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Density of the System KF + KoNbF7 + NboOs

Jarmila Cibulkova,* Marta Chrenkova, and Miroslav Bo¢a
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The density of melts of the system KF(1) + KoNbF7(2) + NboOs(3) up to 20 mol % NbsO5 has been measured
using the Archimedean method. On the basis of the measured density values, the molar volumes of the
melts and partial molar volumes of NbyOj in different binaries were calculated. The density in the system
KF(1) + KoNbF7(2) + NbyO5(3) increases from KF through KoNbF7 to NbyOs. In all three binary systems,

some interactions have been determined.

Introduction

The molten system KF(1) + KoNbF7(2) + NbyO5(3) is
interesting from both the theoretical and technological
points of view. The melts of this system are promising
electrolytes for the electrochemical deposition of smooth
and adherent niobium layers on a metallic base.!

A crucial problem in niobium deposition in molten salts
is the presence of oxygen in the electrolyte because it is
extremely difficult to prepare a melt free of O2~ ions,
especially for industrial applications. Formerly, it was
assumed that the presence of O?~ ions may lower the
quality of Nb coatings or even prevent the formation of Nb
coatings. The influence of O2~ ions on the reduction
mechanism of Nb and the formation of niobium—oxofluo-
ride complexes in the melt has been studied elsewhere.2~¢

Though electrolyte impurities, such as oxides, hydrox-
ides, chlorides, bromides and iodides, were formerly con-
sidered to be undesirable,” later it was found that the
presence of small amounts of oxides in the melt increases
the current efficiency during electrolysis. Christensen et
al.4 obtained the highest current efficiency in melts with
O/Nb molar ratios in the range of 1 < no/nnpwv) < 0.5. The
presence of oxide in the melt causes the formation of
various oxofluoro complexes of niobium. It was shown that
relatively pure Nb coatings can be obtained from FLINAK
melts if no/nnpv) is less than 1. However, even a small
number of O%~ ions can entirely change the mechanism of
Nb deposition?? depending on the types of niobium-—
oxofluorides formed in the melt.

The phase diagram®~1! and the density!2 of the system
KF(1) + KoNbF7(2) have been studied. The congruently
melting compound K3NbFy is formed in the system. Its
melting temperature differs in the range of 760—770 °C.9-11
The phase diagram of binary systems KF(1) + NbyOs-
(3)813.14 and KoNbF7(2) + NbyO5(3)1* and ternary system
KF(1) + KoNbF7(2) + NbeO5(3)4 have been determined as
well.

In the present work, the densities of binary systems Ks-
NbF7(2) + NbyO5(3) and KF(1) + NbeOs(3) and ternary
system KF(1) + KysNbF7(2) + NbyO5(3) have been mea-
sured. On the basis of the obtained data, we calculated the
molar volumes of melts and partial molar volume of NbyOs5

* Corresponding author. E-mail: uachcibu@savba.sk. Tel: ++421-(0)2-
59410414. Fax: ++421-(0)2-59410444.

10.1021/je049702k CCC: $30.25

in different binary systems. Results have been interpreted
in terms of the interaction of components.

Experimental Section

The density of the investigated melts was measured
using the Archimedean method. A platinum vessel sus-
pended on a platinum wire (in the leading tube) was used
as the measuring body. After the sample melted, the
measuring body was immersed in the melt, and the surface
of the melt was always kept 2 mm over the top of the
sphere. The depth of immersion was continuously moni-
tored and controlled using the electrical contact. The
dependence of the vessel volume on temperature was
determined by calibration using molten NaCl and KF. For
the measuring device control and the evaluation of experi-
mental data, an on-line PC was used. A detailed description
of the measuring device used is given elsewhere.!®

For the preparation of the samples, the following chemi-
cals were used: KF (Lachema, 99%), NboOs5 (Aldrich,
99.9%), and KyNbF; (prepared in Apatity, min. 99%). KF
and KyoNDbF; were dried in vacuum at 180 °C for 24 h.
Handling of all salts was done in a glovebox under a dry,
inert atmosphere.

The measurements were carried out in the temperature
interval of approximately (100 to 150) °C. The samples were
heated to ~170 °C above the primary crystallization
temperature. Then the first measurement in the cooling
direction was performed until reaching a temperature of
~20 °C above the temperature of primary crystallization.
The second measurement was done in the heating direc-
tion, and the third measurement was done again in the
cooling direction. The density results were automatically
registered by the measuring device every 30 s for each melt.
The densities were measured for each system up to 20 mol
% of NbsOs because of the solubility of NbyOs in the
temperature range interesting for technical applications.

The temperature dependence of the density was ex-
pressed in the form of the linear equation

plgrem 2 =a — bt/°C (1)

where p is the density and ¢ is the temperature. For each
measurement, one heating and two cooling curves were
recorded. However, in some cases the last cooling run or
last cooling and heating runs were useless. The reasons
are quite unclear. The evaporation of the sample seems to
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Table 1. Regression Coefficients a and b and Standard Deviations of the Density of the Investigated System KF(1) +
KoNbF7(2) + Nb20O5(3) and Mean Regression Coefficients @ and b and the Standard Deviations Used for Equation 1¢

a b x 10*
x1 Xo X3 grem 3 a grem3-°C b x 10* SD x 104 SD x 104 t/°C

2.540

0.980 0.000 0.020 2.5497 5 6.5028 6.3796 4.88 5.51 860—1000(c)

0.980 0.000 0.020 2.5397 6.3269 7.22 860—1000(h)

0.980 0.000 0.020 2.5320 6.3089 4.44 860—1000(c)
2.633

0.965 0.000 0.035 2.6484 6 6.6194 6.4333 1.78 3.93 850—1000(c)

0.965 0.000 0.035 2.6291 6.3379 6.96 850—1000(h)

0.965 0.000 0.035 2.6233 6.3426 3.05 850—1000(c)
2.837

0.950 0.000 0.050 2.8731 6 8.0579 7.4258 4.18 3.86 850—1000(c)

0.950 0.000 0.050 2.7693 6.5906 4.05 850—1000(h)

0.950 0.000 0.050 2.8704 7.6290 3.33 850—1000(c)
2.926

0.925 0.000 0.075 2.9855 6 8.3204 7.5322 5.64 3.77 825—975(c)

0.925 0.000 0.075 2.8532 6.6795 2.42 825—975(h)

0.925 0.000 0.075 2.9412 7.5967 3.25 825—-975(c)
2.976

0.900 0.000 0.100 2.9294 2 6.8290 7.1219 3.50 3.10 870—1000(c)

0.900 0.000 0.100 3.0262 7.4996 3.65 870—1000(h)

0.900 0.000 0.100 2.9731 7.0372 2.16 870—1000(c)
3.232 7.575

0.850 0.000 0.150 3.2868 3 8.2561 8 10.10 8.73 900—1000(c)

0.850 0.000 0.150 3.2135 7.2916 11.20 900—1000(h)

0.850 0.000 0.150 3.1968 7.1796 4.88 900—1000(c)
3.469

0.800 0.000 0.200 3.6117 9 9.3346 7.8652 6.55 4.89 910—1050(c)

0.800 0.000 0.200 3.3282 6.3957 3.22 910—1050(h)
3.223 10.647

0.000 0.950 0.050 3.2290 8 10.7713 3 3.66 3.66 730—870(c)

0.000 0.950 0.050 3.2186 10.5232 3.66 730—870(h)
3.221 10.860

0.000 0.900 0.100 3.2130 5 10.8350 6 3.24 3.24 770—650(c)

0.000 0.900 0.100 3.2301 10.8862 3.24 770—650(c)
3.175 10.540

0.000 0.850 0.150 3.1522 5 10.3288 2 8.95 8.95 680—720(c)

0.000 0.850 0.150 3.1988 10.7515 8.95 680—720(c)
3.297 12.120

0.000 0.800 0.200 3.2973 3 12.1207 7 25.30 25.30 550—620(c)
2.780

0.675 0.225 0.100 2.8248 1 5.6944 5.2003 4.27 3.03 850—950(c)

0.675 0.225 0.100 2.8158 5.5466 1.64 890—930(h)

0.675 0.225 0.100 2.6998 4.3599 3.20 850—950(c)
3.046

0.450 0.450 0.100 3.0622 4 7.6378 7.3821 4.96 4.61 760—910(c)

0.450 0.450 0.100 3.0307 7.1264 4.25 760—860(c)
3.023

0.225 0.675 0.100 3.0078 4 7.0145 7.2772 5.54 5.07 730—830(c)

0.225 0.675 0.100 3.0390 7.5398 4.60 730—831(c)
3.100

0.600 0.200 0.200 3.1000 0 5.6805 5.6805 8.01 8.01 850—960(c)
3.186

0.400 0.400 0.200 3.1861 1 7.1274 7.1274 7.80 7.80 770—900(c)
3.914 17.468

0.200 0.600 0.200 3.9149 9 17.4681 1 14.10 14.10 745—-760(c)

@ ¢ — cooling; h — heating.

be one of the reasons. Even a small amount of condensed
vapor can result in friction between the platinum wire (on
which the measuring body was suspended) and leading
tube. For each errorless curve, coefficients ¢ and b were
obtained. The values of constants ¢ and b together with
the standard deviations of approximations, obtained by the
linear regression analysis of the experimentally obtained
data, are given in Table 1. The results of measurements
at 850 °C, 900 °C, and 950 °C are summarized in Table 2.

Results and Discussion

System KF(1) + Nbs0O5(3). The density of the system
KF(1) + NbyO5(3) is shown in Figure 1. The density
increases with increasing content of NbyOs. All three values
of the density were averaged for each composition. The

concentration dependence of the molar volume of this
system at 900 °C can be described by the equation

V/em®-mol ™' = (30.95 + 27.15x)
SD = 0.13 cm®mol ! (2)

By differentiating eq 2 according to x3 and introducing the
result into the equation

V,=V+ xl(%) (3)

we can obtain the partial molar volume of NbyOs in the
form

V,/em®-mol ! = 58.08 + 0.10 4)
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Figure 1. Density, p, of the system KF(1) + Nb2Os5(3). O, 850 °C;
O, 900 °C; 4, 950 °C.

Table 2. Calculated Data for the Density of the Molten
System KF(1) + KoNbF7(2) + Nb20s5(3) at 850 °C, 900 °C,
and 950 °C

olgrem3

X1 X2 X3 850 °C 900 °C 950 °C
0.980 0.000 0.020 1.9969 1.9663 1.9344
0.965 0.000 0.035 2.0857 2.0546 2.0224
0.950 0.000 0.050 2.1882 2.1693 2.1321
0.925 0.000 0.075 2.2783 2.2487 2.2111
0.900 0.000 0.100 2.3490 2.3352 2.2996
0.850 0.000 0.150 2.5850 2.5505 2.5126
0.800 0.000 0.200 2.8182 2.7620 2.7227
0.000 0.950 0.050 2.3135 2.2656 2.2123
0.000 0.900 0.100 2.2920 2.2441 2.1898
0.000 0.850 0.150 2.2743 2.2269 2.1742
0.000 0.800 0.200 2.2671 2.2671 2.2671
0.675 0.225 0.100 2.3408 2.3121 2.2861
0.450 0.450 0.100 2.4130 2.3820 2.3451
0.225 0.675 0.100 2.4116 2.3685 2.3321
0.600 0.200 0.200 2.6172 2.6172 2.6172
0.400 0.400 0.200 2.5802 2.6802 2.5802
0.200 0.600 0.200 2.4301 2.4301 2.4301

As can be seen, no dependence on KF was obtained, and
the partial molar volume of NbsOs represents the molar
volume of NboOs, which means that the volume properties
of the above binary behave ideally in the composition range
up to 20 mol % NbyOs. However, it does not mean that any
reactions take place in this system.

System Ky;NbF;(2) + Nbs0O5(3). The density of the
system KoNbF7(2) + NbyO5(3) is shown in Figure 2. The
molar volumes have been calculated from the first cooling
values of the densities because after the second heating of
the sample slight evaporation was detected. The density
of the system KyoNbF7(2) + NbeO5(3) decreases with in-
creasing content of NbyOs. The concentration dependence
of the molar volume at 900 °C can be described by the
equation

Vlem®-mol ! = (132.56 + 23.88x; — 76.75x,%) -
5
SD = 0.20 cm*mol

240 T Ll Ll Ll Ll Ll Ll Ll Ll

210 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20

X3
Figure 2. Density, p, of the system KaoNbF7(2) + NbeOs(3). O,
850 °C; O, 900 °C; A, 950 °C.

0.8 K2NbF,

Figure 3. Density, p, of the system KF(1) + KoNbF7(2) + NbOs-
(3) at 900 °C. Values are in g-cm 3.

The partial molar volume of NbyO5 can be described by the
equation

Vy/em® mol ' = (79.68 + 76.75x,%) (6)

and for xo — 1 the partial molar volume of NbyO5 has the
value of V3 = (156.43 + 0.22) cm3-mol 1. In this binary
system, the value of the partial molar volume of NbsOs is
considerably higher than in the previous system. Moreover,
the ideal behavior of the volume properties can be excluded
here, probably because of the formation of more voluminous
species.

System KF(1) + KoNbF;(2) + Nb20O5(3). The density
of the system KF(1) + KoNbF7(2) + NbyO5(3) is shown in
Figure 3. The density in the system increases from KF
through KoNbF; to NbyOs. Generally, the dependence of
the molar volume of the ternary system on composition at
constant temperature can be described by the Redlich—
Kister-type equation

3 3 k
V=3V, + inxj A, x + Bxhxixy (7

1= 1Z] n=

where p, q, r, and n are adjustable integers. The first term
represents ideal behavior, the second one describes the
binary interactions, and the third one represents the
interaction of all three components.

In our case, constants V;, A,;, and B in eq 7 were
calculated using multiple linear regression analysis omit-
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Figure 4. Molar volume, Vy,, of KF(1) + KoNbF7(2) + NbaO5(3)
at 900 °C. Values are in cm3-mol 1.

Table 3. Calculated Coefficients V; and A,;; and the
Standard Deviations of the Density of the System KF(1)
+ KoNbF7(2) + Nb2O5(3) at Different Temperatures

coefficient t/°C

g-mol 3 850 900 950

Vi 30.69 + 0.34 31.25 +0.38 31.83 +0.43
Vs 131.73 £1.69 134.80 + 1.88 138.01 + 2.16
Vs 110.30 £2.12 116.17 £ 2.43 120.79 + 2.84
Ai1z —47.73 +£9.28 -53.64 +10.28 —60.06 + 11.82
Agzs 8.30 +2.10 6.75 +£ 2.31 6.93 + 2.58
Ao1s —65.20 +4.67 —72.33 +£5.21 —77.86 &+ 6.00
SD 0.93 1.03 1.18

ting the statistically nonimportant terms on the 0.99
confidence level. The following final equation was obtained:

T=x,V, +x,V, +agVy + A gxas +
Apggoxs T Agrsx1xs (8)

V/em®-mol

The values of constants V; and A,;; in eq 8 as well as the
standard deviations of approximation for temperatures 850
°C, 900 °C, and 950 °C are given in Table 3.

The molar volume of the system KF(1) + KoNbF7(2) +
Nb205(3) at the temperature of 900 °C is shown in Figure
4,

From the parameters of eq 8, the molar volumes of the
system (1/1) KF/KoNbF7 + NbeO5 were calculated at 900
°C up to 20 mol % NboOs with a step of 1 mol %. Let us
define the system (1/1) KF/KoNbF; to be KsNbFg(4) and
its molar fraction to be x4. Then the equation representing
the dependence of the molar volume on the composition of
NbsOs5 in the system KsNbFg(4) + NbeO5(3) was calculated:

Viem®-mol ' = (74.48 + 22.16x, + 14.69x2)
9
SD/em®mol ' =1.25 x 1073

Then the partial molar volume of NbsO5 can be described
by the equation

Vy/em®mol ' = (111.33 — 14.69x3) (10)

and for x4 — 1 the partial molar volume of NbyOs has the
value of V3 = 96.64 cm3-mol~'. In this binary system, the
value of the partial molar volume of NbsOs is considerably
higher than in the first one but lower as in the second one.
It can be said that the partial molar volume increase in
the series KF(1) + NbyO5(3) < K3sNbFg(4) + NbyO5(3) <
KoNbF7(2) + NboO5(3).

Literature Cited

(1) Van, V; Silny, A.; Hives, J.; Danék, V. Electrochemical study of
niobium fluoride and oxyfluoride complexes in molten LiF-KF-
KoNbF;. Electrochem. Commun. 1999, 7, 295—300.

(2) Matthiesen, F.; Jensen, P. T.; @stvold, T. Oxofluoride Complexes
of Niobium (IV, V) in the Liquid Eutectic LiF-NaF-Kf Melt at 700
°C with varying Oxideto-Niobium Molar Ratios. Acta Chem.
Scand. 1998, 52, 100—1005.

Konstantinov, V. I.; Polyakov, E. G.; Stangrit, P. T. Cathodic
Processes at Electrolysis of Chloride-Fluoride and Oxyfluoride
Melts of Niobium. Electrochim. Acta 1981, 26, 445—448.

Christensen, E.; Wang, X.; von Barner, J. H.; @stvold, T.; Bjerrum,
N. J. The Influence of Oxide on the Electrodeposition of Niobium
from Alkali Fluoride Melts. J. Electrochem. Soc. 1994, 141, 1212—
1219.

(5) Mathiensen, F.; Christensen, E.; von Barner, J. H.; Bjerrum, N.
J. The Redox Chemistry of Niobium (V) Fluoro and Oxofluoro
Complexes in LiF-NaF-KF Melts. J. Electrochem. Soc. 1996, 143,
1793—-1799.

(6) Lantelme, F.; Berhoute, Y.; von Barner, J. H.; Picard, G. S. The
Influence of Oxide on the Electrochemical Processes in KoNbF;-
NaCl-KCl. Melts. J. Electrochem. Soc. 1995, 142, 4097—4102.

(7) Senderoff, S.; Mellors, G. W. The Electrodeposition of Coherent
Deposits of Refractory Metals. J. Electrochem. Soc. 1966, 113, 66—
71.

(8) Voskresenskaya, N. K.; Budova, G. P. O produktakh vzaimode-
jstviya pyatiokisi niobiya s bezvodnym ftoridom kalia Dokl. Akad.
Nauk SSSR 1966, 170, 329—332.

(9) Kamenskaya, L. A.; Konstantinov, V. I. Trojnaya sistema KCI-
KF-KoNbF7. Zh. Neorg. Khim. 1971, 16, 2003—2005.

(10) Mukhtar, A.; Winand, R. Determination of the phase diagram of
the KF-KyNbF7 system by thermal and X-ray analysis C. R. Acad.
Sci. 1965, 260, 3674—3676.

(11) McCawley, F. X.; Barclay, J. A. NaF-KF-Ky;NbF; Fused Salt
Temperature-Solubility Diagram. . Am. Ceram. Soc. 1971, 54,
11-12.

(12) Chrenkovéa, M.; Danék, V.; Silny, A. Density of the System LiF-
NaF-KyNbF7. Chem. Pap. 2000, 54, 272—276.

(13) Budova, G. P.; Voskresenskaya, N. K. Isledovanie geterogennykh
ravnovecii v sisteme KF-NbyOs. Zh. Neorg. Khim. 1970, 15, 859—
863.

(14) Kubikova, B. Ph.D. Thesis. SAV Bratislava, 2004.

(15) Silny, A. Zariadenie na meranie hustoty kvapalin. Sdélovaci Tech.
1990, 38, 101-105.

3

=

(4

fus?

Received for review August 19, 2004. Accepted November 16, 2004.
The present work was financially supported by the Scientific Grant
Agency of the Ministry of Education of the Slovak Republic and the
Slovak Academy of Sciences under no. 2/3100/23.

JE049702K



