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Using the Archimedean method the density of the KF—KCI—K,TiF;
melts was measured. The experimentally determined dependences of the
density-of the investigated melts on the temperature were described by the
linear plots ¢ = a — b- T. On the basis of the determined density values and
of the mean molar mass, the values of the molar volumes and of the excess
molar volumes at temperatures of 1000K, 1100K, and 1200 K were cal-
culated. In the boundary systems KF—K,TiF; and KCI—K,TiF; the con-
gruently melting compounds K;TiF, and K,TiF,Cl, respectively, are for-
med. The arising compounds do not substantially affect the volume proper-
ties of the investigated system, which indicates the expressive thermal dis-
sociation of these compounds and/or the similarity in the volumes of the
complex TiF?~, TiF:~, and TiF,CI’~ anions. The experimentally determined
values of the density of the boundary binary systems KF—K, TiF and KCl
—K,TiF; were used for the calculation of the dissociation degree of the
K;TiF,; and K;TiF;Cl compounds.

Hcnonb3ys MeTon Apxumena, H3MepeHa ILUIOTHOCTh paciuiaBoB KF—
KCl—K,TiF,. OxcnepuMeHTaJbHO YCTAaHOBJIEHHBIE 3aBHCHMOCTH IIJIOT-
HOCTH H3Y4YaeMbIX PaCIlJIaBOB OT TEMIIEPATYphl OMHCHIBAIOTCS JIMHEHHBIM
COOTHOILEHHEM Q0 = a — b- T. cxonas U3 onpene/IeHHbIX BEJIMYMH IUIOTHOC-
TH U CpedHelt MOJSAPHO#R MacChl, OBLIM pacCYMTaHbl 3HAYEHHS MOJISPHBIX
00beMOB U H3OBITOYHBIX MOJIIPHBIX 00beMOB IpH TeMmepatypax 1000 K,
1100K u 1200K. B rpanuunbix cucremMax KF—K,TiFy u KCI—K,TiF
00pa30BLIBAJIMCh KOHTPYIHTHO ILIaBsiuuecs coeauHenus cocraBa K;TiF,
u K;TiF,Cl, cooTBeTcTBeHHO. Bo3HHuKaroue coeIMHEHUsT HEe OKa3bIBAJIH
CYLIECTBEHHOT'O BJIUSIHHA Ha 00bEMHbBIE CBOMCTBA H3y4aeMOi CHCTEMBI, YTO
CBUETEJILCTBYET O 3HAYHTEJILHON TEPMHYECKOH QUCCOLIMALIUH STUX COEIH-
HEHHH H/MJH O CXOXeCTH 06beMOB KOMILIEKCHBbIX aHuoHOB TiF:~, TiF:~
n TiF,CI’~. DKcrnepuMeHTanbHO ONpele/iCHHbIE BENHYMHBI MIOTHOCTEH
rpanu4Hbix OuHapHbIX cucteM KF—K, TiF, 1 KCI—K, TiF, Ob11H Hcnoib-
30BaHbl JUIA pacyeTa CTemeHH mguccoruanud. coenuHenuit K,TiF, u
K, TiF,Cl.

The melts of the KF—KCI—K,TiF; system are promising not only as
electrolytes for the deposition of titanium, but along with the KBF, component
they may be utilized as electrolytes for the electrochemical synthesis of TiB,,
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especially in regard of obtaining the TiB, coatings on the metal bases. The study
of the volume properties of the KF—KCI—K,TiF, melts is the first part of the
complex investigation of the physicochemical properties of the melts of the
quaternary KF—KCI—K,TiF,—KBF, system.

The phase diagram of the KF—KCI—K,TiF, system has been studied by
Chernov and Ermolenko [1]. According to their results, as well as the results in
[2,3] where the phase equilibria of the boundary binary KF—K,TiF; and KCl
—K,TiF, systems were studied, two congruently melting compounds K,TiF,
and K,TiF,Cl are formed in the given system. The phase diagram of the KF
—KCI—K,TiF, system according to Chernov and Ermolenko [1] is shown in
Fig. 1. The authors [1] pointed out that according to the results of the chemical
analysis of the frozen melts, the system is thermally stable and the titanium loss
after long-term melting does not exceed 0.5 %. From the phase diagram of the
system under investigation it follows that the measurement of the density, as
well as of the other physicochemical properties, can be realized at temperatures
above 700°C, however the electrochemical measurements, which were carried
out at low concentration of the depolarizator, can be realized already above
600°C.

K 2’|'iF6

(899 °C)
@

0.0 0.2 0.4 0.6 0.8 1.0
KCl

Fig. 1. Phase diagram of the KF--KCl—K,TiF, system according to Chernov and Ermolenko [1].
The circles represent figurative points of composition of the melts used by the density measurements.

754 Chem. Papers 42 (6) 753~ 761 (1988)



VOLUME PROPERTIES OF THE KF KCI K,TiF

Experimental

The density measurement of the KF—K Cl—K, TiF, melts has been realized using the
Archimedean method. As the measuring body the platinum sphere with a diameter of
20mm was used. The volume of the sphere and its change with temperature was
determined by calibration according to the known density values of water and of the
NaCl, KCl, and KNO; melts. The error of the density measurement was lower than
0.2 %. The measurement was realized in the temperature range of ca. 100 K starting from
the temperature of 20 to 30 K above the temperature of the primary crystallization of the
respective melt. In the concentration triangle KF—KCI—K,TiF, the boundary KF—
K,TiF, and KCI—K,TiF; systems as well as intersections with the constant ratio of the
KF and KCI components x(KF)/x(KCl) = 0.5, 1, and 2 were chosen. Within the boun-
dary systems and the given intersections the figurative points with 25, 50, and 75 mole
% of K, TiF; were chosen. The figurative points of composition of the investigated melts
are represented in Fig. 1. The density values of the KF—KCI melts are taken from the
literature [4].

For the preparation of the samples the following reagents were used: KF, KCl, anal.
grade (Lachema, Brno), K,TiF,, NaCl, KNO;, anal. grade (Merck).

The experimentally determined dependences of the density of the investigated melts
on the temperature were described by the linear equations

o=a—bT (N

The values of the constants a and b were calculated by the least-square method and are

together with the values of the standard deviations given in Table 1. On the basis of the
Table 1

The values of the regression coefficients in the equation ¢ = a — b- T and the standard deviations
of the experimental density values for the KF—KCI—K,TiF melts

3 4
x(KF) x(KCl) x(K,TiF,) a ol c:10
gem™? gem 3 K! gem™?
0 0 | 2.7715 0.6102 2.2
0.25 0 0.75 2.7326 0.5874 2.1
0.5 0 0.5 2.7073 0.5882 39
0.75 0 0.25 2.6911 0.6100 5.4
0 0.25 0.75 2.6988 0.6117 3.1
0 0.5 0.5 2.5909 0.6062 4.8
0 0.75 0.25 2.4839 0.6247 1.9
0.25 0.5 0.25 2.4709 0.5567 1.9
0.167 0.333 0.5 2.6256 0.6031 1.6
0.083 0.167 0.75 2.7051 0.5976 1.4
0.375 0.375 0.25 2.5610. 0.6085 3.0
0.25 0.25 0.5 2.6326 0.5878 2.1
0.125 0.125 0.75 2.6718 0.5584 5.0
0.5 0.25 0.25 2.5808 0.5925 2.6
0.333 0.167 0.5 2.6386 0.5702 5.2
0.167 0.083 0.75 2.7056 0.5799 1.5
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determined density values and of the mean molar mass of the investigated melts the
values of the molar volumes and the excess molar volumes in the studied system at
temperatures of 1000 K, 1100 K, and 1200 K were calculated.

Results and discussion

In Fig.2 the density of the KF—KCI—K,TiF; melts at the temperature
1100 K is shown. It is obvious that the density of the melts is mostly influenced
by the KCl component, which strongly decreases the density of the melt. There
is no substantial change in the density of the melts in the boundary KF—K,TiF;
system. The dotted lines in Fig. 2 represent the isotherm of the primary crystal-
lization of the melts at the temperature 1100 K.

K vl Fg

0.0 0.2 0.4 0.6 0.8 1.0
X

KCl

Fig. 2. The density of the KF—KCIl—K,TiF; system at the temperature of 1100 K. The dotted lines
represent the isotherms of the primary crystallization at temperature of 1100 K.

The molar volumes of the KF—K Cl—K, TiF; melts are calculated according
to the equation

_ x(KF)-M(KF) + x(KCl)- M(KCl) + x(K,TiF)- M(K,TiF,)
(¢

This approach has been chosen because till now there is nothing known con-
cerning the properties of the K, TiF, and K, TiF;Cl compounds, especially of the

14 (2)
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equilibrium composition of the melt. It was supposed that the formation of both
compounds becomes evident at the shape of the molar volume and excess molar
volume vs. composition plots. For the expression of the deviation from the ideal
mixing the values of the excess molar volumes were calculated according to the
equation

VE= ¥ — V4= ¥V — [x(KF)- V°(KF) + x(KCl)- V°(KCl) +
+ x(K,TiF,)- V°(K,TiF,)] 3)

The dependence of the excess molar volume on the composition was calculated
by means of the regression analysis method and the following equation was
obtained

VE = ay- x(KF)-x(KCl) + x(KF)- x(K,TiF)[b, + b,-x(K,TiF,)] +
+ x(KC1)- x(K,TiF,)[c, + ¢ x(K,TiF,) + ¢,- x2(K,TiF,)] )

The values of the molar volumes of the pure components, the regression coef-
ficients of the dependences of the excess molar volume on the composition, and
the standard deviations of the experimental values from eqn (4) at temperatures
1000K, 1100K, and 1200 K are given in Table 2. The standard deviation values
are in all cases lower than the experimental error.

In Fig.3 the excess molar volume of the KF—KCI—K,TiF; melts at the
temperature 1100 K is shown. From the values of the excess molar volumes it
follows that from the point of view of the volume properties the investigated
system shows only small deviations from the ideal behaviour. The maximum
deviation is — 1.5 cm*/mol, which represents 2.23 % of the molar volume for the
respective melt. The formation of the K, TiF, and K, TiF,Cl compounds does not
affect substantially the volume properties. This indicates that either these com-
pounds dissociate to considerable degree in the melt, or the volumes of the
anions TiF?~, TiF}~, and TiF,CI>~, respectively, are fairly similar. However, the
formation of both compounds presents differently in the course of the volume
properties. This can be best seen on the course of the excess molar volumes in
the boundary KF—K, TiF; and KCI—K, TiF; systems (Fig. 4). While the forma-
tion of K, TiF, is connected with moderate volume expansion with a maximum
at ca. 40 mole % K,TiF the formation of K, TiF,Cl is connected with substanti-
ally more expressed volume contraction with a maximum at ca. 25mole %
K, TiF;. This difference is probably coherent with the different stereochemistry
of both complex anions and with its relation to the other present anions (F~,
resp. C17). From the density values of both compounds (k. T, = 2.060 g/cm’,

ok Tk = 1.924 g/cm’) it can be concluded that the substitution of fluorine by
chlorine in the TiF;~ complex anion is accompanied with its volume increase,
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Table 2

The values of the molar volumes of the pure components and the coefficients of the concentration
dependence of the excess molar volume of the molten KF—KCI—K, TiF, system. The dimensions
of all values are cm* mol "

T/K V°(KF) Vo(KCl) V°(K,TiF) a, b, b, ¢ ¢ e -

1000 28.922 48.048 111.090 0.929 2477 —2.057 —19.996 62.682 —49.327 0.047
1100 29.956  49.945 114.315 0.763 2.236 —2.956 —21.817 68.506 —54.552 0.047
1200 31.067 51.997 117.731 0.572 1.936 —3.927 —23.847 74900 —60.264 0.095

which is not compensated by the bigger atomic mass of chlorine with respect to
fluorine. The volume change by the substitution of fluorine by chlorine is,
however, obviously lower than the difference between the size of the F~ and Cl~
anions, which leads to the different sign of the excess molar volume.

The experimental density values of the boundary KF—K,TiF, and KCl—
K, TiF, melts have been used for the calculation of the dissociation degree of the
K,TiF, and K;TiF,Cl compounds. It was supposed that the volume of the melt
equals to the sum of the partial volumes of the individual coexisting components
in equilibrium. The equilibrium composition of components in the melt is given
by the value of the equilibrium constant of the reactions

K,TiFF, = KF +K,TiF, (4)
K,TiF,Cl = KCl+ K,TiF, (B)

Let us consider an arbitrary mixture of (I — x) mol KF and x mol K, TiF;. In
such a mixture K, TiF, is formed, which partially thermally dissociates according
to the scheme (A4) with a dissociation degree a. The following equation for the
equilibrium constant of this reaction can be derived from the mass balance (for
x <0.5) ’

K= x(KF)-x(K,TiF)  a(l —2x+ x-a)

x(K,TiF;) l-—a)(l —x+x-a)
where x is the mole fraction of K, TiF; in the original mixture. A similar equation
can be derived for x > 0.5. Choosing the equilibrium constant and solving eqn
(5) for a given dissociation degree a the values of the equilibrium mole fraction
of individual components KF, K, TiF;, and K, TiF, in each mixture of the system
KF—K,TiF; can be obtained. The detailed calculation procedure is given in [5].
The density of the melt was then calculated according to the equation

_ [W(KF) % w(K,TiF) " w(K;TiF,):I_'
o(KF)  o(K,TiF) o(K,TiF;)

%)

(6)
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where w(i) are the values of the mass fraction of the individual components i and
o(i) are the density values of the pure components, whereby o(K,TiF,) is the
hypothetical density of the molten undissociated compound K,TiF, at the
considered temperature. For each value of the equilibrium constant and the

KoTiFg

0.0 0.2 0.4 0.6 0.8 1.0
X

KCl

Fig. 3. The excess molar volume of the KF—KCI—K,TiF; melts at the temperature of 1100 K.
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Fig. 4. The excess molar volume of the 18 | | . |

KF—K,TiFs and KCI—K, TiF, systems at 00 02 0.4 0.6 0.8 1.0
the temperature of 1100 K.
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hypothetical density of the molten undissociated compound a set of theoretical
density values for chosen original compositions was obtained. The choice of the
right value of the equilibrium constant must obey the condition

2 (Qc‘:()p - Q&)Ic)2 = min (7)
i=1
Table 3

The values of the equilibrium dissociation constants, the dissociation degrees, and the density
of undissociated compounds K, TiF; and K,TiF,Cl

Compound T/K Ki a g

: gem™?

K,TiF, 1000 0.57 0.60 2.105
1100 0.90 0.70 2.045

1200 1.63 0.79 1.985

K,TiF,Cl 1000 1.10 0.71 2.050
1100 1.90 0.81 2.025

1200 2.80 0.88 2.000

Similar approach was taken in the case of the KCI—K,TiF; system. In Table 3
the calculated values of the equilibrium constant, the dissociation degree, and
the density of the molten undissociated compounds K,TiF, and K,TiF,Cl at
temperatures 1000 K, 1100 K, and 1200 K are given. As follows from the values
of the dissociation degree both compounds undergo at melting relatively mar-
ked thermal dissociation, whereby the thermal stability of the K, TiF,Cl com-
pound is lower than that of the K, TiF;. This is obviously the consequence of the
lower energy of the Ti—Cl bond in the coordination polyhedron of TiF,CI*~
anion compared with the Ti—F ones. From the plot of the equilibrium dissocia-
tion constant vs. temperature the values of the dissociation enthalpy of both
compounds AHS(K;TiF;) = 52.4kJ/mol and AHJ(K,TiF,Cl) = 46.6 kJ/mol
were calculated. From the calculated values it follows that the part of the
dissociation enthalpy in the whole enthalpy of fusion will be appreciable there
and that the dissociation degree depends mainly on the temperature. With
decreasing temperature the stability of the K, TiF, and K;TiF;Cl compounds in
the melt increases as well as their concentration in the melt at the same original
content of K, TiF;. This fact is important for the application of those melts of
the KX—K,TiF, (X = F, Cl) type for the electrochemical deposition of tita-
nium. It may also affect the interpretation of the electrochemical reactions in the
above-mentioned melts.
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