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On the hasis of the phase diagram, density, conductivity, and viscosity measurements as well as
the direct spectroscopic analysis, the structure of the KF—KCl—KBF,; melts has been elucidated.
From the physicochemical analysis it follows that a significant ternary interaction of all anions
present in the melt takes place. The deviation from the ideal behaviour is due to the break off
of the relatively weak B—F—B bonds between the BF, tetrahedra, the mixing of anions with
different ionic radius, as well as the exchange of the fluorine atoms in the BF; tetrahedra for the
chlorine ones. The presence of [BF4—,,Cl,]™ anions was confirmed by means of the IR spectroscopy

of quenched samples.

The molten system KF—KCI—IXBF, is interesting
as the possible electrolyte for electrochemical borid-
ing of steels [1] and along with I{,TiF as electrolyte
for the electrochemical synthesis of titanium diboride,
especially to obtain protective layers on metallic sub-
strates [2]. The knowledge of the structure of these
melts is needed for the deeper understanding of the
mechanism of the electrochemical processes involving
electrodeposition of boron and the formation of tita-
nium diboride on the electrode surface.

The interaction of components and the possible
chemical reactions, which may take place in the melt,
affect the ionic composition, thus determining the kind
of the electroactive species. The suitable choice of the
electrolyte composition may prevent the formation of
volatile compounds, which leads to undesirable exha-
lations and lowers the efficiency of the process.

The phase diagrams of the boundary binary sys-
tems may be found in the literature [3—G6]. In all cases
they are the simple eutectic systems. In the phase di-
agram of the system KBF,—ICl, determined in [5],
the formation of the congruently melting compound
11KBFy KCl was suggested. However, the existence
of this compound was not confirmed in the later inves-
tigation [6]. The phase diagram of the ternary system
KF—KCl—KBF,4 was measured in [7]. The system is
a simple eutectic one with the coordinates of the eu-
tectic point of 19.2 mole % KF, 18.4 mole % KCl, 61.4
mole % KBF, and the eutectic temperature 695 K.

Among the physicochemical properties, the density
of the binary system KF—KCI [8] and of the pure
component KBF, [9] as well as the conductivity of the
binary melts KF—KCI [8] and KF—KBF, [10] have
been measured. However, the conductivity data of the
latter system seem to be unreliable. The density of the
ternary melts KF—KCIl—KBF, was measured in [11],
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the electrical conductivity in [12], and the viscosity in
(13].

The aim of the present work was to elucidate the
structure of the KF—ICl—KBF, melts by means of
a complex analysis of the physicochemical properties
as well as the determination of the character of the
possible interaction components using spectroscopic
methods.

Computational Procedure

For the dependence of the temperature of pri-
mary crystallization Tp,c(4) on the composition the
simplified Le Chatelier—Shreder’s equation is valid
(AH¢(i) = const, 7 =1,2,3)
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where T;(i) and AH¢(7) are the temperature and the
enthalpy of fusion of the pure ¢th component, re-
spectively, z(4) and (1) are the mole fraction and the
activity coefficient of the i-th component in the mix-
ture, respectively.

For the dependence of the excess molar Gibbs en-
ergy of mixing on composition in the ternary system,
which is needed for the calculation of the activity coef-
ficients of components, the following relation was con-
sidered

(1)

3 5
AG:; = Z Z Anzifl:? + B.’L'lllg{l)g +

_/#=l n=1
iy
3 (2)
2

+ Z Cixia;Ty

ij. k=1

i#j#L

69



0 0.2 04 0.6 0.8 1

KF X(KCI) KCI

Fig. 1. The excess molar Gibbs energy (J mol~!) of the molten
system KF—KCI—KBF4.

The first term describes the binary and the last two
the ternary interactions. The coefficients A,,, B, and
C; were calculated using the multiple linear analysis
method, the statistical importance of the individual
coefficients being checked by means of Student’s cri-
terion at the 0.95 confidence level. The experimental
data on the temperatures of primary crystallization
were taken from our previous work [7]. From the data
given in [7] it follows that a significant ternary in-
teraction is present. The excess molar Gibbs energy
of mixing of the molten system KF—KCI—KBF, is
shown in Fig. 1. The calculation was performed as-
suming Ags H; # f(T) and AGE, # f(T).

On the basis of the density data given in [11] the
values of the molar volumes were calculated. The con-
centration dependence of the molar volume was de-
scribed by the equation

3 3
V= Z Vizi+ Z % (Aij +Bjjx;)+Caraaxs (3)
i=1 =1
it

The first term represents the ideal behaviour, the sec-
ond and the third one the binary and ternary inter-
action, respectively, i.e. the excess molar volume. By
means of the multiple linear analysis and omitting the
statistically unimportant terins at the 0.95 confidence
level the following equation at 1100 I¥ was obtained

V/(cm® mol 1) =

= 30.109akF + 49.842xkc1 + 75.290TKkBF, +
+ 0.906zkrrKkct + 4.384vKFTKBF, +

+ 2.627rkc12kBF, — 14.6322KFTKCITKBF,

(4)
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Fig. 2. The excess molar volunie (cm® mol~*!) of the molten

system KF—KCl—KBF4 at the temperature of 1100
K.

The standard deviation of the fit is 0.166 cm3 mol~?
The coefficients B, which relate to the second-order
deviation from the additivity in the binary systems,
were found to be statistically unimportant. On the
other hand, like in the phase diagram study, the last
term. which represents the ternary interaction, is sta-
tistically important. The excess molar volume of the
molten system KF—IKCl—KBF, is shown in Fig. 2.

Like for the molar volume, the concentration de-
pendence of the molar conductivity was described by
the general equation

3 3
A= Z A + Z 2w (Aij + Bijxj) + Crizans (5)
i=1 =1
iy

Again the first term represents the additive behaviour,
the second and the third one the binary and ternary
interaction, respectively, 7.e. the excess molar conduc-
tivity. Using the multiple linear regression analysis of
the conductivity data the following equation at 1100
K was obtained [12]

A/(S em? mol™!) =

= 95.990171(1:‘ + 114.297:171\'(51 e 120.268.’0[{3174 -

= 21.4441‘[(17:1;?\-01 — YKFLKBF4 (99.675 — 59.675.’1;]([:)+
+ 84.3982 KFTKCITKBF, (6)
The standard deviation of the fit is 1.384 S ¢cm? mol ™!

Again a significant mutual interaction of all three com-
ponents was found. The excess molar conductivity

of the molten system KF—IKCl—KBF, is shown in
Fig. 3.
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STRUCTURE AND PROPERTIES OF MELTS
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Fig. 3. The excess molar conductivity (S cm? mol™!) of the
molten system KF—KCI—KBF4 at the temperature
of 1100 K.

The viscosity of the melts of the system KF—
KCl—KBF, was described by the equation

3 3 k
n= Hn'f' + E TiTy E Am-j.l"'j‘ + Brnfﬂ:.lz:zr:'g'" (7)
=1

it n=0

where the first term represents the adopted “ideal”
behaviour, e.g. the additivity of logarithmns of viscos-
ity. and the second and third terms the binary and
ternary interactions, respectively. Using the multiple
linear regression analysis of data published in [13] the
following final equation at 1100 K was obtained

n/(mPa s) =

= 1.431%KF(.953"KC!().638¥ KB 4 —

—0.562zkpakct — 0.501ekF2KBR, — 0.541vKkCITKBF, —
= 4.5762KFTKCITKBF, (8)

The standard deviation of the fit is 0.019 mPa s. Again
a significant ternary interaction was found. The excess
viscosity of the investigated system is shown in Fig. 4.

EXPERIMENTAL

Infrared spectra of KBF4 and of the quenched
molten KBFy—KCI (1 1 mole ratio) mixtures were
measured using a Perkin—Elmer 983G spectropho-
tometer. The mid-infrared spectra were recorded at
300 K from KBr pellets or samples mulled in Nujol.
To record the weal infrared bands in the 600-—900
em™! region, 0.5 mm thick pellets were pressed from
pure materials.
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Fig. 4. The excess viscosity (mPa s) of the molten system
KF—KCl—KBF4 at the temperature of 1100 K.

RESULTS AND DISCUSSION

The interaction of components found may be of dif-
ferent origin. With regard to the fact that the inves-
tigated system has a common cation, the determined
deviations from the ideal behaviour must be a con-
sequence of the anionic interaction. First of all a dif-
ferent character of interaction has to be considered in
the boundary binaries KF—KBF, and KCl—KBF4.

In the pure KBF4 melt BF; tetrahedra tend to
link, forming relatively weak B-—F-—B bonds. The
strength of this bond depends strongly on tempera-
ture. Introducing F~ ions into the KBF4 melt by ad-
dition of KF, the B—F-—B bridges break off. which
leads to the lowering of the viscosity and the negative
deviation from the ideal behaviour in the KF—KBF,
system. Besides, the mixing of small anions F~ with
relatively large BF] ones takes place. In systems of
this type the deviation fromn additivity is proportional
to the fractional difference in the ionic radii of the dif-
ferent anions [7]. Therefore a relatively large deviation
from ideality may be achieved, which was confirmed
either by the density [11], conductivity [12], and vis-
cosity [13] measurements.

An opposite interaction effect takes place in the
system ISCl—KBF,. There is the mixing of two rela-
tively large and polarizable anions BFy and Cl~ Like
in the systems of alkali metal chlorides, bromides, and
iodides with a common cation, no important devia-
tions from additivity were found in these systems (3,
14]. Such behaviour was confirmed also in the system
KCI—IKBF, by the density [11], conductivity [12], and
viscosity [13] measurements. On the other hand, intro-
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Fig. 5. The IR spectra of KBF4 and of the quenched molten
KBF4—KCl (1 1 mole ratio) mixture.

ducing C1~ ions into the KBF, melt, the exchange of
fluorine atoms in the BF, tetrahedra for the chlorine
ones according to the general scheme

BF~4+nCl~ = [BF,_,ClL,|” +nF~ (A)

and the possible presence of the [BF,_, Cl,]™ mixed
anions may be achieved. Consequently, the lower sta-
bility of the B—Cl—B bridges and the lower concen-
tration of the B—F—B ones lead to the negative de-
viations of the properties in the KCI—KBF, system.
This explanation is supported also by the asymmetric
course of the excess viscosity which is due to the shift
of reaction (A) to the right side in the region of high
concentration of KBF .

In the binary system KF—ICI the origin of the
negative deviations of properties may be sought in the
mutual influence of the dissociation degree of compo-
nents, described in detail in the dissociation model of
the electric conductivity of molten salts mixtures [14].

The negative deviations of the properties, found in
the ternary system KF—KCI—KBF4, have obviously
the same origin as it was described for the boundary
binary systems. As follows from the course of the ex-
cess molar Gibbs energy of mixing (Fig. 1), the excess
molar volume (Fig. 2), the excess molar conductivity
(Fig. 3), and the excess viscosity (Fig. 4) in the in-
vestigated system, the maximum interaction effect is
localized near the KF—KBF, boundary.

The anionic interaction according to the reaction
(A) was confirmed by means of the infrared spec-
troscopy method. The IR spectra of KBF4 and that
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of the quenched molten KBF;—KCl (1 1 mole ra-
tio) mixture are shown in Fig. 5. With the exception
of the 600—900 cm~"! region, the mid-infrared spec-
tra of both samples are almost identical. In agreement
with the earlier study of the alkali metal tetrafluo-
roborates [15]. common vibrations can be assigned to
crystalline KBF,. Significant differences have been ob-
served only in the 600—900 cm™! region. It can be
seen that beside the v(1) vibration corresponding to
KBF,, the quenched molten KBF;—IKCI mixture pro-
duces two additional peaks at 760 cm ™! and 796 cm ™!
with a shoulder at 770 cm~! It may be assumed that
these peaks arise due to the different B—F and B—
Cl stretching vibratious in the [BF,_,Cl,]™ anions.
The substition of the fluorine atom by the chlorine
one in the coordination sphere of the BF anion in
the molten KF—KCl—KBF4 mixtures was thus con-
firmed. However, the type of the mixed anion had not
be determined either by physicochemical analysis or
by spectroscopic method.
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