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Abstract 

The influence of the ionic structure of electrolytes used in the electrodeposi|ion of molyb- 
denum, titanium and aluminium on the mechanism and kinetics of metal deposition is 
discussed. Using electrochemical methods of stt~d:~ and a complex thermodynamic and phys- 
ico-chemical analysis it was determined that in all the electrolytes investigated the electro- 
deposition process is significantly l:acilitated by the tormation of complex anions with lower 
symmetry of the co-ordination sphere. In the case of molybdenum deposition, complex 
heteropolyanions are probably created in the melt by the addition of B~Oa or SiO, to the 
K2MoO4-based electrolytes. The electrodeposition of titanium fiom the K2TiF~,-based electro- 
lytes is enhanced by the formation of the less stable TiFf-. resp. TiF6CI 3- anions, tn the 
electrolysis of a|uminium from cryolite~alumina melts the creation of exyfluoroaIuminate 
anions facilitates the electrodeposition of aluminium, g? 1997 Elsevier Science S.A. 

1. Introduction 

The electrodeposition of  metals from molten salts has been extensively studied 
for many decades. From an analysis of the literature it is clear that several types of  
molten systems have been tested as electrolytes. On the basis of  the electroactive 
species used they can be divided into two principal groups: 

(i) systems containing halo-complexes of  the deposited metals, 
(it) systems containing oxides or oxy-complexes of  the deposited metals. 
In all of  the systems investigated one of  the most important tasks to be solved is 

to find the proper composition of  the electrolyte with regard both to the suitable 
physico-chemicat properties of  the electrolyte and the desired characters of  the 
electrodeposited product. Both problems are closely related to the actual structure, 
i.e. the ionic composition of  the melt. 

Quite recently attention was paid to the role of  oxides, either as electroactive 
species, as impurities or as additives in the electrodeposition of  metals. This may be 
demonstrated e.g. in the case of etectrodeposition of  molybdenum [ 1,2], where the 
electrolysis of  neither pure KzMoO 4, nor the KF--K2MoO4 mixture yields a molyb- 
denum deposit. However, by introducing small amounts of boron oxide, or silicon 
dioxide to the basic melts, smooth and adherent ~olybdenum deposits _)nay be 
obtained [2,31. 

In the present review we study the influence of  different additives which change 
the structure of  the electrolyte (i.e. ionic composition) of the pure molten compound 
on the electrodeposition of  molybdenum, titanium and ahnninium using a voltamme- 
tric method. Based on measurements of the phase equilibrium, density, electrical 
conductivity and viscosity and using the complex physico-chemical analysis of the 
electrolytes, conclusions about the probable structure of  electroactive species present 
in the electrolyte as well as on their electrochemical stability were made. 

2, Thern~odynamic approach 

In general, the melts investigated represent multi-component systems of  inorganic 
salts and oxides or  oxygen-containing compounds, in which chemical reactions take 
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place. The chemical equilibrium in the melt depends on the composition and temper- 
ature. The influence of composition plays the most important role, while the change 
in temperature does not affect the equilibrium dramatically. 

A physico-chemical analysis, based on the results of the measuremems of phase 
equilibrium, density, electric conductivity and viscosity of the meits and combined 
uith the electrochemical study of electrolytes. X-ray phase anatys}s and l~.  resp. 
Raman spectroscopy of quenched melts, has been used for the study of ~he structure. 
i.e. the ionic composition of the molten systems under investigation, tt may be 
assumed that the high temperature composition is at least qualitatively conserved 
after quenching. 

To draw conclusionb on the structure of the electrolytes from the concentration 
dependencies of the particular properties the following thermodynamieaI, s~atisfical 
approaches and materiaI balance calculation were used. 

2.1. Dilute soh~tians 

tn the region of dilute solutions the limiting law is valid 

U['!i 
iim - -  = k ( S t )  ( I )  

where a~ is the activity of the component expressed in terms of the mote fractions 
a~'s according to any suitable model and k(St} is the correctio1~ t~ctor introduced 
by Stortenbeker [41. representing the number of foreign particles, which introduces 
the solute into the solvent at infinite dilution. If ],(St )= I. the investigated system 
obeys Raoult's law and belongs to the solution type No. [. If k( St ) ¢: I. the system 
belongs to type No. It, which do not obey RaouWs law. 

The region of diluted solutions can be investigated preferentialiy by cryoseopic 
measurements. For the lowering of the temperature of fusion of the solvent, ATe-. 
the following equation holds 

RTf 
ATf= - - - - x e  "/¢(St ) (2) 

AHf 

where T,- and AHf are the temperature and the en~halpy of t~sion of the solvenL 
respectively, .v~ is the mole fraction of the soI'~'e~, and l~' is ~he gas cow, stunt. The 
resulting knowledge of k{S~} enables one to deduce ~he )ossibIe oneoina chemical 
reaction between solvent and solute. 

2.2. Whole .2vslems 

For the whole concentration r e ,  on of the system investigated two different 
approaches may be used. b~ the first approach, the structure (i.e. the ionic corr~posi- 
tion) is determined by the thermodynamic equilibrium composition, after eiI the 
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chemical reactions taking place in the system are over. Ideal mixing of  components 
is supposed after reaching equilibrium. If the standard deviation of  the calctflated 
and measured property obtained for the given chemical reactions is in the range of  
the experimental error, it is reasonable to assume that the structure of the electrolyte 
is given by the equilibrium composition determined by the calculated equilibrium 
constants. In addition, information on for example the thermal stability and the 
Gibbs' energy of  the conlpounds which are present may be obtained. The task is 
solved by means of the material balance and using the thermodynamic relations 
valid for ideal solutions. ;n general, this approach )nay be used in the evaluation of 
those properties for which the ideal behaviour of  the system is physically defined, 
e.g. for Gibbs" energy of  mixing and molar volmne. The procedure can be demon- 
strated on the calculatior~ of equilibrium composition based ot~ the measurement of  
density in the system A-D in which the intermediate compound AB is formed. 

Let us consider 1 mot of  mixture consisting of  _x~ moles of" componem A and x2 
moles of  component B. Since the partial thermal dissociation of  AB must be taken 
into account, the degree of conversion of the reactio~ A + B = A B ,  ~, has to be 
introdtmed. The equilibrium amounts of substances can be expressed as follows for 
x~_<O,5 

n(A) = ( I - 2x_, + ~x, ) tool 

n(B) = ~_x_, tool 

n (AB)=  rz( I -:~) tool 

To ta ! - (1  .v~ I ~.ve) mot 

and for the equilibrium mole tYactions we ea~t write 

! - 2 x ,  + ~.',, ~.v2 .w_( 1 ~} 

I - -  .v  2 + ~ _ v ,  I -- .v 2 + :~.x z ! - -  x 2 + :z \ -  2 

The degree of conversion of the reaction A + B = A~ is then given by the equilibrium 
constant 

:,':( 1 -- 2X 2 + 5:.X 2 ) z,:~ 
K . . . . . . . .  (4) 

( l - -3¢) (  t -  X2 -[- Y..V2) l--~.~ 
where % is the degree of conversion to p~re AB. For every value of the equilibrium 
constant we can calculate the equilibrium mole fractions c f  constituents for every 
composition. Recalculating the mote fractions x ( i }  imo mass fractions w( i )  al~d 
introducing them into the eq,.mtion 

p(ca lc}=[  wA + ~ '  + "~'z~- i ~ {5) 
L P:, g'a PA~ J 

which is based on the additivity of  specific volumes, we get a set of  density values 
for every chosen equilibrium constant. The accepted value of  K is determined by 
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the condition 

i [pi(calc) - ,oitexp )]~ = rain ( 6 ) 
i = l  

In !he second approach, which finds applicatio~, in real sysiems, the validhy of 
the general Redlich-Kister type equation for the exce:,s property is supposed. For 
the description of the composition dependence of the given property Y in the 
system, the following equation is then used {e.g. in a ternary system) 

s 3 ~ "' v C,, .  ',-'4 .a~;.-v; Y = ~  Ai.&- + ~ x,. .v.i  B , , i j . . x j  + L ,  , - • - . 

i=  t i ~ j  i . j=  i n = O  mb.r 
17} 

The first term represents the additive behaxiour, the second one the binary imer- 
actkons and the ti~ird one the interaction of all three components. For the excess 
Gibbs" ener~, of mixing in the real solution d~e following eq,aation may be supposed 
(e.g. for a ternary system) 

3 5 2 
~"  V a b c a G  ~'~' = Y Y_ & , , . x . _ , - ; '  + . -  g ,~ ._  ~..~-~.,-,, 

i w j  i . j = l  n = !  i~-j~g, i . j . k= l  
(8) 

In the case of transport properties, such as viscosity and electric conductiviiy, ideai 
betmviour is not physically defined, since we deal with scalar quantities which do 
not pos.-.ess !he total derivative. Thus. the simple additivit) rule may not be used. 
However, these propm~ies are thermally activated anc~ the addidvity of activafior~, 
eqergies is allowed. Based on this idea the additivity of logarithms of these proper0es 
is often accepted as "'ideal" behaviour. For the descrinliop, of e.g. the ",iscosity in a 
three componem system the foHox~il)g equation has been suggested 

3 k 
' l = ' l f  . . . . . . . .  V " ~ ' ........ 

"~12-'1t3 + E X;. .V • .q.U,Aj + ~ . . !  I "A2 ""~3 
f e j  i .i= I , =0 

Coefficiems of the regression Eqs. (7) (9} are calculated using ,.nultip~e iinear 
regression analysis. " - - : " :  um: t tmg the statistical non-important terms on the chosen 
confidence level and minimising the number of rele~ar_a terms ~,.e obtain a solm[on. 
which describes the concentration dependence of {he property investigated with a 
standard deviation of the fit being of tb.e same order as the experimen{ai error. For 
statistically important binary and ternary interaciions we look ~\~r appropria'~.e 
chemical reactions and check theh them-~odynam[c probabi}it? calculating their 
standard reaction Gibbs" energies. The reaction pre.ducls are identified using the 
X-ray phase analysis and IR specwaseopy of quenched mehs. Again we a.-;su~33e ~ha~, 
the composition at high temperature is a~ least quatimth'el? conserved aiier 
quenching. 

Interactions are mostly cor~sidered as chemicaI reactions between components. 
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However, van der Waats bonds and the formation of associates may not be excluded 
as interactions, even if they cannot be detected by spectroscopic measurements. 

3. Deposition ofmolybdenu,n 

An analysis of the titeratm-e data on the electrodeposition of molybdenum shows 
that several types of molten salts have been tested as electrolytes. On the basis of 
the eleetroactive species used, they can be divided into two main groups: 

( 1 ) halide systems containing either K3MoCto [5-9] or K3MoF6 [ 10] dissolved in 
alkali metal halides, mainly chlorides and fluorides; 

(2} mixed systems containing oxide compounds of mo!ybdenum, such as molyb- 
denum oxide, MoO3 [11-13], alkali metal molybdates [1,11, t4- t6]  and CaMoO4 
[17]. Supporting electrolytes include: LiCt KCI mixtures [12], sodium and lithium 
metaborates [11], KF-Na2B407 [14], KF-Li2B4Ov [I], KF-B203 [2,15], and 
CaCt2-CaO [ 171. 

Comparing the results of molybdenum electrodeposition from several types cf 
electrolyte, it was confirmed in Ref. [21 that the process is most successful in electro- 
lytes consisting of a mixture of alkali metal fluorides and boron oxide (or alkali 
metal borate) to which molybdenum oxide (or alkali metal molybdate) is added as 
the electrochemical active component. 

The electrodeposition of molybdenum from binary MeF Me,MoO4 mixtures does 
not occur [t-3,5-t71. However, a small addition (i mol%) of boron oxide 
[1,2,11,14-16] or SiO, [3] to the electrolyte facilitates the electrodeposition of 
molybdenmn. The presence of boron or silicon oxide most probably modifies the 
structure of the melt which results in changes h~ the cathode proces:,: 

3.1. Electrochemisfw of molybdemm, 

The mechanism of the cathode process has been extensively studied in chloride- 
based electrolytes containing either MeaMoCI6 [ t8] or Me2MoO4 [ 12,17, t9,20] as 
the electrochemically active species. For pure chloride electrolytes [18] the reduction 
of Mo( t t l )  proceeds in a single three-electron irreversible step. It was found that 
the irreversibility of the process decreases with increasing temperature from 600 to 
750~C. However, chloride melts containing dissolved molybdenum(VI) oxide 
and alkali metal molybdates are found to be unsuitable for the electrodeposition 
of molybdenum because the primary product of the cathodic reaction is a 
molybdenum(tit  ) oxide which is insoluble in the chloride melt. 

Very promising electrolytes for the electrodeposition of molybdenum are melts of 
the system KF-K,MoOa-BaO> especially when smooth, adherent molybdenum 
layers on metallic surfaces are desired [! ]. 

The mechanism of molybdenum electrodeposition from potassium molybdate 
dissolved in a KF-B,O3 molten mixture was investigated by Guoxum and Defang 
[2t]. The process proceeds in two consecutive charge transfer electrode reactions: 
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Mo(Vt)~Mo(|)--~Mo(0).  The diffusion coefficient of Mo(Vt) species in the melt 
is in the range 1.99-2.25 x 10 -5 cm 2. s-L 

The influence of BzO3 addition on molytMenum electrodeposition from moi~en 
KzMoOa and KF--KzMoO4 electrolytes was studied in Ref. [221. Fig. I shows the 
voltammetric curves recorded in a pure potassium motybdate melt and in ~he 
KzMoO4--BzO3 system with different boron oxide additions. On the vo!tammetric 
curve recorded in pure KzMoO4 (curve t) only one electrochemical process is 
observed at a potential of approximately - 1  V. This process represents electro- 
deposition of potassium on the cathode. The addition of a small amo'ant of boron 
oxide to the basic melt causes simnificant changes i~ the shape of the voltammetric 
curves. A new expressive current peak starting at approx. -0 .2  V appeared on the 
voltammetric curve (curves 2 and 3), with current depending on the B2Q ccntent 
in the melt. Similar behaviour was also observed using the KF-KaMoO4 system 
with SiO 2 additions. 

On the basis of these results it is evident ,,hat the addition of oxides most probably 
causes changes in the ionic composition of the electrolyte, i.e. the kind of electroacti ~e 
species fi'om which molybdenum can be reduced. Changes in the ionic composition 
were studied using a physico-chemical and thermodynamic analysis {see betow). 

Makyta et al. [23] carried out chronopoten',iometric and voltamme;,ric measure- 
ments to determine the effect of electrolyte composition or~ the mechanism of 
molybdenum electrodeposition from KF--K2MoO4-B20 a melts. The dissolt~tion of 
potassium molybdate in molten K F-B203 mixtares is accompanied by chemical 
reactions between different boron-containing species such as BaO}-, BOf and 
BF4 [24] and fluoride anions present at equilibrium in the basic KF-BzO~, melt. 
These chemical reactions most probably create new, molybdenum-containieg electro- 
chemically active species. Such multi-atomic species consisting of MoO~ ~'oups with 
boron as a central atom. present in the MoO.~-based g~assfonning melts, were 
described e.g. by Rawson [25]. 

0 t 

"r "' v" ' -~ 'T ' -~ ~ - - - ~  

2 -t00 

-150 
' !  

x 
-200 ~ . . . . .  .! 

-'~ .2 ~-0.8 -o.4 0.0 
E N  

Fig, ~. Vo[tamme~ric cur~es in the Kk-K2MoO~ g:O~ sss~e~. (1) P~re t'~2MoO~,: (2) 
K2MoO~+2 tool% BzO.¢ ~3i K~MoO4+5 r~o~% B203. 
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On the other hand, according to Makyta et at. [23], the reaction of potassium 
molybdate with fluoride anions creates electrochemically inactive molybdenum-con- 
taining species. These species are probably identical with those present in the molten 
KF-KaMoO4 mixture [26]. When all the boron-contain_ling electrochemically active 
molybdenum species have been consumed, further dissolution of molybdate anions 
proceeds through formation of electrochemically inactive molybdenum species only. 

tn a series of chronopotentiometrie measurements in melts eontaini~lg 1.5 tool% 
B203 and more than 0.4 tool% K2MoO4, and in melts containing 3 tool% B203 and 
more than l tool% K2MoO~, Makyta et al. [23] observed only one wave on the 
ehronopotentiometric curves. This observation together with previous results [2] 
indicate tha,* ;he chmxe transfer electrode reduction of Mo(VI) from 
KF-K2MoO4-B203 melts proceeds in one si×-electron step. These authors further 
claimed that the equilibrium chemical reaction between the various species in the 
melt, in accordance with the quantitative description of such a process published in 
Ref. [27], precedes probably this one-step electrode redeetion. Based on a regression 
analysis of the ¢hronopotentiometric data obtained at the two lowest K2MoO 4 
concentrations in the above two melts, and forcing the regression line to pass through 
zero, the diffusion coefficient of the electrochemically active molybdenum species 
was calculated to be 2.8 x 10-s cm 2 . s- ~. This value is in a good agrcemem with the 
value determined by Ouox~ ~ Defang [2t]. 

Similar electrolytic p eparatton of molybdenum coatings in the molten system 
KF-K2MoO4-SiO 2 i,, "": investigated by Zatko et al. [28,291. Coherent, smooth 
and well adhesive : ,  _~z~u_,n layers were obtained on electrically conductive 
substrates in a relatively narrow composition region. The quality of the deposit 
depends on the silica content in the melt. The authors expL6n the positive role of 
SiO, in the molybdenum electrodeposition as being due to a chtmge in the structure 
of the electrolyte and the formation in the melt of [SiMo~2Oa~] 4- heteropolyanions 
according to the reaction 

12K,MoO 4 + 7SiO, + 36K F = K4[SiMol204o ] + 6K2SiF~, + 22K,O (10) 

Such heteropolyanions are rather voluminous and thus much more polarizable. In 
the vicinity of the cathode in the electric double layer this anion is strongly polarised 
and finally disintegrated into smaller species, |Yore which consecutive molybdenum 
deposition takes place. The X-ray dillYaction analysis of the solid deposit on the top 
closure and furnace wall proved that the deposit thereon consists of pure K,SiF~,, 
thereby supporting the t\3rmadon of the above mentioned heteropolyanion. 
Unfortunately, the authors did not study the mechanism of the cathodic process in 
this system. 

.~. 2. S tructure  q [ thc  K F  KzMoO~.- B203 tin'Its 

In a number of papers measurement of different thermodynamic and transport 
properties of the KF K , _ M o O z - B 2 0 ~  melts was done with the goal of cklrifying 
their structure, i.e. the ionic composition on the basis of a complex physico-chemical 
analysis. 
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3 . 2 . 1 .  Sub.'O'xtel;t K F  K 2 M o O a  

!n bina,'y systems of alkali metal fluorides and other sahs oF alkali metals, such 
as sul!)hates, chromates, molybdates and tungstates, additive compounds such as 
NaaFSOa, KyCrOa, K3FWOa. K~TiF> K~ZrF:, etc.~ are formed. In the case of 
alkali metal chloride Ci m~q also be a ligand in the co-ordinaiion sphere o{" the 
central atom. These compour~ds exhibit low symmetry of the comp!ex anion most 
probably due to the repulsive forces belween both anions. Owing to this effect and 
obviously a relatively high energetic state, such compounds often undergo a more 
or less extended thermal disseeiation upon melting, in some cases they even melt 
incongruently. Evidence of such behaviou~ may be found e.g. in Refs. [30,3! ]. Into 
lhis group also belongs the compotmd KyMoO4, fbrmed in the system 
KF KzMoO4. 

The phase diagram of the binary system KF K,MoOa was studied by Schmitz- 
Dumont and Weeg [32]. Mateiko and Bukhalova [33], and Julsrud a~ad Kleppa 
[34]. The lest authors also measured the enthalpies of mixing of this syslem. In this 
system is found the congruently reciting addition compound K~FMoOa with a 
melting point of 752 C. This compound divides the STStem into two simple eutectic 
ones with the co-ordinates o[' the eutec:-:ic points of 29.2 tool% KzMoO4 and 720.4 C 
in the subsystem KF K~FMoOa and 58.4mo1% KeMoO4 and 748.6 C in the 
subsystem K y M o O  a KeMoO 4. From the fiat ccurse of the K~FMoOa iiquidus 
curve in this system it may be assuvaed that th2 addition compound undergoes 
considerable thermal dissocialion. Upo,a melting the values obtained for the enthatpy 
of mixing indicate ~hat {he KF K_-.MoOa s?,stem deviates very little from ideal 
behaviour. 

The phase diagram of the system K E KeMoO4 (Fig. 2l ~as also later measm-ed 
by Patari~k et al. [35,36!. These auti~m's showed that the addition compound 
K~FMoOa malts at 75t C. The co-ordinates oi" the individual eutectic points are as 
follows: 30moi% K_,MoOa and 721 C in the KF KSMoOa subsystem and 

850 ¢~ 
0.0 0.2 0.4 0.6 0.8 1.0 
KF x{K2MoO 4) K2MoO 4 

Fig. 2. Phase diagram of the KF K_~MoO a system~ Experiment [34.35] ~.@}: ca!cutated ( ], 
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59 mol% K 2 M o O  4 and 745 'C in the KsFMoO~K2MoO4 subsystem. These values 
are very close to ~:hose obtained by Julsrud and K!eppa [34]. 

The densities of melts of the molten KF K_,MoO4 systems were measured in 
ReE [26]. The density in this system increases monotonically with increasi,~g content 
of KzMoO 4. The coacentration dependence of the molar volume of this system at 
927 "C is described by the equation 

~Jcm 3 tool - * = 31,16 + 74.61,vKv - 8.70_v~: + 5,76x~, i, (11) 

From the values of the excess molar volume it follows that the system shows only 
small deviations from ideal behaviour. The maximum devialion of 0.55% is attained 
at the concentration of x(KF)=0.75.  The formation of the congruently melting 
compound K3FMoO4 does not affect the molar volume course, since the excess 
molar volume at x (KF)  = 0.5 is very close to zero. This indicalcs significant thermal 
dissociation of the addition compound. 

The density data obtained in Ref. [26] were u, ed in the calculation of the degree 
of thermal dissociation of the additive compound KsFMoO4. The result was also 
compared with the degree of thermai dissociation obtained from themmdynamic 
analysis of the phase diagram of the system investigated in Ref. [34] using the va!ue 
of the enthalpy of fusion of KaFMoO 4, taken from Ref. [37]. 

tn Ref. [26] it was found that the degree of dissociation of K3FMoO4, obtained 
from analysis of the phase diagram, reaches a value ~,o=0.8t, confirming the pro- 
nounced thermal dissociation of KaFMoO4 during melting. Fig. 2 shows the experi- 
mentally determined [34] phase diagram for the KF-KzMoO4 system and the 
liquidus curves calculated for the value of the equilibrium dissociation constant 
Kai~.Ks~oo~ =0.656. The standard deviation of the fit was 6 .8C.  The fulfihnent of 
the limiting laws for x~+ 1 demonstrates the piausibility of the calculaled equilibrium 
composition as well as the thermodynamic consiste1~cy of the experimental phase 
diagram. ]"he value determined for the degree of dissociation of KsFMoO 4 agrees 
very well with the value :Zo(827 C)=  0.86 determined by the analysis of the volume 
properties. Based on the dependence of the equilibrium dissociation constant 
on temperature, the enthalpy of dissociation AHd~.K~.,~oO =I8,8 kJmol - l  has 
also been calculated, representing a substantial part of the entha!py of fusion 
zXHr=58 kJ tool-1 [37]. 

The existence and structure of the complex anion [FMoO4] s ~ howe~c~, may be 
a subject of discussion, Even though it cannot be identified by spectroscopic methods, 
obviously due to weak Mo F or O-F bonds and probab!y also a short lifetime, this 
complex anion can be considered as an associate, its acceptance is well-founded at 
least thermodynamically and serves as an useful example to understand the nature 
and behaviour of the investigated melts. 

3,2.2. Sz~bsystem KF- BaO a 
The liquidus curve of KF in the KF-B203 system tip to 20 tool% B203 was 

determined by Chrenkovgt and Danek [38] and Patarfik et al. [35,36] and is shown 
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in Fig. 3. / ,ccording to the Gibbs" energy of the metathetical reaction 

6KF m + BzO~ m = 3K20~ + 2 B F ~  (12) 

AG°(827 C ) = 9 4 0 k J m o !  -~ 

the KF--BzO3 system should be the stable diagonal of the ternary reciprocal system 
K +, B3+,//F - ,  O 2-. However, a number of compounds are formed in this ternary 
reciprocal system. From the thermodynamic analysis of the liquidus curve of  KF it 
follows, that the reaction 

8KFm + 7B203m = 3K2B4()vm + 2KBF4m (13) 

z:kG°(927 C ) =  -201.7 kJ m o ] - l  

yielding two complex compounds KBF~ and KzB40~. takes ph~ce in the melts. The 
presence of both compounds was also confirmed by means of the X-ray powder 
diffraction analysis and IR spectroscopy in the qtlenched samples. The positive 
deviation of the real liquidus curve from the theoretical one is most probably due 
to further polymerisation of  the borate species. 

The cryoscopic measurements of  B20 3 ill molle,~ potassium fluoride were per- 
formed by Makyta [241. He obtained the bes t fit of '&e experimental and theoretical 
iiquidus curve for the reaction 

32KF m + 25B2031 h = 6KBO2m + 9 KaB~O,,I~ -~- 8KBF4m { i4 ) 

The tast two originating compounds were confirmed both b3 the X-ray analysis and 
tR spectroscopy of quenched melts. K2B40-: is created preferentiall3 with increasing 
content of  BeO: in the mixture. The presence of metabor~'~e anions, however, was 
not detected, most probabty due to its tow concentration in the melt. 

9 0 0  ~ - ' - r - - ~  .... r ' ~ , ' - ]  

8snk, J 
o J 
o_ i 

0,0 0 . l  0.2 0.3 0.4 
x(½o3) 

Fig~ 3. L.iquidus curve of KF in lt~e KF BzO~ s)stem. Palarak ct at. [35] i ): Chrenkova and Danek 
[38] { ?, ): limhing course for t~o ne~ parUcles (-- -,). 
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The  densi ty  o f  the  K F  B20~ system was measured  in Ret: [ 19]. The  dens i ty  course  
in this system shows a m h l i n m m  at 20 tool% Bz()v The  concen t r a t i on  dependence  
o f  the  mola r  w~lume at 827 'C was descr ibed by the second order  po lynomia l  

V/cm -~ tool ~ = 30.14 +23.33.vlho,  - 47 23.vi~,o, ( 15 ) 

Di t fcrent ia t ing Eq. (I 5) and  i m r o d u c i n g  into the equa t ion  

I"~ho = I " + \ ~ 1  [ X - ~ - -  ] (16) 

we ob ta in  for the  par t ia l  mo la r  wflume oi" t]z()~ at  a t e ,npera tu re  o f  827 ( '  the 
eq ti a t {o n 

V,~o,/'cnv ~ tool 1 = 6.384 + 47.225x~:1. ( 17 ) 

Following from Ibis equa l ion ,  l\}r-\~:r--' l the part ial  mola r  vo lume at g27 (" :'e-tches 
the wdue ' '~L,',~, = 53.61 cm ~ tool ~, being subs tant ia l ly  h igher  than  tile mo la r  vo lume 
of  pure  B20~ ( l , , o ,  =44 .62  cm ~ t o o l  ~), which indicates  fo rma t ion  o f  larger ions. 
The  Ib rma l ion  o f  K_,BaO: and  KBF4 accord ing  to Eq. ( I 3 )  was conf i rmed in Rel~. 
[24,39] using X-ray diffraction and  IR spect roscopic  analyses o f  the quenched  melts. 

3.2.3. St;h.vvstcm K,, ' l loO a BzO~ 

The  [iquidus curve of  K e M o O  a was measured  in tile b inary  K z M o O  4 B203 syslem 
only [35,36] ( Fig. 4).  The  sUong  posit ive devia t ion  from ideal b e h a v i o u r  is obvious .  
A similar course  may be observed  in systems with a s ! rong tendency n~ immiscibi l iw,  
or  when  more  po!ymerised ions are formed in the liquid phase.  

The  abili ty of  mo lybda te s  to form i sopolyan ions  is well known.  Moreover ,  in /lie 

950 . . . . .  . ~ - -  

9O0 

850 ', 

825 t "" 

800 , ' -_.__,__,. .a__.,__._t~, ~.~j 
0.0 0.1 0.2 0.3 0,4 

K2MoO 4 x(B203) 

Fig. 4. I.iquidu:~ cur,: ,,f K2[~r|O()4 ill |hc K2MoO 4 B20~ system. |'xpcdment [351 ( ~): !|miring coulse 
fm Iwo ne~ part|ties (- - -): ikluidus cur~c, it' formation of [|:IMo~,O,~I '~ heteropolyanions is considered 
( ). 
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presence of some foreign atoms, like B, St. P, etc., they form heteropolyaaions, in 
which the central foreign atom is co-ordie.aied by six. nine or twelve MoO~ octahedra. 
The strong positive deviation of tile liquidus curve may be caused by the formation 
of such heteropolyanions in the melt, according to the following equation 

6K2MoO4 + 2B203 = K,~[ BMo~,O24] + 3KBO2 ( 15~ 

Taking into account this chemical reaction, and assuming a degree of com'ersion 
approximately equal to 1. lhe following relationship may be derived t\~r the equilib- 
rium mole fraction of K2MoO, in the mixture 

4.v( KeMoO~ ) - 3  
. v ( K z M o O a , e q )  = ( 1 9 )  

2.v( K2MoO 4 ) - 1 

where .v( K2MoO 4) is the weighted mole fraction of K2M.oO+ Using l>rmaliy the 
theory of regtflar solutions, l\~r the activity of K2MoOa in the mixture, we can write 
[401 

.,  :MoO eq, exp[ • ~ _ t ,  ) 

where AC~' is ~he standard Gibbs" energy of the chemical reaction Eq. ¢ I8) relai, ed 
to I tool KeMoO4 inslead of the classical interaction parameter ,~. The liquidus 
curve of K2MoO4, calculated according to Eq. (201 with the chosen xalue of 
A(J v =  - 2 0  k,t tool- ~ is sho~n ill Fig, 4 by the solid !il~.e. "l-he \Mue of the entha!ps 
of fusion of K2Mo()4 was taken I¥om Rcf. [34}. TI~e st;mdard Gibbs" energy of 
reaction Eq. (18) should lhen be - 120 k,1 too l  ~. The very good agreement of the 
experimental and calculated liquidus curve confirms the a.bove chemical reaction. 
This conclusion is confirmed al::a ~y the fuliilmc.m of file limi/ing rc!alion 

Ida( K2MoO a } ] _ 
lira [ ~.vi gT-~o~_,  } ] - 2 (2I) 

x l g 2 M o O 4 J  • 1 _ - 

Thus by the addition of one molecule of B203 into molten ~2Mo()~ Vs~,o l~ew 
particles, the anions [BMo.O24]'- and BO. .  are lbrmed. 

The density of lhe K2MoOa B203 system [39] decreases monotonically with 
increasing content of B~O~. The concentration dependence of the too!at volume of 
this system was described by a second order p-;lynomiat. Up fo 20 too!% B20~ the 
excess mola," volume in this system is positive, while above this concemra',ion tile 
excess molar volume is negative. Differentiating the n~olar volume and introducing 
it into Eq. { 16) the partial molar volume of B203 ;.l~ the temperature of 827 C is 
described by the following equation 

I'u~o, / cm3 mot - t = 3.875 + 4 t. 17 l_-v~,~l,>o, ( 22 } 

and for .v( K2MoOa)--> t V(BaO0 is 45.05 cm -~ tool ~. This ~ aiue is st~rprisingiy \e~s 
close to the molar volume of pure B2Oa. Both observatiops, tb, e volume expansion 
up to 20 mol% B2Oa and the very good agreement of ti~e partiat molar ~olume of 
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B203 in dilute solutions in K2MoO 4 with the partial molar volume of pure BzO3 
may be explained by the formation of polymerised particles in the melt. 

3.2.4. Sys tem K F - K 2 M o O 4 - B a O  3 

From the theoretical point of view, the melt systems KF-K2MoO4--B20 3 represent 
very little investigated electrolytes containing both classical ionic components and 
network forming ones. The possible chemical interactions between these are not well 
understood. 

The KF-K2MoO4-B203 system is a considerably complicated subsystem of the 
quinary reciprocal system K +, B 3+, M o 6 ÷ / / F  - ,  O 2-, in which a number of com- 
pounds are formed. The phase equilibrium in the KF K2Mo©~, BzOa system was 
studied in Refs. [35,36]. The phase diagram of the ternary KF-K2MoO4-B,O 3 
system with up to 30 mol% B20 a, interesting fi'om the viewpoint of electrochemical 
deposition of molybdenum, and constructed using the coupled analysis of thermo- 
dynamic and phase diagram data is shown in Fig. 5. The very extended plateau on 
the crystallisation surface of K2MoO4 shifts the boundary line with the primary 
crystallisation field of the additive compound K3FMoO4 to the KF corner, most 
probably due to formation of [BMo~,O2a] 9- heteropolyanions in the ternary melts. 
The formation of [BMo6024] 9- heteropolyanions also indicates the excess Gibbs" 
energy of mixing of the system shown in Fig. 6. The enlarged shape of the crystallisa- 
tion isotherms of KzmoO4 may also be due to the substitution of oxygen atoms of 
the co-ordination sphere of molybdenum in the [BMo6024] ~- heteropolyanions by 
fluoride. However, the existence of more highly polymerised heteropolyanions with 
Mo/B ratios of 9 or 12 may not be excluded. 

0.6/.. B203 ..~0.4 

~. o,8z i / i! i ~ '~X ' ,N ;g . .  '~o ",ko.z ~_.., 

1.0 ZI,:'~,\ "[\ :'-},/,/f'q"" m ' ~ " N ~ ) ' ~ 0 . 0  
0.0 0.2 0.4 0.6 0.8 1.0 

KF x (K2MoO4) K2M°O4 

Fig. 5. Phase diagram of the KF K-~][oO4 B2() 3 syslell]. 
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/ - - ~  lo00 y ' . \  
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Fig. 6. Excess Gibbs" energy of mixing of the KF- KzMoO4- B_,O.~ system. Values are in J tool - L 
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The density of" the KF-KaMoO4-B,O3 molten system was measured in Ret2 [39]. 
For the concentration dependence of the molar volume at a temperature of 827 ~C, 
the following equation was obtained 

V/cm ~ tool - ~ = 29.89xK~; + g9.50NK,MoO 4 4-44,62X~{203 + XKFX~:;MoO ~ 

X (8.50 -- 5.28XK,~IoO~) + X~:>V~20,( 11.92-- 53 . . . . .  ~)rB20~ ) 

-- XK~MoO, XB,O_,( 81.31 + 102. ~ 1 :%~O ) + 110.--9a'K~. a¥.,MoOZB,O3 

(23} 

The first three terms represent ideal behav.iour, the next ;hree, the interactions in 
the binary systems, and the last one the interactio~ of all three components. The 
coefficients were derived using the method of multiple linear regression analysis and 
omitting statistically non-important terms at the 0.99 confidence levei. The standard 
deviation of the fit is 0.404 cm 3 mol-~. The different sign of the coemcients in the 
KF-B203 and KzMoO4-B203 systems indicates the different behaviour of B203 in 
KF  and KEMoO 4. 

The excess molar volume of the KF-K,MoO4-B2Os melts is shown in Fig. 7. 
From the figure it follows, that in this system a region of volume expansion exists 
with a maximum at t0 mol% BzO 3 and 20 mot% KzMoO4, and a region of volume 
contraction with a maximum at 40 tool% B203 and 50 tool% KxMoO 4. 

The volume expansion region indicates the formation of larger ions according to 
Eq. (13), while in the volume contraction region the formation of [BMoGOz4] 9- 
heteropolyanions according to Eq. (18) and the probable further Folymerisation of 
the melt, is assumed. The deviation from ideal behaviour is more p,'-onounced in 
comparison with the boundary binary systems, which indicates stronger interaction 
of all three components. Such ternary interaction may be explained as the substitu- 
tion of oxygen atoms in the co-ordination sphere o~ ~B, <I0~,O,4] heteropotvanions 
by ltuoride. 

The viscosity of the KF-K~MoOa-BzO 3 melts has been measured [4I ] using the 
computerised torsion pendulum method. The viscosity of the me!ts increases both 
with increased content of K2MoO 4 and B203. Wid~in experimental error the viscosity 
of the KF-KaMoO 4 melts increases linearly with increasing KeMoO4 content. Taking 
into account this additive behaviour in the binary KF-K2MoO a system and adopdng 

8203 0.6~ . . . . . . . . .  -, . . . . . . . . . . . .  0.4 

< , "  . -. j %  , o  
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KF x (K2Mo04) K2M°04 

Fig. 7. Excess molar  volume of  she KE-K2]v~oO4--B203 system at T = 8 2 7  C. Valtms ~'re in cm:'~ao! - ~. 
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the formal value of 1000 Pa . s  for the viscosity of pure boron oxide, the following 
final equation was obtained for the concentration dependence of the viscosity in the 
KF-KzMoO4-B203 ternaw system at 877 C 

~//mPa " s = 1.28XKv + 2.8 IXK2MoO~ + 999X~,o~ -- XKvXB20,, 

X (3317 -- 3658XK~: + 1336.X KV) --'~ K,.~IoO~-~ ~_,O, 

× (3242 -- 3586XK_,MoO~ + 1348X~,~4oO~ ) 

+ XKvX~,MoQ, Xs~o~(3214 + 4t 57&~,O,) (24-) 

The standard deviation of the fit is 0.082 mPa.  s. The viscosity of the ternary system 
at 927 °C is shown in Fig. 8. From the regression analysis it follows tqat the 
interaction in the binary KF-K2MoO 4 system is statistically unimportant° compared 
with those in the KF-B203 and K2MeO4-B2Os binary systems. The values of the 
standard deviations relate mostly to the viscosity of the ternary melts. 

The viscosity of the ternary ~ystem melts increases very steeply with increasing 
content of boron oxide. This ol;;ervation is, however, not surprising, because of the 
ability of boron oxide to polymerise. The tbnnat ion of more voluminous (B407) 2- 
and BF~ anions is obviously also increasing the viscosity of the melt. However, the 
increase of viscosity is higher than might be expected for the pure polycondensation 
of boron oxide. Evidently bigger particles than the boro×ol rings are formed in the 
ternary system, especially near the KeMoO4 B203 boundary. According to conclu- 
sions based on phase equilibrium and density measurements these bigger particles 
are [BMo6024] g- heteropotyanions formed in the melt according to Eq. (18). The 
statistically important ternary interaction, however, may also be ascribed to 
the entrance of fluorine atoms into the co-ordination sphere of molybdenum in the 
heteropolyanions. 

From viscosity, as well as phase equiiibrium and density measurements it is 
evident, that the KF-K_,MoOa-B203 system is a very complex one. Beside the 
chemical reactions, the tendency of the melts to po!ymerise, especially in the region 
of higher contents of boron oxide, makes this system difficult to study. From physico- 
chemical and thermodynamic analysis of the molten KF-KzMoO4-B203 and 
KF-K2MoO4-SiO2 systems it follows that the formation of heteropolymolybdates 
containing boron, ([BMo6024] 9- ), and silicon, ([Si~/iol2040] 4-" }, as a central atom 
is most probably responsible for the easy molybdenum deposition [42,43]. In addi- 

~.o Z._ ~ " ~ ~ " ~  ~ o.o 
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Fig. 8. Viscosity isotherms of the KF-K2MoO4-..P,,zO 3 system at T= 1200 K. Values are in mPa. s. 
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tion the entrance of fluorine atoms into the molybdenum co-ordination sphere in 
the heteropolyanions also lowers the symmetry and thus the electrochemical stability 
of such electroactive species. 

4. Deposition of  titanium and TiB 2 

The electrochemical production, refining arid electroplating of titanium and tita- 
nium diboride is a matter of scientific interest because of their use as advanced 
construction material in different technologies. Titanium diboride is especially con- 
sidered to be a most promising material for inert cathodes in a]uminium electrolysis 
[44] because it exhibits a high melting point, electronic conductivity, wettability by 
molten aluminium, and resistance towards chemical attack of a!uminium m~d molten 
fluorides. 

Electrolytes employed in the electrodeposition of titanium and,or titanium dibof 
ide consist of either oxygen-containing titanium and boron compounds [45 -56], or 
binary halides of titanium and boron [52,57-68] as e~eetrochemically active compo- 
nents. Mixtures of alkali halides serve as supporting electrolyte. Systems based on 
cryolite have also been tested {48,52,55,69]. Alkali ch!orides, in comparison to 
fluorides, exhibi{ some obvious advantages as i2ar as price, low corrosion of 
construction materials and easy separation of the product !)ore the cathodic deposit 
containing solidified electrolyte. 

d. l. ElectrochemisrJ3" of titanium 

Inman :.w~d White [70] report a comprehensive literature review up to 1977 of the 
electrochemistry of titanium in molten salt electrolytes and tl~ere is a more receipt 
report by Girginov et at. [71], The following coi~clusions may be drawn concerning 
the mechanism of the cathodic process in different types of electrolytes. 

The chemical nature of the anionic environment and the nature of the alkati metal 
cation, play an important rote in the mechanism of cathodic reduction. 

in all-chloride melts, the reduction of Ti(t tI)  to metallic titanium proceeds in 
general in two steps [69, 71 ]: Ti( It1 )--+Ti( II )-,Ti(0). According to Chassaing etal. 
[59,60], the following equilibria take p!ace in NaC!-KCI--TiCI:~ malts 

TICI~- =TIC12 +2C1- (25} 

TiCI 3- =0.5Ti2CI~- + !.5Ct- (26) 

With decreasing seaJ~ rate the vo!tammetric peak correspondi~g to the first ,.eduction 
step Ti(I i I)-~Ti(I i )  gradually disappears, eventually merging into the next peak 
ascribed to the reduction Ti( l i )-~Ti(0) and the process apparently becomes a sinNe- 
step one. tn electrolytes based on CsC1 the TiCt~- complex ions become more staNe 
compared with those of NaCI and KC! due to the lower polarising effect of Cs +. 
Consequently, Ti( l l I )  is reduced to titanium metal in a single step Ti(tlI)-~Ti(0) 
[581. 
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In chloride-fluoride mixed electrolytes a partial substitution of  the large chloride 
ligands in the TiCI~- anion by the smaller fluoride ones with formation of 
TiCt~,_,F~- anions also causes a change in the mechanism of T i ( I l I )  reduction. In 
the NaCI-KCI--NaF-TiCI  3 melts the single step reduction 

TiCI4 F3 - + 3e- -- Ti + 4C1 - + 2 F " ( 27 ) 

takes place [69], and is a simple irreversible charge transfer reaction which is not 
complicated by any preceding chemical reaction. With decreasing concentration of 
TiF62- in the NaC1-KCt-K2TiF{,  melts the composition o t" the T i ( tV)  complexes 
changes from TiF!; ~-41- through TiF~CI~,? +~-4~- to TiCI ~'- 4 - [58]. 

• . . ) 

The mechanism of  Ti ( IV)  reduction in all-fluoride melts was studied e.g. by 
Sequeira [63], De Lepinay et al. [64.65] and Makyt:', et al. [56,67]. According to 
these authors the mechanism of the cathode process in the LiF KF-K2TiF~, or 
L i F - N a F - K F  KzTiF6 melts can be described by the sequence 
Ti(IV)--*Ti(III )--+Ti(0). 

The influence of the melt composition on the deposition of titanium fi'om the 
KffiFe, melt was studied by Makyta et al. [22,72]. The essential results of  this work 
are summarised in Fig. 9. From comparison of the cathodic part of the voltammetric 
curves obtained in pure KzTiF~, (curve l) and those obtained in the KF-K2TiF~, 
and KC1-K2TiFo mixtures {curves 2-4)  substantial changes occur when KF or KCl 
is added to the pure KffiF~,, As mentioned above, the reduction of  Ti ( IV)  to 
titanium metal in the al l -•oride and chloride-- fluoride melts proceeds in two electro- 
chemical consecutive reduction steps, Ti( IV )-*Ti( Ill )--+Ti(0). These two reduction 
steps are clearly visible in all recorded curves, the first starting at approximately 
- 0 . 2  V and the second starting at approximately - 1.5 V. The values of  the indivi- 
dual peak currents, representing the above titanium reduction steps, increase with 
increasing content of potassium chloride in the meh (Fig. 9 }. Similar changes were 
also observed or, voltammetric curves when KF was added to K,TiF~,. In spite of 
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Fig. 9, Voltammetfic curves in lhe KffiF~,-KCI system. (i) KzTiF¢,z (21 K,TiF,,+5mol% KCt: 
(3) KffiF6+50 tool% KCI: (4) K2TiF~,+90 tool% KCL 
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the fact that titanium may also be deposited from pure K2TiF~ ,. most probably due 
to the presence of KF impurities, the addition of either KF or KC] significantly 
increases the peaks current corresponding to titanium reduction> 

On the basis of these results, the addition of K F or KCt is rnost probably changing 
the ionic composition of the eiectroiyte, i.e. the chin a':ter of the e]ectroactive species, 
thereby enhancing the etectroreduction of titanium. The ci,,anges in ionic composition 
were studied using physico-chemical and thermodynamic analysis (see betow). 

On the other hand, according to Girginov et al. [71 ]. the one stop four-eiec~ron 
reductidF~ T~(-~ v ~.-~_Ti (0~ is tb.e most accepted mechanism in oxide electrolytes. The 
mechanism of T!B_, elec,'rodeposition from I_iF-KF--BeO3 TiOa melts was also 
studied by Makyta and Utigard [551. These melts are very suitable electrolytes 
especially for the preparation of fine m-iform TiB, powders with an average grain 
size up to 5 bLm. The mechanism of TiB2 synthesis is rather complex. On the basis 
of the electrochemical measurements either the eiectrochemical or eiectro-metal!o- 
thermal mechanisms take pIace depending on the potentia! app!ied. 

Hence. as in the electrodeposition of molybdenum° the ionic structure of ~he 
electrolyte, especially the kind of elec~roac{ive species, is the most important factor 
influencing the electrodeposition of titanium. Since titanium is reduced mainiy From 
Ti( IV ) complex-containing anions, the thermochemica! stability of these compomlds 
also plays a substantial role in high lempcrature electrochemical app!ications. 

4.2. Strtecture o/the Kf'-K(7-KBF~ KzTiF~, melts 

Melts of the quaternary KF KCt-KBF4- K,TiF~ system are very suitable electro- 
lytes in the dectrochemicai synthesis of TiB,. especially wheu coherent coatings o~a 
metallic bases have to be prepared [66]. In a series of papers ~he structure of these 
melts was investigcted by means of complex physico-chemicai a~.~aiysis. The meas~are- 
ment of different thermody'mmic and transport properties was perl\~rmed arid the 
structure of these melts was derived. We wilt analyse the important boundary ternaQ: 
systems individually. 

4.2. l. Sul~srsfem KF- KCI KBF4 
in addition to the electrochemical Tig: coaling application memioeed above° the 

KF-KC1-KBF4 molten system is also interesting as a possible eiectroIy;.e ~\~r 
the electrochemical boriding of s~ee!s [73.74]. The interaction of components a[~d 
the chemica! reactions possible taking p!ace in the melt, affect the io:qc composition, 
thus determining the kind of dectroactive species. The appropriate choice of ti~e 
electrolyte composition may prevent the fc, rmation of voiatile compounJs, iike 
BC! 3, which leads to undesirable exhalations and lowers the efliciency of the process. 

The phase diagrams of the boundary binary systems of the KF-KC!--KBF.~ ternary 
system have bee:'~ studied [75-78]. All three bir, ary systems are simple eutectics. I;~ 
the ptmse diagram of the KC1-KBF4 system determined in Ref. [75!, formation of 
the congruently melting compound I i 'KBF4-KCi  was s;a~gested. However. ti~e 
existence of tb.is compound was not confirmed in later invcs~.igatio~as [76.77i. 

The phase diagram of the KF-KCI-KBFa ternary system was measured in 
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Ref, [79], The system is a simple eutectic with eutecfic point co-ordhlates of 
19.2 mot% KF, I8.4 tool% KC1 and 61.4 moi% KBF4 and a temperature of eutectic 
crystallisation of 422 C.  

Among the physico-chemicat properties, the density and conductivity of the 
KF-KCt binary system [80]~ the density of pure KBF4 [81 ]. as well as the conductiv- 
ity of the K F---K BF,~ binary system [82] have been m¢'asured. However, the conductiv- 
ity data of the latter system seems unreliabic. The density of the ternary 
KF-KCI-KBFa system was measured in Ref. [83], the electrical conductivity in 
Ref. [84] and the viscosity in Ref. [85]. 

The reactions of potassium tetrafluoroborate in molmn alkali chlorides were 
investigated in Ref. [86] using the cryoscopic method. The main aim of this work 
was to study the stability of the BF; anion in the presence of CI- anions and 
different cationic enviromnents. KBF~, is unstable in molten LiCt and decomposes 
with formation of gaseous BCt 3. In molten NaCI the exchange reaction between 
KBF4 and the Ct-  anions with the tbrmation of KBCI4 only proceeds at very low 
concentrations of KBF4 while no reaction occurs in molten KCI, the BF4 anion is 
relatively stable up to approx. 900 C. The experimental results were supported by 
thermodynamic calculations. 

From the results of the physico-chemical analysis [79, 83-85] deviations fi'om ideal 
behaviour we,'e observed in all the boundary binaries as well as in the ternary 
system. Since the system investigated has a common cation, the observed deviations 
from ideal behaviour must be a consequence of the anionic interaction only. The 
interae6on of components may be of a difI~,rent origin. Prim_arily, a different inter- 
action character must be present in the boundary binaries KF-KBF~ and KC1- 
KBF4. 

In pure KBF4 melt. BF; tetrahedra tend to link. t~rming relatively weak B-F- B 
bonds. The strength of this bond depends strongly on temperature_ By introducing 
F " ions into the KBF4 melt by addition of KF. the B-F-B bridges break, lowering 
the viscosity and leading to a negative devialion from ideal behaviour in the 
KF-KBF4 system. In addition there is mixing between the small F anions with 
the relatively large BF.7 anions. In systems of this type the deviation from additivity 
is proportional to the fractional difference in the radii of the different anions [87]. 
Therefore a retative!y large devi;~tion frmn ideality may be achieved, confirmed by 
density [83], conductivity [841 or viscosity [85] measurements. 

An opposite interaction effecl takes place in the KCt KBF4 system where the 
mixing of two relatively large and polarizable BF~- and Ci- anions occurs. As in 
alkali metal chloride, bromide and iodide systems with a common cation, no impor- 
tant deviations from additiv{ty were found [78,87]. Such behaviour was ulso con- 
firmed in the KCi KBFa sys~.em by density [83]. conductivity [84] and v{scosity [85] 
measurements. On the other hand, introducing C1- ions into the KBF4 melt, the 
exchange of fluoride atoms in BF~ tetrahedra by chloride takes place according to 
tile -~neral scheme 

BF~- -}- J~Ct - ¢~-[BF.~ _,~Ci,,] - + nF - { 28 ) 

and [BFa_,,CI,,]- mixed anions may be present, Consequen*ty. the lower stabiiiey of 
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the B-CI-B bridges and the lower concentration of B-F-B leads to negative devia- 
tions of the properties in the KCt-KBF4 system, This explanation is also supported 
by the asymmetric course of the excess viscosity curve., which is due to reaction 
Eq. (28) shifted to the light side in the region of high concentration of KBF4. 

In the KF-KCI binary sysIcm the origin of the negative deviations in properties 
may be sought in the mutual influence of the degree of dissociation of the compo- 
nents, described in detail in the dissociation model of the electric conductivity of 
molten salt mixtures [87]. 

The negative deviations, fo~:-..,d in the KF-KC1 KBF4 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. !0). the excess molar 
volume (Fig. 11 ), the excess molar conductivity (Fig. 12) and the excess viscosity 
(Fig. 13) in the system investigated, the maximum interaction effect is ]oca!ised near 
the KF-KBF4 boundary. 

The anionic interaction according to reaction Eq. (28i was confirmed by infi'ared 
spectroscopy. The IR spectra of KBF4 and that of the quenched mohen 
KBF4-KCI (1:1 mole ratio) mixture are shown in Fig. i4. Except for the 
600-900 cm- ~ region, the mid infrared spectra of both samples are almost identical 
In agreement with the earlier study of the alkali metal tetrafluoroborates [88], 
common vibrations can be assigned to crystalline KBF4. Significant differences have 
been observed only in the 600--900 cm- '  region. It is obvious that besides the v( I ) 
vibration corresponding to K BF4, the quenched molten K BF4--KC1 mixture produces 
two additional peaks at 760 and 796 cm- : with a shou!der at 770 cm- ~. These peaks 
arise due to different B-F and B- CI valence vibrations in the [BF4_,Ci,,]- anions. 
The ~ubstitution of fluorine atoms by chlorine in the co-ordination sphere of the 
BF2 anion in molten KF-KCt KBF4 mixtures was thu!~, confirmed. However. the 

KBF 4 
1.0 

0.~ ].2 

o - 5 ,  

0.0 0.2 0.4 0.6 0.8 1.0 
KF KC! 

×{KCO 

Fig. t0. Excess Gibbs" e~ergy of mixing in the KF-KC~-KBF~ system. V ~h~e. are in J tool - L 
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Fig. 1 I. Excess molar voiume of the KF: KCI KBF 4 system at T= i !00 K, Values are in cm "~ tool 
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Fig, 12. Ex~:ess molar conductivity of the KF K(1 KBF 4 sys*em at T = t i 0 0 K  Values are in 
S Gill 211)O1 ~, 

type  o f  mixed  an ioa  was  no t  de t e rmi ned  ei ther  by phys ico-chemica l  ana lys i s  or  by 
spec t roscopy ,  

4.2.2. Subsystem KF-.KCI-KzTiF6 
As  m e n t i o n e d  in Sect ion 3.2.1, in alkali meta l  f luoride and  t rans i t ion  me ta l  f luoride 

b ina ry  sy s t ems  comple x  c o m p o u n d s  like K3TiFv,  K 3 Z r F >  K3ZrF6CI ,  etc., are  
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Fig. 13. [LXCeSS ~iscosity of the KI: KC1 KBF4 ssstem at T =  If00 K. Values are m mPa.s .  
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Fig. 14. tR spectra of quenched KBF4 and KBF4 K('] melts. 

formed. These compounds often at metting undergo a more or less extended thermal 
dissociation, in some cases they even melt incongruendy [89]. The thermat stability 
and degree of thernml dissociation of several complex compounds MeaXF: {Me= 
Li, Na, K; X:=Ti. Zr, Hf}. ,have been calculated on the basis of the known phase 
diagrams for the MeF-M%XF7 systems [90]. 

From the calculated values for the degree of dissociation the thermal stabilities 
of the M%XF7 compounds depend on ~he chemical natare of both the central 
transition metal and the alkali meta! catio~ present. The thermal stability increases 
with increasing size of the transition metal obviously due to the steric and conse- 
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quently the energetic relations. Tile thermal stability of the complex anion is also 
influenced by the size of tile ligands present. The substitution of lhe ]]uorine atom 
in the co-ordination sphere of the tr.ansitiot~ metal by chlorit~e leads to a decrease 
of the lhermal stability of the compound. 

The influence of tile alkali metal cation present on ~he thermal stability of 
MelXF: R)llows the general trend of alkali metal compounds, concerning e.g. their 
melting temperatures and other properties. With tile exception of the lithium com- 
pounds the thermal stability decreases with increasing electronegativity of tile alkali 
metal obviously due to the lowering of tile electrostatic l\~rces be',ween the complex 
anion and the alkali cation. 

The thermal stability of the compounds investigated is also closely related to the 
symmetry of the co-ordination sphere. From the proposed crystal structure of the 
MesXF: compounds [9I 931 tile XF~ complex anion is co-ordinated by eight 
lluorine atoms formiqg a fiat tetragonal prism. Such a coniiguration is in accordance 
with lhs relatively high thermal stability of the heptalluorozirconates and heptaflu- 
orohafniates. Unfortunately. tile crystal structures of the less stable potassium hep- 
tafluorotitanate and their hexafluoro chloro derivatives are ,.lot known. The latter 
probably have tile lower symmetry. 

The phase diagram of the KF KeTiF~, system has been studied [94]. The congru- 
ently melting K.~TiF~ compound with melting temperature of 1048 K is formed. Tile 
zero value of the tin, gent to tile K~TiF~ liquidus curve at .v( K2TiF~0 =0.5 indicates 
that this compound undergoes considerable thermal dissociation upon melting. The 
degree of dissociation calculated on the basis of the experimentally determined phase 
diagram. ~o=0.64 [95], is in a very good accordance with tile values obtained 
fi'om the density data, :~o(1000K)=0.6 and :~o(!100K)=0.7 [96]. From the 
tempera*,ure dependence of the degree of dissociation tile dissociation enthalpy 
AHai.~.~,riv_ = 52.4 kJ tool ~ was calculated. This value represents a substantial part 
of tile enthalpy of fusion A H r . K , t w ~  = 56.0 kJ tool L 

The phase diagram of the KCI Ke'I-'iF~, system was studied in Ref. [97]. As in the 
previous system, a congruently mehing compound KITiF~,CI with a melting temper- 
ature of 964 K is formed. K ~TiF~,CI also undergoes considerable thermal dissociation 
upon melting with :%=0.78 calculated on the basis of phase ezluilibria, with good 
agreement with the density measurements :q,( 1000 K )= 0.72 and ~o( 1100 K )= 0.8t 
[96]. The dissociation enlha!py was found to be AH,u.~.~. lr iv , ,c  ~ =46.6 kJ tool - *, agai~ 
being a substantial part of the enthalpy of fusion A H i - . v , , ! - i l . c  I = 52.9 kJ mot 1 

The behaviour of K_,TiF~, i.̀ a dilute alkali metal halide solutions has been studied 
by Danek et al. [98]. In molten LiCI as well as in the LiC1 KC1 eutectic mix',ure 
the substitulion of fluorine in TiFf,- by chlorine takes place, while hi the LiF- I..iCl 
eutectic mixture this reaction does not occur. In molten NaCI and KCI no substitu- 
tion reaction between "FIFO- and CI anions takes place. The e×perimental results 
are in good agreement with thermodynamic calctflalioqs. 

The phase diagram of the ternary KF.-KC[ ~K,TiF,, system has been studied [99]. 
Two cm~gruently melting compounds, K.~TiF~ and KffiF~,C1, are formed in this 
system (Fig. 15"I. These compounds also exhibit an extended thermal dissociation 
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accord ing  to 

K /F iFv  = K F  ~ K , T i F .  (2¢)) 

K ~Til : , , (1  = K C I  + I¢. f l i l : , ,  ( 3!}} 

This bchaviour was also conl irmed by measurcmems of  thc t e l ,me ! 0<~1 a,d  ~ isco-,itv 
[ 1001 proporl ies of  this syslcni. 

The densi!y of  the [ F  KCI K:TiF~, melts is hllluenced nlosiiy b+'>, Ihc K( ' I  ct)tl}po- 
llet]l, which s t rongly decreases the densi ty o1" lhc rrietts. The  dependei lce  o f  the excess 
mola r  vo lume on compos i t i on  \vas calculated using regression analysis  arid the 
fol lowing equa t ion  al T =  1100 K was ob ta ined  

l l : c m  "~ reel l=0.763.vk ~x!,cl_i_xkl \k.! i i , (2.23(~ 2.950X%h~,} 

" X~ciXl<,n~,(21.S17 - 6g.506Xk~tit, -} 54.552.V~,_~H, ) (31)  

with  a s t anda rd  devia t ion  o f  cr=0.(}47 cm -~ reel ~. 
In Fig. 16 the excess mo la r  voh lme of  tile K F  KCI KaTif:,, melts  al !100 K is 

showm indica t ing  , 'niy a small  dev ia l ion  from ideal beh- iviom.  The  m a x i m u m  
deviatiol ;  is - 1.5 cm "~ reel ' which represents  2.23% of  the mo la r  volume t\ir the 
iespect ive melt. The  !'m-marion o f  K~TiF~ and  KaTiF,,LI c o m p o u n d s  does not  
subs tant ia l ly  affect the w~tume propert ies .  This  iqdieutes tha i  e i lher  lhese c o m p o u n d s  
dissociate  in *.tie melt  [o at cons iderab le  degree, or  the volumes  o f  the  TiFf, , 
TIF:}  and  TiF¢,('I ~ un ions  are Iidrly similar.  No te rnary  i i t leractiou was i'oimd. 

The  viscosity o f  file t e rna ry  mel ts  increases f rom KCi throtigb_ K F  alld l¥om the 
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Fig. 16. Excess molar  xo!umc of  the K F  KCI K,TiF,> system at T =  1100 K. Values ar<, in cm 3 tool :. 

binary system KF--Kc.I to KzTiF~,. The higher viscosity of KF compared with that 
of KCI is probably due to the presence of F F bridges in the KF melt. 

Adopting the additivity of logarithms of viscosity as the ideal behaviour [101.1(12]. 
for the description of viscosity ill the t h r e e  componen! system, the following equa- 
tion was obtained 

In q = [ -- 2.438.r~t. - 2.777_q~cl - 1.948-VK, ril.<, 

l 
+ -- ( 3068XK1. + 3002.V~ci + 3641X~-~ il',, )] 

T 

- [( 1.000XKF. XKCl " ~ . .3 + 5.728XKl...\'k21-iv~, + 11.20.\ K(.i.',;%liv, ) 

1 
• • 9 -  .3  ~ ( . . 3 _  + -- ( 620.1 -\'~:t<-\'l~c! + 807_.~ KI- a v:. ri~,,, + 1 .~39 )~ ~.~cI.X I<> rit:. )] 

T 

+ 21.20XKI. X~cI3:~eTib, ( 32 ) 

with a standard deviation of  fit er=7.1 x 10-L The first tmln represents the ideal 
behaviour, the next the interactions in the binary systems, which are deper~dent on 
temperature, while the last term describes the interaction of all three components as 
temperature-independent. The validity of Eq. (32) is in the temperature interval 
700-1300 K. 

The course of  the excess viscosity in the binary systems is showr~ in Fig, 17. In 
the KF-KC!  binary system negative deviations fi'om ideal behaviour were observed, 
perhaps due to non-random mixing of  the anions. 

In the binary KF--K_,TiF6 system the TiF}-  anion is formed, increasing the 
viscosity of the melt. Therefore, the excess viscosity in this system is positive. Similar 
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Fig. 17. Excess ~iscosit3 of  the boundary binary sss |ems at T =  l lO0 K. 1 } KF  KCI: (2} KCI K,TiE¢,; 
13} KF KeTiF,,. 

K2TiF 6 
1.0 

0 . 2 /  L.  \ \ 0 . 8  

0.8 

0.4 3.6 " q "  4" 

0.6 ZY-/~ . . . . . . . .  0.4 
0 

-01 

0.0 0.2 0.4 0.6 0.8 1.0 
KF F.CI 

X(KCl) 

Fig. 18. Excess viscosi b, of d:e K F KCI KzT~F~, s~stem. Values are in mPa-s. 

conclusions may be drawn for the KCi -KS'iF(, system, ~here the anion TiF,,Ci 3-, 
formed in this system, also increases the viscosity. 

The iso-excess-viscosity lines of  the ternary K F KCI- K2TiG, system (Fig. i8) 
reveal the formation of TiF}-  and TiF6C13- in this ternary system. From the 
positive value of  the statistica!~y important ternary interaction, described by the last 
coefficient in Eq. { 32), the degrees of  their ~hermal dissociation in the ternary system 
decrease. 
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Fig. 19. Phase diagram of the KF KBF~ KeTiF . sys~.cm. 

4.2.3. Subs:vswm KF-KBF4 K2TiF~, 
The coupled analysis of  the thermodynamic and measured phase diagram data 

has been performed [103]. The phase diagram of the KF-KBF4-K2TiF ,  system is 
shown in Fig. 19. Four crystallisation fields are present in the phase diagram corre- 
sponding to the primary crystalIisation of KF, KBF4, K2TiF~ and the intermediate 
compound K3TiF> The calculated co-ordinates of  the two ternary eutectic points 
are: 

e~: 26 mol% KF, 69 tool% KBF 4, 5 rnol% K2TiF,,, t~ =448 C ;  

%: 4 mol% K K  69 11101% KBF 4, 27 tool% K2TiF¢, /e2 =440 C.  

The probable inaccuracy in the calculated ternary phase diagram is + 11.5 C .  
For the molar excess Gibbs' energy of  mixing lhe following equation was obtained 

AG F/J -1 . . -'<, . a ' mol =:~KV-";V.BV~(35t.~V-- 15930.V~;uV~ + 83 ,7.V~:m.~ ) 

--_Vkt. XK2-1iV<" ( 13319 + 14895X~,-ril." - 26989X~2 ri~." ) 

--A'KBF, XIQ-riF~" ( 3688 - 11864XK,_.riv~" ) 

-- 26897xKvx~Rr~XK,_-riv,, ( 33 ) 

The first term represents the molar excess Gibbs'  energy of mixing m the binary 
KF-KBF4 sysiem, the second in the binary KF-KeTiF~, system and the third in the 
binary KBF¢-K2TiFc, system. The last term represents the interaction contribution 
in the ternary system. The molar excess Gibbs' energy of  mixing in the ternary 
KF-.-KBF4- K2TiF~, system is shown in Fig. 20. 

The phase diagram of the boundary KF-KBF4 system is shown in Fig. 21. A 
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Fig. 20. Excess Gibbs" energy of mixing in the KF KBF 4 K_,TiF~ system. Values are in J mot -~. 
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Fig. 21. Pb.ase diagram of the KF- KBF~, system. 

third order polynomial was obtained for the concentration dependence of the molar 
excess Gibbs" energy of mixing in this system. The calculated co-ordinates of the 
eutecdc point 74 tool% KBF4 and 460 '-C agree welt with those given in Ref. [76]. 
The significant inflex course of the tiquidus curve of KF in the reNon of low 
KBF4 concentration is most probably due to the decreasing stability of KBF4 with 
increasing temperature. At higher temperatures KBF4 probably decomposes with 
the formation of gaseous BF3. 

The phase diagram of the boundary KF-K2TiF~ system is shown ip, Fig. 22. A 
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Fig. 23. Phase diagnun of the KBF4 K2TiF,., system. 

third order polynomial for the molar excess Gibbs" energy of mixing was obtained. 
The co-ordinates of  both eutectic points (el: 28 mol% K2TiF 6, 701 'C:  e2:68 tool% 
K2TiF6, 738 "C) differ from those given in Ref. [ 104], probably due to the apprecia- 
ble inaccuracy in the determinat ion of  the liquidus temperature in Ref. [ 104]. 

Similar results were also obtained for the boundary  KBFa-K2TiF~, system. The 
phase diagrarn is shown in Fig. 23. The KBF4- Kf f iF~  system is a simple eutectic 
with the co-ordinates of  the eutectic point 28 mot% K2TiF6 and 448 r'C. As in the 
KF-KBF4  system, the significant inflex course of  the K2TiF6 liquidus curve is most  
probably due to the decomposition of  KBF4 and escape of gaseous BF 3. 

The volume properties of the ternary KF-KBF4-KaTiF6  system melts were studied 
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in Ref. [ 105]. The following equation was calculated for the molar volume at ! t00 K 

VTcm 3 tool -- 1 = 30.57x~v + 75,12xKi~; + 1 t4.62XKeTiV~, + 5.41X~;~Xv, BV~ 

+ .vKm:;x~,jiv,,( 18.44 - 28.29XK,TiV,. ) - 152.50XKFXKBF.~XK21iG, 

(34} 

with a standard deviation of  fit ~=0.34 cm 3 too! - 1. The excess moiar volume of 
this system is shown in Fig. 24. The values of  the constants calculated indicate, that 
from the volume properties point of  view, the binary KF--KBF4 system sb.ows !itIle 
deviations from ideal behaviour, while the K F - K f f i F ~  system is ideal within experi- 
mental error. This is in harmony with the results reported in Refs. {83,96]. The 
ternary system also deviates only slightly from ideal behaviour. The maximum 
deviation at a temperature of  t l00 K and a concentration of 25 mo!% K2TiF6 
attains 1.91 cm -~ tool -~, which is 2.2% of the molar volume of this melt. At higher 
concentrations of  K,.TiG, (above 55 moI%) the excess molar volume attains small 
negative values. 

For the partial molar volume of KffiF,~ in the binary KBFa-K-TiFe system at 
lI00 K 

V( K 2TiF6) = ( 114.62 - 2 8 . 2 9 x ~ -  + 43.36x~B,:, ) cm ~ tool - t ( 35 ) 

and for x( KBF4)-~ I, I/(K2TiF6t = 129.69 cm 3 m o t -  ~. This vaiue is higher than the 
molar volume of pure K2TiF¢, (el. the first term in Eq. { 35 }), indicating the formation 
of larger complex ions, e.g. T iF f - .  
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The following equation was obtained for the partial molar volume of KBF4 

V(KBF4) = (75. t 2 + 36.32x~,.riv~ -43.36x~-2-riv,,) em 3 tool - 1 (36) 

and for x(K~TiF6)~ 1, V(KBF4) =68.08 cm 3 too!-~. This value i~ lower than the 
molar volume of pure KBF4 (cf. the first term in Eq. (36)), due to decomposition 
of KBF4 and escape of gaseous BF3 from the mclt. which was actually observed. 

From these results the following possible chemical reactions may take place in 
the binary KBF4-KxTiF6 system as well as in the ternary KF--KBF4-KffiF~, system 

KBF4m + KzTiF~,~I~ = K ~TiFv~i~ + BF3~g~ (37) 

KffiFTm = K2TiF6~I~ + KFfll ( 38 ) 

A Gibbs' energy of  thermal dissociation of  K3TiF7 (Eq. (3gi ) ,  A~G°=0.963kJ 
mol -~, was calculated fi'om the equilibrium constant of this reaction given in 
Ref. [96]. For the formation Gibbs' energy of  Kf f iFv  

AGOK,~v~ =zX~v  +AG°,,~:,~ - A~GO(38) (39) 

For reaction Eq. (37) then 

A r GO( 37 ) = AG~;r~v, + AG°,;, - A @[~,. - A C~_,.r~.,, (40) 

The Gibbs' energies of formation of  BF 3, KBFa and KF  were taken from Ref. [ 106] 
and A~GO(38) from Ref. [96]. From Eqs. (39) and (40) the Gibbs" energy of  reaction 
Eq. (37), A~GO(37) = 10.71 kJ mol - ~ at T =  1 I00 K. The relatively low positive value 
of the reaction Gibbs" energy, as well as the escape of  gaseous BF a, indicate the 
probability of  reaction Eq. (37) in the melt. 

The excess molar volume of the ternary KF- KBF4-Kff iF6  system is shown in 
Fig. 24. The maximum deviation flora additivity is in the binary KBF4 Kf f iFa  
system. Two different regions are present also in the ternary system: the region of 
volume expansion with a maximum at approx. 25 tool% K2TiFa and 75 mot% 
KBF 4 and a region of volume contraction with a maximum at approx. 60 mol% 
K2TiF6 and 20 tool% KBF4. We conclude that a chemical interaction according to 
Eq. (37) also plays a dominant role in the ternary system. However, the equitibrimn 
of this reaction is shifted more to the left. because of the thermal dissociation of  
Kf f iF .  7 and the presence of  F -  ions, which suppress the formation of  gaseous 
BF 3 in favour of BF2 complex ions. 

The ~heoretical density course in the KBF4--K2TiF~, system, calculated supposing 
reactions Eqs. (37) and (38) to take place, confirmed tb.e above conclusions. 

The viscosity of" the KF-KBF4 ~KffiF¢, melts [ !07] increases fi'om KBF4 through 
KF to K2TiF¢,. The viscosity of KBF4 seems surprisingly low, however, there is a 
substantial overheating of  the KBF 4 melt at i 100 K compared witl~ that of  KF. 

The following equation has been calculated for the viscosity of  this system at 
1100 K 
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~I ~mPa" s = 1.421 ~ x 0.638~,,~' ~ x 4.247-'~e-~ , , -  0.489.vK~ .v~ . ,  

+4. ~9~-,KI..~K -IU.<, +4.38a_'qq~ ,A.i% i~.., -r(I-("/9.vK~--Vkt{i.4.\k.elit,. (41 } 

wilh a standard deviation of ti{ a = 0.0I 1 mPa. s. The excess viscosity of tl~e ternary 
KF-KBF~- K_,TiF<, system is shown in Fig. 25. in ~he binary KF KBF a system 
negative deviations fi-om ideal behaviour were observed. KBF~ lends to share BF~ 
letrahedra forming relatively weak B [ 7 B bridge~< In i~troducing F -  ions into the 
melt by addition of  KF. the B K B bridges break, leading to the lowering of' 
viscosity. 

In the binary KF K2TiF<, system the additive compound K J i F -  i.,, formed. ~hich 
increases the viscosity o f  the melt. Therefore the excess viscosily in this system 
is positive. 

As in the density measurements [i05], the positive dcx.iation from ideal l'..e!mviour 
in the binary KBF4 KeTiF~, system is caused by the fbrmation of more volumh~ous 
TiF 3 anions. 

From the s~atistically imporlam ternary interaction described by {t~e last term in 
Eq. (41) the chemical reaction Eq. (37} wge,,her with d~e d~.em=a! dissociation o[" 
K~TiF~ also take place in the ~ernary KF KBFa K_,TiF+, ~,~' .... 

The results of  the viscosity measurement thus confirmed ti~e co;~clusio~s d:aw,~ 
from the phase diagram and density measurements. 

4.2.4. Suh.srstem K C L  K B F  4 K?_TiF~, 
The phase diagram of the ternary KCi KBF ~ KeTiF~ system was determ.i,~ed in 

Ref. [ 108] using the thermal analysis method. To obtain a thermodyp_amicaily co~sis- 
tep, t phase diagram a subsequen~ coupled analysis of tile ti~e~aody~amic and phase 

K2TiF 6 

1.0 

0 .-:+. , ~  ~ ;xO .4 

0d7 

0.0  0.2 0.4 0.6 0.8 1.0 
K B c  KF X K B F  4 ' ~ 4 

Fig. 25. Lxces  ;i~cosir, of  the KI: I<BV a K.Ti[;~. ,.~s~.em. ~,...~ arc h~ m P ~ ,  
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diagram data was performed. Four crystatlisation fields are present in the phase 
diagram of the KCI-KBF4-.KzTiF(, system (Fig. 26) co,'responding to the primary 
crystallisation of KC1, KBF 4, KzTiFe, and the intermediate compound K~TiF~CI. 
The calculated co-ordinates of the two ternary eutectic points are: 

el: 24.1 tool% KCI, 62.1 tool% KBF4, 13.8 tool% KzTiFc,. t~, =447.1 C: 

%: 6.5 moI% KCI, 62.5 tool% KBF4, 31.0 tool% K_,TiF~,. t~z =414.5 C .  

The probable maximum inaccuracy in the calculated ternary phase diagram is 
±17.1 'C. 

The following equation was obtained for the molar excess Gibbs" energy of mixing 

AGE/J mot - i = 1745-q{clX~:Bv4 -- XKO A'KaTiF, ( 6906 + 10055x~el iF,,) 

--  XKBI..aXKzTiI~ ( 6092 - 14202.v~eli~; ) 

- 36401 x~-o XK~I:~ XKeTi~:,, ( 42 } 

The first term represents the molar excess Gibbs" energy of mixing in the binary 
KCt-KBF4 system, the second in the binary KCI--KeTiF~, system and the third in 
the binaw KBFa-KeTiF~, system. The last term represenls the interaction contribu- 
tion in the ternary system. The molar excess Gibbs ~ energy of mixing in the ternary 
KCI-KBFa-K2TiF 6 system is shown in Fig. 27. 

The phase diagram of the boundary KCI KBF4 system (Fig. 28) shows a 
symmetrical concentration dependence of the molar excess Gibbs" energy of mixing 
indicating that simple regular solutions are formed. The calculated concentration 
co-ordma-:es of the eutectic point 72.9 tool% KBF 4 and 27.t mol% KC[ are relatively 

"~.0 
0.0 

KCt 
0,2 

0.0 
0.4 0.6 0.8 1.0 

• g (KBF4) KBF4 

Fig. 26. Phase diagram of the KCI KBF4- K,TiF~, system. 
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Fig. 28. Phase diagram of the KCI KBF.,, s?stem. 

close to those ~ven in Ref. [77], while the caictflaved eutecdc temperature, 481.7 C, 
is substantially higher. 

The phase diagram of the bom~dary KCt-K2TiF~ system (Fig, 29) is described 
by a second order polynomial for the molar excess Gibbs' energy of  mixing. The 
co-ordinates of  both eutectic points (e~: 29,7 moil,} KzTiFe,, 654.0 C~ e2:70.0 tool% 
K2TiF 6, 642.3 "C) differ from those given in Ref. [99], probably due 1o appreciable 
inaccuracy in the determination of  the iiquidus temperature. 

Similar results to those in Ref. [!03 i were also obtained ibr the bomadary 
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Fig. 29. Phase d i ag ram of  the KCI K2TiF .  system. 

KBF4-KeTiF6 system, where a third order polylmmial for the molar  excess Gibbs" 
energy of  mixing and close co-ordinates of  the eutectic point were found. Again the 
significant inflex course of the K J i F e ,  liquidus curve is most probably due to 
decomposition of KBF4 and evcape of  gaseous BF3. 

The density of  the KC1-KBF4-K2TiF6 melts has been measured [ 109] using the 
Archimedean method. The molar  volume, the partial molar  volume and the excess 
molar  volume of  the melts were calculated on the basis of  density data and possible 
chemical interactions were considered. 

The following equation was obtained for the molar  vok~me of the ternary system 
after considering the linear temperature dependence of the molar  volumes of the 
pure components  as well as those of  the binary and ternary interactions 

It/cm 3 rool -~ = X~:c1(34.450 + 1.879 x 10--' T/K ) 

+XKRvJS0.760+2.982 X 10 2T/K)  

+ XK~Ti~.~,( 86.149 + 3.383 X 10 - 2 T/K ) 

~ . .2 3.985a KC~-~ KU~"4 + XKC~-\'a, riG, 

X ( 8.883XKz-riF~ --- 7.624 x 10 - 3 77K ) 

--XKuv~XK2m~,,( t4.776-- 1.447 X 10- 2 T/K ) 

2 - 88.66 l XKc~ XKt~F4 -YK 2Til.'¢, ( 43 ) 

The s tandard deviation of  Eq. (43) is a-=0.343 cm 3 tool ~. 
From comparison of  the experimentally determined values of the molar  volumes 

of  the ternary KCI-KBFa-K2TiF~ system with those calculated according to Eq. (43) 
it follows that  there is a significant ternary interaction. The s tandard deviation of  
approximation agrees well with the experimental error. 
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The calculated values of the excess molar volume for the binary KCI-KBF4 system 
(Fig. 30) differ only slightly from additive behaviour, in agreement with the results 
given in Ref. [83]. In the KBF4-K2TiF 6 and KCt-KxTiF~, systems deviations from 
ideal behaviour are larger. In the former system the deviations are positive, while 
in the latter one they are negative. 

As in the ternary KF-KBF4-K2TiF6 system [105], two different regions are 
present in the ternary KCI-KBF4-K2TiF~, system (Fig. 31): A region of volume 
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expansion with the maximum in the binary KBF4-KzTiF6 system at approx. 
25 tool% K2TiF6 and 75 mol% KBF4 and a region of volume contraction with the 
maxhnum at approx. 60 tool% K2TiF6, 20 tool% KC1 and 20 mol% KBF 4. On this 
basis, as well as from the last coefficient in Eq. (43), a ternary interaction exists in 
melts of  the KCI-KBF4-KzTiF(,  system. 

In the molten KBF4-KzTiF6 system the chemical reactions Eqs. (37) and (38). it 
is suggested [105] take place. The additive compound K3TiFc~CI, formed in the 
binary KC1-K2TiF6 system, also dissociates thermally according to 

KsTiF6CI~I ~ = K2TiF6m + KC! m (44) 

k~G~zl0o K =0.587 kJ mol -~ 

The Gibbs ~ energy of  reaction Eq. (44) was calculated from the equi!ibrium constant 
of  this reaction in Ref. [96]. 

In the ternary KCt--KBF4-K2TiF6 system the following chemical reaction is 
possible 

KCi (l)  + 2KzTiF6( 1 ) + KBF4( 1 ) = K3TiFv( 1 )+ KaTiF6CI( 1 ) 

+ BF3(g) A~&'~loo K = 12.05 kJ m o l - '  (45) 

The resulting additive compounds dissociate thermally according to reactions 
Eqs. (38) and (44). The Gibbs" energy of  reaction Eq. (45) was calculated on the 
basis of  the Gibbs' energies of  reactions Eqs. (38) and (44), as well as of the Gibbs' 
energies of formation of  KCI. KBF 4 and BF 3 given in Ref. [ 106]. The relatively low 
positive value of  the reaction Gibbs' energy and the observed slow escape of  gaseous 
BF3 indicate that reaction Eq. (45) probably takes place in the ternary melts. 

The excess viscosity in the ternary KCI KBF4- KzTiFr, system was measured in 
Ref. [110] and information on the interactions of  components and on the probable 
structure of the melts was obtained. 

The following equation was obtained for the viscosity of  the 
KC!-KBF4-KzTiF~ s;stem at T=  1100 K 

~7/mPa" s = 0.960 ....... x 0.631 ...... ~ x 4.342x~2,,~:,, - 0.644XKcl.\'~m:-~ 

-- 2,427X~cl x~21-i v, -- 2.549.vkl~-~.v~_,xi.~.~, 
. . 2  2 - 63.784XKClaKBv~XK2TiF 6 (46) 

with a standard deviation 0-=0.033 mPa.  s. The excess viscosity at 1100 K based on 
Eq. (46) is shown in Fig. 32. There are two different regions in the ternary system. 
The first region with low K2TiF6 concentration shows negative deviations in the 
viscosity, while in the second region with higher K2TiF~, concentration, positive 
excess viscosity is observed. The excess viscosity course in the binary systems is 
shown in Fig. 33. Since there is a common cation, the observed deviations may be 
ascribed to the mutual interactions of  anions. 

In the binary KCI-KBF4 system exchange of  fluorine atoms in the BF4 te!rahedra 
by chlorine takes place in the melt with the presence of [BF4_,,Ci,,]-. The less stable 
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B - C I - B  bridges and the lower concentrat ion of the B - F - B  bridges most probably 
cause the negati: e deviations in the viscosity course. 

In the binary KC!-K2TiF~, system the intermediate compound K3TiF6Ct is formed. 
However, the stability of  this compound is low and its presence affects the vi~osi ty  
course positively only at high concentrat ions of K,TiF6. 

In the bimq ry KBF4-K2TiFr~ system the reaction Eq, { 37) takes p!ace. In spite of  
the extended thermal dissociation of  KjFiF~, the Gibbs '  energy of  reaction Eq. (37) 
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has a relatively low positive value, leading to the significant presence of K3TiF v in 
the melt and to a positive deviation in the viscosity course. 

From the statistically important ternary interaction (the last term in Eq. (46)) it 
follows that reaction Eq. (45) takes place in the ternary KC1-KBF4-K2TiF6 
system. 

From thermodynamic and physico-chem;ca! analysis of the KF-KC1- 
KBF4-K2TiF6 melts it follows that their most characteristic feature is the formation 
of the thermodynamically less stable TiF 3- and TiF6C13- anions with lower 
co-ordination symmetry. The presence of these anions in the melt most probably 
facilitates the electroreduction of titanium and thus the formation of titanium 
diboride on the cathode. 

5. Deposition of a|aminium 

Aluminium is generally produced by electrolytic reduction of aluminium oxide 
dissolved in molten cryolite. A comprehensive review on the theory and knowledge 
of aluminium electrolysis to 1980 was published by Grjotheim et al. [ t 11 ], and later 
by Grjotheim and Welch [112], and Grjotheim and Kvande [113]. A recent review 
of basic knowledge was presented by Haupin [ 114]. 

Although the mechanism of the electrolytic process is not yet fully understood, 
there is relatively detailed insight into the structure of the electrolyte. It is generally 
agreed that molten cryolite dissociates completely into sodium (Na +) cations and 
hexafluoroaluminate (AIF~-) anions. According to the classic idea represented by 
Grotheim et al. [ 111 ] the A1F~- anions partially dissociate according to the scheme 

A1Fa6 - = AIF2 + 2F- (47) 

On the other hand, recent investigations based on Raman spectroscopic measure- 
ments [115-1 t7] suggest the two-step dissociation of the AIF36 - anions according to 
the schemes 

AIF36 - =AIF 2- + F -  (48) 

AIF52- =A1F2 + F-  (49) 

The final anionic composition of the NaF-AtF3 melts depends on the cryolite ratio 
(CR=n(NaF)/n(AIF3)) and the temperature. Fluorides are sometimes added to 
the electrolyte to lower the temperature of primary crystallisation and to increase 
the efficiency of the electrolysis. The most common additive is aluminium fluoride, 
the content of which varies in the range 3-14mass% AIF 3 in excess of the 
Na3AIF6 composition. 

5.1. Structure q['co~olite--ahmThla melts 

During the approximately half century of investigation of the structure of the 
cryolite-alumina melts there have been numerous suggestions on the nature of the 
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possible oxygen-containing species present in the melt [ 111 ]. The older works [ 1 t 8- 
130] assumed the presence of different aluminate and oxyfluoroaluminate anions 
such as AtO~-, A!O~-, AlOFt- and AIOF 4-. However, the nature of the dominating 
species at different alumina concemrations in the melt and at different cryolite ratios 
still remains the most important task in aluminium electrolyte chemistry. 

In the last two decades it was generally accepted that complex oxyfluoroaiuminate 
anions are the most probabte species formed. Dewing [13l] suggested that alumina 
dissolves predominantly with formation of AlOFt--" anions, while Ratkje and 
Forland [132, 133] on the basis of cryoscopic measurements indicated the following 
equilibrium reaction 

1 3 - x + r )  AIaOF. ~.~- ' = AtOF~ - ~' + A1F~ _ ~. • (50) 

Probable values for x are 6 or 8, while y may be 2, indicating that AiF!4~: ~~r) is 
then A1F~- or AIF2, the most important anions in oxide-free cryolite metts. 

More recent investigations, based mainly on Raman spectroscopic measurements 
[115, 116 ] indicate that anions with bridging A 1 0  -A1 bonds are really present, most 
probably having the following structure 

F o ~72- ~ v 72- 

 V3J o ,  J 
These species originate in the melt by reaction of A1F 3- with dissolved alumina. 

New insight into the character of the oxyfiuoroaluminate species was brought by 
Gilbert et al. [!17,134] on the basis of Raman spectroscopy. The Raman 
spectra excluded the presence of species with non-bridging At-O bonds and only 
those having bridging AI-O--At bond, corresponding to AlaOF~ -~ complexes, are 
considered. 

Sterten [ 135] developed an ionic model of the cryolite melts saturated with atmnina 
on the basis of the experimentaIly determined activities for NaF and AIF 3. He found 
out that the A12OF~ -~ and AtaOzF~ -~ species are most probably present in these 
cryolite-alumina melts. The species AIOF[. --~ were tbund to be of minor importance. 
He claimed that in very basic melts (CR> 5) AI2OaF~- and A1,O2F~- complexes 
are dominating, while in acidic melts (CR<3} the complexes AlzOF~- and 
A12OaF~]- are the most abundant. 

Julsrud [136] proposed a thermodynamic model for cryo!ite-ahunina melts 
based on cryoscopic and calorimetric measurements and considered the AIaOF~-, 
A12OF~-, AI2OF~g, A12OeF~- and AI202F~- species to be present in these melts. 
Kvande [t37, t38] also suggested that AI,OF~- is the most abundant species in the 
low alumina cryolite melts. 

The solubility of ah~mina in NaF-AIFs melts attains a maximum at the composi- 
tion of cryolite [ l t l, t38]. Therefore, it is reasonable to assume that alumina, when 

AWe dissolving in cryolite-based melts, reacts predominantly with 3- anions according 
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to the following reaction schemes 

A1203 +4AIF6 a- = 3AI2OF~ z- + 6F-  

AtzO3 + 4AIF 3- = 3AI2OF~- 

AI_,O3 + A1F~- = 3 / 2 A I z O z F ] -  

(52) 

(53) 

(54) 

Reactions of  almnina with F -  ions are less probable, since the alumina solubility 
in pure molten NaF is very low. 

An alternative reaction sequence may first be the dissociation of  A1203 according 
to the schemes 

AlzO3 ~2A10  + + 0 2 -  ( 55 ) 

AlaOs-~ AI204 + + 202 - (56) 

and the subsequent reaction of the dissociation products with A1F~- anions with 
formation of  the three main oxygen-containing species, AI2OF~, , AI2OF~- and 
A1202F]- 

2A10 + + 0 2 -  + 4AIF~- ~3AlzOF{ - + 6F ( 57 / 

2AIO + + O  2- +4AIF~-  ~3AI2OF~- (58) 

2A10 + + 02 - + AI F~- -~ 3/2A1202 F] - ( 59 ) 

The arrows indicate that the reactions are shifted completely to the right. The second 
dissociation scheme of alumina seems to be of  less importance, since it is not expec~.ed 
that A1204+ ions would react with AIFi~, -~ ions with formation of  species with three 
a!uminium atoms. 

The above picture of the cryolite-alumina melts was also recently confirmed by 
very accurate Raman spectra measurements and vapour pressure carried out by 
Gilbert et al. [134]. Similar reactions accompanying the dissolution of  alumina were 
suggested, however, the A1F 2- anion was considered to be the most abundant species 
and thus as a reactant needed further F -  ions to use in the above reaction schemes. 

The very recent investigation of  Danek and Ostvold [ 139], based on direct oxygen 
determination in cryolite-alumina melts with dependence on the cryolite ratio and 
alumina content, confirmed the predominant presence of  At2OF62-, resp. AIzOF~-, 
species in the low alumina-comaining melts, while at higher alumina content all 
three species, A!zOF~,-, A!zOF~- and AIzO2F] - are present, regardless of  cryolite 
ratio, 

5.2. E l e c t r o d e  reac t ions  

The mechanism of the electrode reactions with regard to the structure of  cryo~ 
lite-alumina melts is probably at present one of  the most widely investigated subjects 
in aluminium electrochemistry. Although neither the anode nor the cathode reaction 
is fully understood, enough is known to form a reasonably consistent picture. 
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5.2.1.  A n o d e  reac t ions  

The anode reaction may be written in the simple form 

C + 2 0  2- ~ C O z  + 4e - (60) 

but free oxide ions do not exist in the electrolyte. It is generally accepted that the 
oxygen is transported to the anode in the form of At O - F  complexes. The equations 
for possible anode reactions involving the three main species are as follows 

2AI,OF~- + C + 4F - = CO_, + 4e - + 4A!F4 ( 61 ) 

2AlzOF~- + C = C O 2 + 4 e -  +4A1F4 (62) 

AI202F ~ - + C + 4F-- = CO2 + 4e-  + 2A1F2 ( 63 ) 

All these reactions involve the formation of AIF2 ions thus explaining why the 
electrolyte becomes more acidic close to the anode during electrolysis. 

Sterten [135] calculated from bond energies that the first oxygen atom can be 
removed from AIzO2F 4- much easier than the second or the one oxygen from 
AI2OF~-. This suggests that the anode reaction is 

2AI202F4- + C ~ C O  2 + AIzOF4 + 4e- (64) 

The equilibrium between AI_~O,F,~ and A12OF~- can be restored by reaction 

AlaOF~- + AI~OF4"~AiaO2F,]- + 2A1F~ ( 65 ) 

with A1F.s reacting subsequently with F -  to lk~rm AIF~ ions. However. the presence 
of any neutral molecules such as A!2OF a is not probab!e in these iop, ie melts. 

5.2.2.  C a t h o d e  reac t ions  

Since AI ~+ cations cannot be present in the eiectro~yte, alumh~ium is deposited 
from anionic complexes only. The primary deposition of  sodium does not take place, 
since the voItage required tbr aluminium deposition is about 0.22 V lower than that 
required for deposition of  sodium. The main cathode reaction is often written in 
the form 

A1F4 + 3e- ~ A l  + 4 F -  (66) 

However, recent work by Thonstad [ ! 14. 140] indicated that alumiaium is discharged 
from oxyfluoroaluminate ions by a three-~tep proces:: with charge transfer taking 
place in two steps 

AI2OF~,- ~ A ! , O F 4  + 2F - (67) 

AI2OF 4 + 2e -,~A1F~a,~ + A I O F ;  (68) 

A1F~a~ + e -  --,A! + 2F - (69) 

The notation (ads) means that these species are adsorbed on the cathode surface. 
Na + carries the current and is transported to the cathode interface. At2OF~,-- di~\~ses 



44 I,'i Danek et al. / Coordi~lati(m Chemist~:v Reviews 167 (1997) 1-48 

to the interface and 2 Na + accompany it to maintain charge neutrality. The stepwise 
discharge of one AI2OF 6- ion produces one atom of liquid alulninium, one 
AIOF_;- ion and 4 F-  ions. The 4 F-  and one AIOF2 ions set free are just sufficient 
to neutralise the space charge of the 5 Na + cations, three transported by the current 
and two that accompanied A12OF6-. The originating AIOF7 ion can react with 
A1F4 to produce the next AI2OF z- ions. Both cathode mechanisms result at the 
cathode interface in a high concentration of NaF which can actually be detennined. 

In both anodic and cathodic processes the less symmetrical oxyfluoroaluminate 
complexes are involved. Thus, the lower symmetry of these anions is most probably 
responsible for the easy deposition of aluminium. This may also be supported by 
many unsuccessful attempts of one of the founders of this process, P.L.T. H&oult, 
to produce aluminium fi'om pure cryolite [1 i ! ]. The favourable effect of alumina 
was confirmed recently by Makyta et al. [22] using vottammetric measurements in 
the Na3A1Fr,-AI203 system. Fig. 34 shows the cathodic part of the voltammetric 
curves recorded in pure cryolite (curve 1) and in the melt containing 2 tool% of 
A1203 (curve 2). Comparison of both curves shown in the figure confirms that the 
introduction of oxygen-containing species to the molten cryolite favourably influ- 
ences the deposition of aluminium. The electrodeposition potential of aluminium is 
shifted to more positive values and the peak current, which repre~,. :tts the amount 
of electrochemical active aluminium species in the melt, increases. 

However, it is very difficult to prepare oxygen-free pure cryolite. Even ;he 
Greenland hand-picked natural cryolite or synthetic cryolite prepared from subli- 
mated A1F3 may contain a small amount of alumina. Contamination of cryolite by 
moisture may also occur during the preparation of samples despite careful treatment 
ir~ a glove box. Thus, the problem of oxygen-fi-ee cryolite preparation and the 
verification of the possibility to deposit aluminium from oxygen-free cryolite may 
be the objective of a further investigation. 

 000// 
-.150 0 t . , H 

: : - :  J~ - - - - - c , - - - - J - , , , - ~  ,,,~ I ~ 

-1.2 -0.8 -0.4 0.0 
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Fig. 34. Voltmnetric curves recorded ill the Na3AIF ~ AlaO~ system using molybdenum as a working 
electrode, poiarisation rate 0.5 V s L ( 1 ) Na~A1F,,: (2) Na~AIF,,+2 tool% AI~O3. 
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The crucial importance of the presence of oxyftuoroaluminate species is aiso 
indicated by the so-called anode efl'ecL which takes place during electrolysis when 
the alumina concentration in the electrolyte is nearly depleted. As alumina is 
depleted, the anode overvoltage increases causing reduced wetting of the anode and 
the formation of fluorocarbon compounds, e.g. CF4, which form a gas film on the 
anode. Since the three main species, A12OF26 ~, At2OF~- and AIzO2F~ ~. are in 
chemical equilibrium the anode effect cannot be caused by the consumption of only 
one of them, because the chemical equilibrium would be shifted in order to counteract 
the change. It seems 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-O-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-transfer 
will cause a concentration gradient of the oxygen-containing species near the anode. 
Thus, the anode effect may occur because the concentration of these species close 
to the anode surface becomes zero. 

6. Conclusions 

On the basis of the current review, ionic structure and especially the local structure 
of the electroactive species, plays a key role in the mechanism of the electrodeposition 
of metals from molten salts. It is clearly demonstrated in the examples presented 
above that the creation of species containing electrodeposited meta! and 
exhibiting lowered symmetry of the co-ordination sphere enables metal deposition 
(molybdenum, aluminium) or enhances the rate of its deposition (titanium). 

Molybdenum is electrodeposited from B20:<K2MoO4 and KF-B203-K2MoO 4 
electrolytes most probably due to the presence of complex heteropotyanions in the 
melt. The electrodeposition of titanium from KzTiF~ is enhanced by the formation 
of TiF 3- or TiF6C13- anions which are present in the molten KF K2TiF~ 
and KCI--K2TiF6 melts, respectively. The formation of complex atuminimn 
oxyfluoroaluminate species is responsible for electrodeposition of aiuminium from 
cryolite-alumina melts, 
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