metal fuoride and transition metal fluoride
binary systems compliex compounds like K, TiF.. K ZrF.. K ZrF,Cl. eic., are
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formed. These comnounds often at meliing undergo & more or loss exdended thermal
dissociation. i some cases they even melt incongruently {891 The thermat stabiity
atdd degree of thermal dissociution of several complex compounds MeXF- (Me=
B, Nac Ko X="T1 Zi, HT 3 have beon calewdated on the basts of the kaown phase
diwgrams for the Mel” Me XF, systems [90].

From the caleulated vafues for the degree of dissociation the themmal siabilities
of the Me,XF- compounds depend on the chemicud nature of both the centrai
trunsition meial and the alkali meta! cation present. The thermal stability increases
with incressing size ol the transition metal, obviousiy due 1o the sieric and conse-
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quenily the energetic relations. The thermal stinlity of the complex anion is also
influcnced by the size of the Heands present. Tie subsiiivtion of the fluovine atom
in the co-ardination sphere of ie transitior netul by chlorive loads wo o deerense
of the thermal stabiny of the compound.

The mfuvence of the alkall mwetal cation present on the thermal stability of
o XF- follows the general trend of alkal wetal compomnds, concernimg ¢.g. their
melting temperatures and other properties. With the exception of the hthium com-
pounds the thermnl stability docreases with inereasing clectronegativity of the alkaii
metad obviously due w the lowering of the clectrostatic forves between the complex
anion and the alkalt cation.

The theymal stabiiity of the compounds investigitied is tiso closely related o the
synnuetry of the co-ordmation sphere. From the proposed coystad structure of the
Mo XF- compounds 121 93] the X&2 comples anion is co-ordinated by eighi
{laopine stoms orming a fat letragonal prism. Such o conliguration is in accordance
with the relatively high thermat stability of the heptadiuorozirconates and hepraflo-
orohainiates. Unfortunately, the erystal streciures of the Jess stable potissium hep-
tilluorotitanae and their hexadivore. chlove devivitives are not known, The Luter
probubly have the loswer symmetry.

The phase diagrany of the KF K TiF, svstem s been studied {94] The congru-
ently melting K, T8 compound with melting temperature of 1048 K is (ormed. The
zero value of the tangent o the KTiF- liguidus curve a0 v KLGTF = 0.5 indicates
that this compound undergocs considerable thermal dissocintion upon melting. The
degree of dissoctation coleulated on the basis of the experimentally determined phase
digram. x, =64 {951 45 o very good accerdance with the valucs obtained
from the density data, 2 JHO00K =00 and 20100 K1 =07 [96]. From the
tempeniture dependence of the degree of dissoviation the dissociation enthalpy
AH G e = 324K mol Y was cudeulated. Phis valoe vepeesents o substantinl pan
of the enthalpy of tuston AH g . == 560 kI mol "

The phase diagram of the KCE KU TIF, system was siudied in Rel [97]. As i the
previous syston. o congruently meling compound K 1F Clwith aomelting temper-
attre of 904 K s formed, KT Chalso undergoes considerable thermal dissoctation
upon melting with 2, =0.78 caleulated on the basts of phase cyuilibria. with good
agreenment with the density measurements % ,{ 1000 K 3=0.72 and 3,{ THI0D K 1= (.8}
[90]. The dissociation eothalpy was ound to be AH oy e = 36,0 kI mol 7' again
bueing a substantial pari of the enthalpy of fusion Alliy =529 kTmol '

The behaviour of B, 16F, i diluie atkali metal halide solutions has been studied
by ek ot ab [98]. In molten LiCT as well as ig the LiC1 KO eutectic mixtwne
the substitution of Tuorine in TiF] by cilorine tikes place. while in the LiF LiCl
eutectic nuxture this reaction does not ocewnr. Tn malten NaCl and KOl no substitu-
tion reaction between TiFY " and C1 antons wkes pluce. The experimentad results
are in good agreement with thermodynumic caleulations.

The phase disgram of the ternary K¥-KCEH K, TiE, system has been studied [991.
Twa congruently melting compounds, KGR and K TECL oave Tormed in this
system ¢ Fig. 13} These compounds also exhibil an extended thermal dissociation
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Fios ta Plhusy chierin of the Kb RO BT, sastene,

according to
KT« K17 KT, {20}
0O KO KT, {38

This beluoviowr was idso condirned by mcasurcimenis of the vobume P98 | and viscosing
{ HIG properties of this system,

The density of the KE KCH KU1 malis is influenced mostiy by the KO compoe-
neat. which strongly deercases the deasity o the mehs, The dependence of ihe cxcess

mobir volume on conposition wis caleulated witng regrossion analisis and the
foliowme cquation ai 7= 100K was oblamed

PUem® mob F= 007030 v 2 Yy 0 (333060 29565, 1, )

eV L2RRET GRS g A SRE (31}

with o standard deviation of «=0.047 ¢’ mot

In Fig, 16 the excess wmoelay volume of the BEF KO KGTiE, melts ot HOOK s
shown, indicating anly @ small deviation from ddead behasiowr. The maximwm
devition 15 - E3em®mol U which represets L23% of the molar volume for the
wespective el The formatton of K TiF. and K THECT compounds does nol
substantiadiy aflect the volumie properties, This indicates that either these compounds
dissociaie in the meli (0 a constderabie degree. or the volunmws of the TiF7 .
Til? and TiFC1 antons are Gairly simifar. No ternary inleruction was found.

The wiscosity of the termiry mells inoreases from ROT through K7 and From the



26 U fanek orwl, P Coevdiinotfons Chemisiry Roevieows Fo7 ¢ iz To4N
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XKCH

Vi b, Exeess mokar volume of e KF ROD KTIF sysem al 7o KL Vidues are inem® moi

binary system KE Koo K, TiF,. The higher viscosity of KI¥ compared with that
of KCl1s probably due 1o the presence of F F bridges in the KEF melt,

Adopiing the addiivity of Jogarithms of viscostiy as the weal behaviour {101, HI2)
for the deseription of viscosity n the three component systemt. the following equa-
tion was obtained

bt gy - 23 = 2770000 — B8y
{ .
+ 3088+ 3002, + 304151, )
=00 g 3 T2 v e+ T 20 e,
+ T (620 b g Ve + 89T 2 X, + 3390 v e

4 21 20 VRV e, (3

with a standard deviation of it o=7.1% 10 The st tcrm represents the ideal
hehaviour. the next e interactions in the binary svsioms. which are dependent on
temperature, while the last term deseribes the interaction of wll three contponents as
temperature-independent. The validity of Eg. {37) is in the tomperature intesval
T00-1300 K.

The course of the excess viscosity in the binary systems is shown wm Fig 17, In
the KF-KC! binary systein negative deviations from idesl behaviowr were observed.,
perhaps due 10 non-random nuxing of the unions,

In the binary KF-X,TiF, system the TiFZ™ anion is formed. increasing the
viscosity of the melt. Therefore, the excess viscosily in this systemn s positive. Similar
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conclusions may be drawn for the K
formed m this system. also 1ncreases the SUY

The iso-cxcess-viscosity lines of the ternary KF KO- KT, svstem (Fig. 18)
reveat the formation of Tifd and TiF 1P v this ternary svstem. From the
positive value of the statistically important ternary interavtion, describad by the tast
coeflictent in Eq. (32). the degrecs of thelr thormal dissociation in the ternary systens
decrease,
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4.2.3. Subsvsiemt KF-KBF, K,TifF,

The coupled analysis of the thermodynamic ond measured phase diagraim dati
has been performed [103]. The phase diagrum of the KF-KBIF ~K.TiF, sysiem s
showsn in Fig. 19. Four crystallisation Belds are present in the phase diagram corre-
sponding to the primary crystallisation of KF. KBF,. K,.TiF, and the intermediate
comnpound K;TiF. The calculaied co-ordinaies of the two ternary cutectic points
are:

g 26 mole KF. 69 mol% KBEF,. 5 mols KT, =428
¢y d molsh KF, 69 mol% KBE,, 27 mols: K, Tilb. f. =43 C
The probable inaccuracy in the calewlated ternary phase diagram 1= £ 115 C.
For the moler excess Gibbs' energy of mixing the following equation was oblained
AGET mol ! =y pxg (3569 - 159300, 4 834 a0
= XX (V339 148955y —?6989.\'%\‘ Fiv !

— N, Vi (3688 - 11864 yipe )

1IN
= 20897 Xy . Xwe, Vi ric, {33}

The first term represents the molar excess Gibbs™ encrgy of mixing in the binary
KF-KBF, system. the second inn the binary KF- K, TiF, svstem and the third i the
binary KBF K, TIF, system. The last torm represents the interaction contribution
in the feraary systom. The molar excess Gibbs™ energy ol mixing i the ternary
KF-KBF, K. TiF, system is shiown in Fig. 20,

The phase dugrom of the boundary KF KBF, system is shown in Fig. 21, A
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third order polynomial was obtained lor the concentration dependence of the miofar
exeess Gibbs' energy of muxing i this system. The calculated co-ordimutes of the
cuicctic point 74 moi% KBF ) and 460 "C agree well with those given a0 Ref. {76].
The sigaificant inflex course of the liguidus curve of KF in the region of low
KBF, conceniration is most probably dus to the decreasing stabitity of KBF, with
increasing lemperature. At higher temperatures KBF, probably decomposes with
the formation of gaseous BF,.

The phase diagram of the boundary KF-KLTiF, systems is shown in Fig. 22, A
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Fig, 23, Phass dipeam of the KB, KT, system.

third order polvnomial for the molar excess Gibbs™ encrgy of mixing was obtained.
The co-ordinates of both cutectic points (¢y: 28 mols: K, Tib,. 701 € ¢i 68 mol%
KoTiF,, 738 ' C) ditfer from those given in Ref. [104], probably due to the apprecia-
bie imaccuracy in ihe determination of 1he hguidus temperature i Ref, [164].

Simitar results were also obtained for the boundary KBF -K.TiF, system, The
phase dingrem is shown s Fig. 23, The KBFy K, TiF, system is @ simple eulectic
with the co-ordinates of the eutectic point 28 moi% K, TiF, and 448 ‘C. As in the
KF-KBU, system, the significant inflex course of the K.TiF, liquidus curve is most
probably due to the decomposition o KBF, and escape of gaseous BF;.

The volume properiies of the ternary KF-KBF K, TiF, system melts were studied
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1.0
KBF,

Fro, 24, Excess modar volume of dhe KF KB, KT, sysiem gt T= 160K, Vajues sic in
cmtmel '

i Ref. [105]. The following equation was calentaied for the molar volume at IO K
From® mol 7! =30.57xy, + 751 2xcgy, + 1620 g + S g Yer,
+ N, Vi, U380 - 28290 e 1 P2 50N Y, Yxa e,
{3d}

with o standard deviation of it ¢=034cm* mol ', The excess molar volume of
this systent is shown in Fig. 24, The values of the constants caicviated indicate. that
from the velume properties point of view, the binary KF-KBF, systern shows litils
devialions from ideal behaviour, while the K- K, TiF, system is ideal within expen-
mendal error. This is in harmony with the resulis reporied in Refs. [§3.96]. The
ternary svstem also deviates oniy shghtly (row wleal behaviour. The maximum
deviation al a temperature of OO K and a concentration of 25 mols: K, TiF,
attuins 191 em®mol ~f which is 2.2% of the molur volume of this melt. A1 higher
concentrations of K TiF, (above 35 malE) the eucess molr volume aitains small
negative values,

For the pardal molar volumie of K.TiF, in the binary KBF K. TiF, svstem at
(HENE

F(K TiF,) = {114.62 - 28 2037 g +43.36x% ) 00" mo} ™ (35)

and for x(KBF,3—!, MK FiF 1= 12969 cm® mot ~%. This value is higher then the
molar volume of pure K, Tif, {cf. the first term in Eg. (351}, indicating the formation
of farger complex ions. e.g. TIF2™,
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The fallowing equation was obtained for the parttal moiar volume of K BF,
VOKBE 3 ={75.12+ 36.32xg, i, — 43,3653 30, 1 5in* mol ™ (36}

and for x{ K, TiF)—1. FIKRBF,};=08.08 cm® mol ~ 1. This value & lower than the
molar volume of pure KBF, (cf. ihc first term in Eg. (30)) due 1o decomposition
of KBF, and escape of gaseous BF; from the molt, which was actually observed.
From these results the following possible chemical reaclions may take place in
the binary KBF ,-K,TiF, system as well as in the ternary KF-KBF - K,TiF, sysiem

KBF s+ K TiF gy = K, TiF o, + BF ) {37)
K TiF o = K, TiF 4 KE,, (3%)

A Gibbs® energy of thermal dissociation of K, TiF; (Eq. (381, AG=0.963 k]
mol 7!, was calculated from the equilibrium constant of this rcection given i
Rel [96). For the formation Gibbs™ energy of Ky TiE-

éG‘?{_{TiF:’ Z&Gii; +’56:‘:1T!i, - Ar (’;l\( 38} { 39)
For reaction Eg. (37) then
AGUAT = AGY 1, + AGH., ~AG L, — AG 6, {41}

The Gibbs™ energics of formation of BF,, KBF, and KT were taken from Refl [ 1G]
and A, G%38) from Ret. [96}, From Eqgs. (393 and (4) the Gibbs™ energy of reaction
Eq. {373, A GS3T=10.71 kK3 mol " at T=1108 K. The relatively fow positive value
of the reaction Gibbs™ energy, as well as the cseape of gascous BF;. indicate the
probability of reaction Eg. (37} ix the melt.

The cxcess molar volume of the ternary KF-KBF, K, TiF, system 15 shown in
Fig. 24. The maximum deviation from additivity is i the bmary KB, K, Til,
system. Two different regions are present also tn the terpary system: the regton of
volurne expansion with a maximum al approx. 253 mold: K TiF, and 75 mol%
KBF, und 2 regien of volume contraction with a maximuin at approx. 00 mol%
K,TiF, and 20 mol9% KBF .. We conclude that a chemnical inferaction according to
Eq. {37) aiso plays a domtaant role in the lernary system. However. the equilibriam
of this reaction s shifted more to ihe lefi. becanse of the thermal dissociadon of
K,TiF, and the presence of T~ ions, which suppress the lormation of gaseous
BF: in fuvour of BF] complex ions.

The *hweoretical density course w ihe KBEF - KLTIF, svstom. calenlated supposiag
reactions Egs. {37) and {38) to take place. confirmied 1he above conclusions.

The viscostty of the KF-KBF, K TiF, melis [107] increases from K BF, through
KF to K,TiF, The viscosity of KB, seems surptisingly lew, however, there is a
substantial overhealing of the KBF, mel at 1100 I comparced with that of KF.

The following equation has been calcuiated for the viseosity of this svstem at
HOOK
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A4 Y5 N gy, 42388, 1 e FUOTR G e SE e, (4]

with a standard devintion of {it a= 061 mPa-s. The encess viseosity of the wrnary
KI KBF, K, TiF, system is shown in Fig 25 In the binary KF ERF, svsem
negative deviations fram ideal behaviour were observed. KBF, tepds to share BF.
tetrahedra forming refatively weak B 7 B bridee:. In lntroducing ¥ 7 jons into {he
melt by addition of K, the B F B hrdges brenk, leading 1o the lovering of
VISCOSIY,

H the binary KF KL TiF, svsiem the additine compound K T s formed. winieh
increases the viscosity of the mell. Therefore the excess viscosity in this shsiem
is posiive.

As i the denstly measurements [103} the positive deviation froms ideit behaviour
i the binary KBF, KLOTiF, svstem b caused by e formation of more volusinous
TiF2  anions.

From the statsticuily Imporian emary inferaciion described by the tast wom in
L. (21) the chemtcal reaction Eqo {373 togethor with the thermal dissociation of
KL TE- also take place i the toraury KF KB, KT, sysiom,

The vesubts of the viscosity mcasurement thus confirmicd the conclusions drawn
from the phase dugram and densiy messtrements,

424 Subsvsiem KCLKBEF, K.TiF,
The phase dagram of the ternury KOT XBY, KN svatem wus
Rel {108) using the therma! analysis method. To abiay s thermody
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disgrmm data was performed. Four crystallisation fickds are present in the phase
diagram of the KCI-KBF K TiF, system (Fig 26) corresponding to the primary
crystathisation of KCL KBF,. X,TiF, and the intermediate compound K, TiE Cl.
The caleulsted co-q:‘dinatcs of the two tormary cutectic poins are;

v 24 mot% KCL 820 mol% KBF,, 138 molfd WUTiF, v, =447.1 C
1 6.5 mel% KCL 62.5 molé KBE,. 31.0moel% K,ThF,. ;=445 C

The pmbabie maximunt maccuracy in the calevwlated ternary phase diapram 13
+i17.4 C.
The following equation was obtained for the molir excess Gibbs' cuergy of mixing
AGT T mol ™= 174550 Vyenr, — Y1 Ve, 1, {6906 + 10053y, 4y, )
—Xgpe, ¥ mie L0092 — 142025 YR ity
= 364015 g SERa1H, 42y
The first term represenis the molar excess Gibbs™ energy of mixing in the binary
KCI-KBF; system. the second in the hinury KCL-IGTIF, system and the third in
the binary KBF, K, TiF, system. The lust term revresenis Uhe interaciion contribu-
ticn in the -_Lmar)- system. The molar excess Gibbs energy of mixing in the ternmry
KCE-KBFE, K.TiF, system i3 shown in Fig. 27,

The phase diagram of the boundary KC KBF, system {(Fig. 28} shows a
symmetrical concentration dependence of the malar civess Gibbs™ energy of mixing
tudicating that simple regular selutions are formed. The calculated concentration
co-ordinaics of the cutectic point 72.9 mol% KBF, and 27.1 mol% KCl arc relatively

10 _
00 02 04 08 08 1.0
KGH

c X (KEF,) KBF,

Fig. 26, Phase diigram of the KO KB, KL TiF, sysem,
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close to those given in Ref. (77}, while the culcitaied ewceiie temperaiure. 4817 C
is substantiaily higher

The phase dlagram of the boundary KCOKGTIF, svatem: (Fig 29 is deseribad
by a second order polvimomit for the molur excess Gibbs™ energy of mixing, The
co-ordinates of both eutectic pomis fer 297 mol% K_TiF. 6340 e 704 molk
KLTiF,, 642.3 C)differ froim those given in Refl [59], probably due to uppieciable
inaccuracy ol the dewermination of the liquidus rerperaturs.

Similar results to those in Refl [103] were also obtained tor the boundary
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Fig, 24, Phase dingramm of the KCT KLTiF, system.

KBF, K,TiF, system. where @ third order polynomial for the molar excess Gibbs
energy of mixing and close co-ardinates of the cetectic point were found. Again the
significant inffex course of the K,TiF, liquidus curve is most probubly due io
decomposition of KBYF, and cecape of guseous BE;.

The deusity of the KCI-KBF,-K,TiF, mekls has been measured [109] using the
Archimedesn method. The molar volume. the partial molar volume and the excess
molar volume of the melts were caleulated on the basis of density data and possible
chemical interactions weve considered.

The following cquation was obtained for the molat volwme of the wrsary sysiem
after considering the lincur temperature dependence of the mokr volomes of ithe
pure components as well as those of the binary and ternary mleractions

Viem® mol ™' = v (34450 + 1.879 107 1K)
+ xgpe, 1 50TO0H2.982 % 10 21K
+ X i, (86,149 4 3383 x 107 274K )
+ 3985 k0 YR, T e VK,
% {8883, pp, — 7,624 x 1073 17K )
X, v, (14776 — 1447 x 1073 70K
—88 66 e N, v 1, {433

The standard deviation of Eq. {43} is o =0.343 tm? mol

From comparison of the experimentally determined values of the molar volumes
ol the ternary KCI-KBF - K, TiF, system with those calculated according to Eg. (43)
it follows that there is a significant ternary inieraction. The standard deviation of
approximation agrees well with the experimental error.
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The calculated values of the excess molar volame for the binary KC1-KBF, svstem
{Fig. 30} differ only slightly from additive behaviour, in agreement with the resulls
given in Ref [83]. In the KBF, K,TiF, and KC1-K,TiF, systems deviations from
ideal bebaviour are targer. In the lormer system the deviations are positive, while
nt the tatter one they are negative,

As in the ternary KF KBF-K,TiF, system {105]. two different regions are
present in the terary KCH-KBF KL TiF, system (Fig. 31): A region of volume

2.0

molar volume excess V™ /Agfom )

-0 : ! . 1 =
a0 a2 o4 o8 og i)
molar fractions

Fig. 30 Exeess mokic volumes of the boumliry binary systems wb 7= 80P o8 KO KBF 12
ROERGTIE 2 RBE, KNl

Fig. A0 FEacess melar eoiwe of the RO KBF, KJ0F, sysiom at T=THN R

Valags are ip
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expansion with the maximum in the binary KBF-K,TiF, system at approx.
25 mol% K,TiF; and 75 mol% KBF, and a region ol volume contraction with the
nraximum at approx. 60 mol% K, TiF,, 20 mol% KCl and 20 mol% KBF,. On this
basis, as well as from the last cocfficient in Eq. (43}, a ternary interaction cxists in
mells of the KCI-KBF,-K,TiF, system.

In the motten KBF K, TiF, system the chemical reactions Eqs. {37) and {38). it
is suggested [105] take place. The additive compound K,TiF.Cl, formed in the
binary KCi- K, TiF, system, also dissociales thermally according to

K TiF Cly, = Ko TiFoy, + KChy, (41
A, oo =0.587 kI mot !

The Gibbs energy of reaction Eq. {44} was caleulated from the equitibrium constant
of this reaction in Rel, [261.

In the ternary KCL-KBF,-K,TiF, sysiem the following chemical reaction is
possible

KCi(l)+ 2K, TiF (1) + KBF (11 = K;TiF (1) + K, TiECHI)
+BF5(g) A, G¥hgo 5 = 12.05 kI mol ! {45}

The resulting additive eompounds dissociate thermally according o reactions
Eqs. (38) and (44} The Gibbs™ energy of reaction Eq. {45) was calculated on the
basis of the Gibbs™ encrgies of reaclions Egs. (38) and (44)., us well as ol the Gibbs
cnergies of formation of KCL KBF; and BE, given in Ref. [100]. The relatively fow
positive value of the reaction Gibbs™ energy and the observed stow escape of gaseous
BF, indicate that reaction Eqg. {45) probably takes place in the ernury melts.

The excess viscosity in the terpary KTl KBF - K, TiF, system was measured in
Rell {110} and information on the interactions of components and on the probable
structare of the melts was obtained.

The following equation was obtained {or  the viscosity of the
KCH-KBF,-KTiF, s stem at T=100K

pmPa - s =0.9607 x 0630y 50 4 342 — 644Ny 4 Ay,
= 2427 vy Ximin, — 238980, Ve,
—‘63.784.\';{(1.\'ii;;.J.\'iz-l-il,ﬁ {46}

with a standard deviation o =0.033 mPu 5. The excess viscostty al 1100 K based on
Eq. {46} is shown in Fig, 32, There arc two diffcrent regions in the erniry system.
The first region with low K,Til°, concentration shows negative deviadons i the
viscosity, while in the second region with higher K, TiF, concentratica. posithve
excess viscosily is observed. The cxcoss viscosity course i the bipary systoms is
shown in Fig. 33. Since there is & common cation, the obscrved deviations may be
asceribed to the mutual interaclions of anions.

[n the binury KCi-K B, system exchunge of fiuorine atoms in the BF, 1wirahedra
by chiorine takes place m the melt with the presence of {BF,_ Cl)" . The less steale
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B Ci-B bridges and the fower concentration of the B- F-B bridges most probably
cause the negaii. ¢ deviations in the viseosity course.

In the binary KCI- KL TiF, system the intermiediate compound K TiF Clis formed.
However, the stabitity of this compound is low and its presence affects the viscosiy
course positively only at high concentrations of K,TiF,.

In the binery KBF - -K.TiF, system the reaction Eg. {37} takes place. In spite of
ihe extendaxd thermal dissociation of K;TiF .. the Gibbs' energy of reaction Eq. (373
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has a retatively low positive value, leading to the significant presence of K;TiF; in
the melt and to a positive deviation in the viscosity course.

From the statistically important teraary intcraction {the lust term in Eq. (463 it
foltows that reaction Eq. (45) takes place in the terpary KCI-KBF,-K,TiF,
system.

From thermodynamic and physico-chemcal apalysis of the KF-KCI-
KBF,-K,TiF, melts it foltows that their most characteristic feature is the formation
of the thermodynamically less stable TiF3~ and TiF,CI*™ anions with lower
co-ordmation symmetry. The presence of these antons in the melt most probably
facilitates the electroreduction of titanium and ihus the formation of tilanium
diboride on the cathode.

5. Deposition of alaminium

Aluminium is generally produced by electrolytic reduction of alominium oxide
dissolved in molten cryolite. A compiehensive review oa the theory and knowledge
of aluninium electrolysis to 1980 was published by Grijotheim et al. {111], and Tater
by Griotheim and Weich [112}, and Grjotheim and Kvande {113]. A recent review
of basic knowledge was presented by Haupn [1 4],

Although the mechanism of the clectrolytic process is not yet [ully understood.
there is relatively detailed insight into the structure ef the clectrolyte. It is generally
agreed that molten cryolite dissociales completely into sodium {Na ") cations and
hexafluorcaluminate {AlF; ™) anions. According to the classic idea represented by
Grotheiss el al. [111] the AIF]™ anions partially dissociate according to the scheme

AlFI™ =AIF; +2F° {471

Qo the othey hand. recent invesiigations based on Raman spectroscopic measure-
ments [115-117] suggest the two-step dissociation of the AlF2™ anions according to
the schemes

AIF}™ =AIF2™ 4F (48)
AT = AlF; +F~ (49}

The final anionic compaosition of the NaF-AlF,; melts depends on the oryolite ratio
(CR=n(NaF )/a(AIF;}} and the temperature. Fluorides are somelimes added to
the electrolyie to lower the tempersture of primary crystallisation and to increase
the efficiency of the electretysis. The most common additive s sluminium Nuoride,
the content of which varies in the range 3-14 mass% AP, in excess of the
Nu AlF, compostiion.

5.1 Structure of cryvolite-aluntineg wiefts

Buring the approximaiely balf century of investigaton of the structure of the
cryolite—alumina melts there have been numerous suggestions on the nature of the
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possible oxyeen-containing species present in the melt [111]. The older works [118-
130) assumed the presence of difierent aluminate and oxvfluoroaluminaie anions
such as AKQ; ., ANO37, AIOFS ™ and AIOFT. However. the nature of the dominaiing
species at different aluming concerrations in the melt and at dilferent cryolite ratios
stifl remains the most important wask in aluminium clectrolyie chemistry.

[n the last two decades it was penerally accepted that complex oxyfluoroaivinipate
aniong are the most probable species formed. Dewing [1311 sugzested thai alumina
dissolves predominantly with formation of AWOF!™" anions, while Ratkje and
Forland [132.133] on the basis of crvoscopic measurements indicated the following
equitibrivm reaction

ALOFE ™= = AIOF! 7 4 AlFY. x+ {50

Probabie values for x arc 6 or 8. while r may be 2. indicating that AIFP 77" is
then ALFZ™ or AlF 7, the most importani anions in oxide-free ervolite melts.

Mare yecent invesligations, based muminly on Ranan speetroscopic measurements
[115.176] indicate that amons with bridgiig Al O Al bonds are really present, most
probably having the following strecture

o FE 2-

NV o dr
N T

or F

{31)

These species originate  the sell by reaction of AlF2 ™ with dissolved alumina.

New insight mfo the character of the oxyfivoroaluminate spevies way brouglt by
Gilbert ¢t al. {117,134} on lhe basis of Raman speclroscopy. The Raman
spectra excluded the presence of spectes with nonr-bridgimg Al- O bonds and ondy
those having bridging AlL-O-Al bond. corresponding to ALOF!™* complexcs. are
considered.

Sterten [ 1357 developed an ionic model of the cryolite melts saturated with alunnina
on the basis of the experimentally delermined activities for NaF and AlF;. He found
out that the ALOFY ¥ and ALQ,F27° species are most probably present in these
cryolite—alumina melis. The species AIOF L7~ were found 10 be of minor importance.
He chaimed that in very basic melts (CR =3y ALOLFI and ALO-F;~ vompleses
are dominating, while in acidic melts (CR<31 the complexes ALOFI™ and
ALOLFS are the most abundant.

Julsrud [136] proposed a thermodynamic mode!l for eryolite-aluming melts
based on cryoscopic and calorimetric measuremaents and considered the ALOFL™,
ALOFY | ALOFS ALO,FI wnd ALOLFL™ species Lo be present in these mclts,
Kvande [137,138] also sugeested that ALOFE Is the most abundant specices in the
low alumina cryolite melts.

The solubility of alismina in NaF-AlF, melts attains a maximun at the composi-
tton of cryclie [111.138]. Thewrefore, it is reasonabie to assume that alumina. when

-3

dissolving in cryolite-based mebs, rezets predominantly with AIF; ™ anions according
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to the following rcaction schemes

ALO, +4AIF} ™ = 3A1,0F2" +6F {52}
ALO; +4AIF2 " = 3ALOF- (53)
ALO, + AIF2™ =3/2A1,0,F3 (54)

Reactions of alumina with F~ ions are fess probuble, since the alumina solubility
in pure moklen NaF 15 very low.

An alternative reaction sequence may first be the dissociation of A0, according
to the schomes

ALO,—2AI0" + 0¥ (55}
ALO,»ALOY T 420" {50)

and the subsequent reaction of the dissociation products with AIF] ™ anions with
formation of the threc main oxygen-containing species. ALOFL . ALOF]™ and

2A10° + 0% +4AIF3 ™ —3ALOFE 4. 6F (573
JAIOT + 07 +4AIF T S3ALOFY (58)
2AI0T + 0 £ AR - 32A0,0,F1 (39

The arrows mdicaie That the reactions are shifted completely to the right. The second
dissogiation scheme of aluming seems to be of less tmiportance, fince 1t is not expected
that ALO*™ jons would react with AlF] ™ ions with formation of species with three
aluminivm atoms.

The above picture of the cryelie -aluming melts was also recently confirmed by
vory accwrale Raman spectra measurements and vapeout pressure carried out by
Gilbert et al. [134]. Similar reactions sccompanying the dissolution of dluinina were
sugpesied, however., the AIFZ™ anion was considered 1o be the mest abundunt species
and thus as & reactant needed lurther F 7 ions to use in the above reachion schemes.

The very recent mvestigation of Danck and Ostvold [ [39]. based on direct oxygen
determination in cryolite- alumina melts with dependence on the cryolite ratio and
alumina conteni, confiimed the predominant presence of ALOFZ™, resp. ALOF:™.
species in the low alumma-containing mells, while at higher alumina content all
three spectes. ALLOFL”. ALOFY™ and ALO,FY arc present. regardiess of cryolite
ratio.

3.2, FEfectrado vegctions

The mechanism of the clectrode reactions with regard 1o the structure of crvo-
lite-alumina meits is probably at present onc of the most widely investigated subjects
in aluminium electrochemistry. Afthough ncither the anode nor the cathode reaction
is fully understood, encugh is known to form a reasonably consistent picture.
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321 Anede reactions
The ancde reaction may be written m the simple form

C+207" 00, +de” {60)

but free oxide ions do not exisi in the clectrolyvie. 11 1 generally accepied that the
oxyzen is transporied to the anode in the form of Al O-F complexes. The equations
for possible anode reacttons involving the three main spectes are as follows

2ALOTE + C+4F ~ =C0,+4e™ +3AIF, {61y
JALOF] +C=C0,+de” +4AIF; 1623
ALOFY +C +4F " =C0O,-+4e” +2AIF7 1633

All these reactions involve the formation of AIF] jons thus explaining why the
electrolyte becomes more actdic close 1o the anode during electyolysis,

Sterten §133] calcwlawed from bond encrgics that the first oxyzen aom can be
removed from ALQO,FT" moch casier than the second or the one oxygen from
ALOF; . This suggests that the anode reaction is

2ALOLFE + C—CO, +ALOF, +4e” (64)
The equilibrinm between ALOLFL and ALLOFL ™ can be vestored by reaction
ALOFY ™ 4 ALOF = ALLOLFT +2AIF, (65)

with AlF; reacting subscquently with F7 10 formy AIF) ions. However. the presence
of any neatral molccules such as ALOF, s not probabic W these lonie melts,

3.2.2. Cathvde reactions

Since Al " cations caunot be present i the clectrotyte, atuminium s deposited
from antonic complexes only. The primary deposition of sodium dees not ake place.
since the voltage reguired for aluninium deposition i+ about 0.27 Y jower than that
required for deposition of sedivm. The man eathode resction is oflen wrilicn in
the form

AlFD +3c7 o ATRAFT 1660)

However, recent work by Thonstad {14, 130] indicated that aluminium is discharged
from oxyluorcaluminate lons by a Utreesdep proces: with charge rroasier aking
place in two steps

ALOFE o ALOE, +2F - (671
ALOF, 4 2e "= AlF 5,4, + AIOF; (68}
AlF 50+~ —AL+2F" {69}

The netation (adsy means thot these spacies ure adsorbed on the cathody surface.
Na™ carries the current and is transporied 1o the caihode interface. ALOF: ~ diffuses
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o the interface and 2 Na™ accompany it to mamtain charge neutrality. The stepwise
discharge of one ALOFI™ ion produces one atom of lguid alwnisium. one
AlOFT jon and 4 F~ fons. The 4 F7 and one AIOF; 1ons set lrce are just sufficient
1o neulratise the space charge of the 5 Na ™ cations. three transporied by the current
and two that accompanied ALOFZ. The originating AIOF; ion can react with
AIF; to produce the next ALOFL™ ions. Both cathode mechanisms tesult at the
cathode interface in a high concentration of NaF which can actually be determined.

[n both anodic and cathodic processes the less symmetrical oxylluoroaluminate
complexes are involved. Thus, the lower symmetry of these anions is nmost probably
responsibie for the easy deposition of aluminium. This may also be supporied by
many unsuccessful attempts of one of the founders of this process, P.L.T. Héroult,
1o produce aluminium from pure cryolite {111]. The favourable effeet of alumina
was confitmed recently by Makyta et al [22] using volianmmetric measurements in
the Nua AIF, -ALO, svstem. Fig. 34 shows the cathodic part of the voltammetric
curves recorded in pure cryolite {curve 1Y and in the melt comaiming 2 mol% of
AL O, {curve 2), Comparizon of hoth curves shown w the figure confirms that the
mtraduction ol oxygen-containing specics to the molten cryolitc favourably influ-
ences the deposition of aluminium. The clectrodeposition potential of aluminim is
shifted to more positive values and the peak cucrent, which repres. ats the amount
of electrochemical active aluminium speeies n the melt. increases.

However, it s vory dilficelt to prepare oxvgen-free pure cryobic. Even +ne
Greenland hand-picked natural cryolite or synihetic civolite prepared from subli-
maled AIF; may contain a small amount of aluming, Contamination of cryolite by
moisiure may also occur during the preparation of samples despite careful treatment
in a glove box. Thus, the problem of oxygen-free cryolite preparation and the
verification of the possibility to deposit aluminium from oxygen-free cryolite may
be the objective of u further nvestigation,
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The crucial impertance of the presence of oxyfluorcalumimaie species 15 aiso
indicated by the so-called anode cflect. which takes place during electrolysis when
the aluming concentration in the electroiyte i nearly depleted. As alumina is
depleted, the anode overvoliage increases causing reduced wetting of the anode and
the formation of fluorocarbon compounds, e.g. CE,. which form a gas filin on the
anode. Since the three main species, ALOF.I™, ALOF™ and ALO.Fi . are in
chemical equilibrivm the anode effect cannot be caused by the consumption of ol
one of them, because the chemical equilibrium would be shifted in order 1o connteract
the change. 1t scems more reasonable to assume that the total amount of these
species is important [138). This means that the anode effect occurs because there is
a lack of AI-Q-F species in the melt. On the other hand. it is also possible that
equilibrium conditions do not exist during electrolysis, and that slow mass-iransicr
will cause 4 concentration gradient of the axygen-coutaining species near the anode.
Thws, the anode eflect may occur because the coneentration of these species close
to the ancde surfacc becomes zoro.

6. Conclusions

On the basis of the current review. fonic structure and especially the Tocal structure
of the clectroactive specics. plavs a key role in the mechanism of the electrodeposition
of metals from molien salts. It is clearly demonstrated in the examples presented
above that the creation of specics conlaining electrodeposited metst and
exhibiting lowered symmetry of the co-ordination sphere caables metwd deposition
{molybdenum, aluminium} or cnhances the rate of iis deposition (tiaunium).

Molybdenum is ¢lectrodeposited from B0, K,Mo0, and KF- B;0,-K:MoO,
clectrolytes most probubly due to the presence of complex heteropoivanions in the
melt. The electrodeposition of titanium frem K TiF, is enhanced by the formuation
of TiFY" or TiF.C1?" anions which are present in the molten KF K, TiF,
and KCE-K,TiF, melts, respectively. The formation of complex aluminiim
oxyfluoraaluminate species is responsible for electradeposition of atuminium from
cryolite- alumina melts,
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