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The dissociation of the complex hexafluoroaluminate anion in the systems BaCl,—
—Na,AlF, and BaCl.—Li,AlF, was investigated. For the determination of the un-
known &y, awpmact, 80d Ky anmace, from the course of the experimental liquidus line of
BaCl., the rule of constancy of the product of Stortenbeker correction factor and of the
composition of the added component* was applied. The objectivity of the measured
values was verified by means of the criteria of thermodynamic consistency (CTC I and
CTC I1I). The system BaCl,—Li,AlF, was measured in the whole composition range; it
was found to be a simple eutectic system with the following coordinates of the eutectic
point: 62 mole % BaCl,, 38 mole % Li,AlF,. and T,,=650% 1°C. The position of the
transition point on the liquidus line of BaCl, in systems with cryolites indicates that
both Awuaikenecs, 8Nd KAk eac, €qual 9, the number of particles decreasing with
increasing cryolite concentration. At about 5 mole % Na,AlF, (Li,AlF,) the number of
particles indicates the presence of the complex cryolite anion AlF;~

H3yuanace auccoumaumus KOMIUJIEKCHOTO rekcadTOpOaniOMMHAaTHOIO aHWOHA B
cucrtemax BaCl,—Na,AlF, n BaCl,—Li,AlF,. Bbuo wucnonb3oBaHO mnpaBuio 0O
NOCTOSHCTBE TPOM3BEAECHHS KoppekTupytowero daktopa CropreHbekepa M cocTasa
N06GABASEMON KOMIMOHEHTDI A/ ONPENETCHNUS HEH3BECTHBIX NMAPAMETPOB Knayairymaci: M
Kiiaiwnac, M3 (DOPMbI 3KCNIEpUMEHTaNbHOW nnHuMKM nuksuayca BaCl.. M3mepenHbie
naHHble GbulM  MpoBepeHbl Ha OOGBEKTHBHOCTL MNpPH MOMOLIM  «KPHUTEPHEB
TepMOAMHaMuyieckoro cornacus». Cucrema BaCl,—Li,AlF, 6bu1a u3mMepeHa B LejioM
MHTEpBaJie KOHLEHTPaUMi M ObLIO HaWIEHO, YTO OHAa MPEACTaBASET cOGOM MPOCTYHO
3BTEKTHYECKYIO CUCTEMY C KOOPAMHAaTaMu 3BTEKTHKHM: 62 moin. % BaCl,, 38 mon. %
Li,AlF, u T,;= 650 % 1°C. [TonoxeHne TOYKHN NpEBPALIECHHUS HA JIHHUH .rlmgimuyca BaCl,
B CHCTEMAX C KPHOJIMTaMH FOBOPHT O TOM, UTO Knuairyesc; U Kiiairyasci,= 9 M YHCIIO
YacTHLlI YMEHbLLIAETCA C pacTyllied KOHUEeHTpauuerd kpuonutoB. Ha ocHoBaHMM umcna
qactul aas 5 mon. %  Na,AlF, (Li,AlF,) MOXHO cmenaTbh BbIBOL O NPHUCYTCTBHH
KOMIUJIEKCHOTO aHuOHa kpuoauta AlF,~

The dissociation of cryolites Na,AlF, and Li,AlF, at both high and low
concentrations belongs to the significant problems of the theory of the electrolytic
production and refining of aluminium.

* Further on only: the rule of constancy.
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DISSOCIATION OF THE CRYOLITE ANION

Recently, in analyzing the equilibrium *‘solidus—Iliquidus’ for systems with
polymorphous transformation regularities determining the composition coordinate
of the transition point x" have been established [1]. The method of calculation of
the hypothetic melting temperature of the low-temperature modification of the
studied component was presented [2], this value being necessary for the calculation
of the liquidus line. These regularities may be used for the solution of the
above-mentioned problems.

Let us consider the binary system A—B without solid solutions, where the
component B exists in two enantiotropic modifications. If for the composition
coordinate of the transition point xj the relation holds

09<x;<l1,
then

kS xi =const. (1)

From relation (1) it follows that with changing Stortenbeker correction factor k%/s
[3] also the composition coordinate of the transition point and the course of the
liquidus line of both modifications of the studied component B are changing.

St

When in the system under consideration A—B, k,,s = 1 and at the same time the
“condition of concavity”

. _AH,
AS “ — L,
& 7-‘B. a

is fulfilled, then it is probable that the liquidus line of the high-temperature
modification will be concave against the composition axis. In the system A—B the
composition coordinate of the transition point of the minor component has the
maximum possible value, if the substance A does not form polymers.

When the component B forms the system B—C, and one molecule of the
substance C introduces two new particles into the melt of B, i.e. k&s=2, then
according to eqn () the composition coordinate of the minor component will have
one half of its value.

For the course of the liquidus line of the high-temperature modification of

component B in the high-concentration region the relation holds [4]

AS:J. a§2R . k%‘/

>2R,

In the case when the value of AS} ., is higher than 2-2R, also the liquidus line of
the high-temperature modification will be concave against the composition axis; in
the case of equality it will be practically a straight line and for ASy, . lower than 4R
the liquidus line will be convex against the composition axis and it may exhibit an
inflection point. On the basis of the thermodynamic parameters of the low-tem-
perature modification of component B we may predict the course of the liquidus
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Fig. 1. Schematic presentation of the liquidus
lines of the high- and the low-temperature
modifications of one component near the transi-
tion point for different numbers of particles
introduced into component B by the other com-
ponent.
System A—B k.= 1
C—B kep= 2
D—B 4kpe= 3
E—B ken= 5
F—B kga=10

line of this modification. A schematic presentation of the liquidus line of compo-
nent B in the vicinity of the transition point for various systems is shown in Fig. 1.

These relations may be used for the determination of an unknown Stortenbeker
correction factor. If x4 in the system A—B is known, we can determine the
unknown k¢ in the system C—B. To secure the objective determination of k%, it
is advantageous to measure not only the part of the system C—B near to the
transition point, but also a part of the system A—B and to carry out ther-
modynamic analysis with respect to the correctness of the course of the liquidus
lines near the transition and the melting points of the component with a
polymorphous transformation [5].

The problem of dissociation of lithium and sodium cryolites has been dealt with
in numerous papers ; some of them were reviewed in [6] where the number of new
particles in the melt of NaCl in dependence on the concentration of Na,AlF, was
determined by comparing the experimental liquidus curves with those calculated
theoretically by means of the universal relationship for the activity. The paper
presents various schemes of dissociation of the complex hexafluoroaluminate anion
and the number of particles corresponding to the respective dissociation schemes.
From the number of particles formed from one molecule of cryolite, we may judge
on the type and degree of the dissociation of AlF,~

For the study of dissociation of AlF.” in melts, where the basic component is a
substance with a polymorphous transformation, BaCl, was chosen. Barium chloride
has several advantages: its polymorphous transformation occurs near the melting
point (Th.q,.=955°C, T"=920°C); this temperature is comparatively close to
that of the aluminium electrolysis and, besides, BaCl, is a component of the
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DISSOCIATION OF THE CRYOLITE ANION

electrolyte for aluminium refining. Furthermore, barium chloride was the major
component in the systems BaCl,—NaCl, BaCl,—NaF, and BaCl,—Na,SO, which
were used for the experimental verification of the rule of constancy [1]. Here, the
validity of relation (1) was fully confirmed.

The dissociation of AlF.~ was studied in the systems BaCl,—Na,AlF, and
BaCl,—Li;AlF, in order to obtain a better picture of the dissociation of fluoride
anions, also the system BaCl,—AlIF, was included into the investigation.

BaCl,—Na,AlF,

The system was experimentally investigated several times. Belyaev [7] classified
it as a simple eutectic system with the following coordinates of the eutectic point:
54 mole % BaCl,, 46 mole % Na,AlF, the temperature of eutectic crystallization
710°C. Guskov [8] investigated the liquidus line only and found the temperature of
the eutectic crystallization to be 700°C. Khazanov [9] suggested the formation of a
congruently melting compound Na,AlF,-4BaCl, with the melting temperature
786°C which forms eutectic systems with both BaCl, and Na,AlF,. The above
authors do not mention any polymorphous transformation of BaCl,, though it was
reported by Sandonini [10] and Korreng [11] already in 1914. A part of this system
in the range of high BaCl, concentrations was studied from the cryometric

Table 1

System BaCl,—Na;AlF,
Experimental data on TPC and T

BaCl, Na,AlF, TPC T"
mole % mole % ©C °C
100.00 — 955.0 920.0

99.90 0.10 947.5 919.5

99.80 0.20 940.0 919.5

99.70 0.30 934.0 920.0

99.65 0.35 929.5 920.5

99.60 0.40 926.5 920.0

99.55 0.45 923.0 919.5

99.50 0.50 920.0 920.0

99.45 0.55 919.0 —

99.40 0.60 917.5 —

99.30 0.70 915.0 —

99.00 1.00 907.5 —

98.5 1.5 895.0 —

98.0 2.0 882.5 —

97.5 2.5 870.5 —

97.0 3.0 859.5 —

96.0 4.0 844.0 —
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standpoint by Petit and Ngo Tuang [12] who reported that one molecule of
Na,AlF, introduced ten new particles into molten BaCl..

In the investigated systems a part of the liquidus curve of BaCl, in the range
0—3 mole % Na,AlF, was measured using the TA method [6]. The experimentally
determined values of the liquidus temperatures are listed in Table 1. The composi-

950

°c
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- 910
- 890

1 870
5 3 1

mole % NajAlFg Bacl,

Fig. 2. Part of the phase diagram of the system
BaCl,—Na,AlF,. Theoretical liquidus lines cal-
culated by means of the universal relationship
for different numbers of particles.

BaCl, ,

4 particles

6 particles —-—-—

8 particles —- - —-
10 particles —+ -—- -

BaCl, ,
4 particles - — — — — —
6 particles — - — - —
8 particles —— - ———
10 particles —— - - — - — —
—O—O— experimental data
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mole % Li’A‘F’ M2

Fig. 3. Part of the phase diagram of the system
BaCl,—Li,AlF,. Theoretical liquidus lines cal-
culated by means of the universal relationship
for different numbers of particles.

BaCl, ,

4 particles —-—-

6 particles —- - —-

8 particles —- -—-
10 particles — - —-

BaCl,
4 particles — — — —
6 particles — - —— —
8 particles — — - — — —
10 particles — — — - — — — —
—O—O— experimental data
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tion coordinate of the transition point was 99.5 mole % BaCl,, 0.5 mole %
Na,AlF,, T"=920°C.

In the dissociation of cryolite in a melt without common ion, 6—10 new particles
may arise from one molecule [13], with a common alkaline cation it was 3—7 new
particles. Since the given system exhibits no common ion, we calculated the
theoretical courses of the liquidus lines using the universal relationship [14]
for ANaaE.saci, =10, 8, 6, and 4. The calculated results are shown in Fig. 2,
together with the experimentally measured course of the liquidus line of BaCl,.

The course of the liquidus line of BaCl, was verified by means of CTC I and
CTC I [15]. In both cases, the deviations were within + 1% range.

BaCl,—Li,AlF,

In the available literature we did not find any data on the equilibrium in this
system.

Applying the TA method we investigated the system in the whole composition
range, viz., 26 mixtures in the region of the liquidus of BaCl, and 17 mixtures in
that of the liquidus of Li,AlF, [11]. Our attention was directed to the determination
of the character of this system and also of the course of the liquidus line in the
region of polymorphous transformation of BaCl,. The experimentally found values

Table 2

System BaCl,—Li;AlF,
Experimental data on TPC and T

BaCl, Li;AlF, TPC T"
mole % mole % °C °C
100.00 — 955.0 920.0

99.90 0.10 947.5 920.0
99.80 0.20 940.0 920.0
99.70 0.30 932.5 920.0
99.60 0.40 925.5 919.5
99.55 0.45 922.0 920.0
99.50 0.50 920.0 920.0
99.45 0.55 918.5 —
99.40 0.60 917.0 —
99.30 0.70 914.0 _
99.20 0.80 910.5 it
99.10 0.90 907.5 —
99.00 1.00 904.0 —
98.50 1.50 890.5 —
98.00 2.00 879.0 —
97.50 2.50 867.0 —
97.00 3.00 859.0 —
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are in Table 2. It has been found that BaCl,—Li,AlF, is a simple eutectic system
with the following coordinates of the eutectic point: 62 mole % BaCl,, 38 mole %
Li;AlF,, T.=650* 1°C.

Again this is a system without a common ion and the results obtained for the
theoretical course of the liquidus line are the same as for the system BaCl,—
—Na,AlF,. Fig. 3 shows the calculated and the experimental values in the region
of the polymorphous transformation of BaCl,. The course of the liquidus lines in
this system was verified applying CTC I, CTC II, and CTC III [5]. The agreement
between the theoretical and the experimental values [15] was found to be very
good.

This system was studied by Kuvakin [16]. The presented data are, however,
somewhat disputable since no polymorphous transformation has been reported.
The investigation of this system in the region of low AlF, concentrations allowed us
to confront the character of the dissociation of AIF, with the dissociation of the
complex hexafluoroaluminate anion.

If the dissociation of AIlF, followed the scheme

AlF,— Al +3F~ (A)
or the scheme

AlF; +3ClI" - AIClL, + 3F~ (B)

then one molecule of AlF, would introduce four new particles in the melt of BaCl,.
Should the F~ ions be partly eliminated according to the scheme

AlF, +2Cl” - AIFCl, + 2F~ (&)

then one molecule of AIF, would give three new particles.

In the study of the molten cryolite—chloride mixtures the possibility of the
formation of the complex AIF,Cl; anion might be encountered at low concentra-
tion of cryolite (as e.g., in the system NaCl—Na,AlF, in the range 0.25—1.2 mole
% Na,AlF, [6]) according to the scheme

AIF, + 2C1"— AIF,CI; + F~ (D)

In such a case, one molecule of AlF, would introduce only two new particles into
molten BaCl,.

The system was investigated using the TA method [11] in the range 0—10 mole
% AIF, where eighteen mixtures were measured. The results are presented in
Table 3.

The calculation of the liquidus curve of BaCl, was made using the universal
relationship [14] for 4, 3, and 2 particles. The results of the calculation are

464 Chem. zvesti 30 (4) 458—468 (1976)



DISSOCIATION OF THE CRYOLITE ANION

Table 3

System BaCl,—AlIF;
Experimental data on TPC and T"

BaCl, AlF, TPC T"
mole % mole % °C °C
100.00 == 955.0 920.0
99.8 0.2 950.0 921.0
99.6 0.4 948.0 920.0
99.4 0.6 943.7 920.5
99.2 0.8 941.2 920.5
99.0 1.0 936.5,937.0 919.2, 920.7
98.8 1.2 934.2 920.7
98.6 1.4 933.0, 930.7 920.0, 920.5
98.4 1.6 929.5,927.7 920.7,920.0
98.2 1.8 924.0 918.7
98.0 2.0 921.7 919.2
97.8 2.2 917.5 —
97.6 2.4 918.0 —
97.4 2.6 914.4,916.5 —
97.2 2.8 916.7 —
97.0 3.0 914.8 —
96.8 3.2 915.2 —_
95.0 5.0 897.5 —
90.0 10.0 878.0 —

confronted with the experimental data in Fig. 4. The course of the experimental
liquidus curve was verified using CTC I and CTC III. Because of the agreement
between the experimental and the calculated liquidus curve for two particles,
ke eci, = 2 was used for CTC I. The criterion was fulfilled with a deviation of less
than 8%, while CTC III showed a deviation of 1.5% [15]. The transition point has
the following coordinates: 97.9 mole % BaCl,, 2.1 mole % AlF,, T"=920°C.

Discussion

Though Grjotheim has applied the classical thermodynamic method to the
determination of the dissociation of the hexafluoroaluminate anion as early as in
1956 [17], this problem remains to be a topical subject of the research. Malinovsky
(18] pointed out that this method would give exact results only provided that the
course of the liquidus line was measured with a high accuracy. Another method
for the determination of the character of dissociation of the hexafluoroaluminate
anion AIF;~ was presented in [6]; the dissociation of the AIF;”~ anion was
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mole % Mfa haz

Fig. 4. Part of the phase diagram of the system BaCl,—AIF,. Theoretical liquidus lines calculated by
means of the universal relationship for different numbers of particles.

BaCl, , BaCl,
2 particles — —-— 2 particles — — — — —
4 particles —- - —- 4 particles —- - —--—

—QO—O— experimental data

determined on the basis of the course of the liquidus curve of component A in the
system A—cryolite. This method of investigation of the dissociation of AIF.~ shows
some advantages compared with the one used in [6]. The dissociation is determined
on the basis of the course of the liquidus line of the component with polymorphous
transformation, at temperatures between the melting point of the substance B and
temperatures slightly lower than that of the transformation. The existence of the
transition point on the liquidus line enables us to apply not only CTC I, but also
CTC III. This makes possible a better verification of the objectivity of the
measured values. Owing to its thermodynamic parameters, barium chloride used in
this work is very advantageous for such a study since here the rule of constancy
holds accurately.

The experimentally determined composition of the transition point in the
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systems BaCl,—Na,AlF, (Li,AlF,) is 0.5 mole % Na,AlF, (Li,AlF,) and 99.5 mole
% BaCl,.

Let us apply the rule of constancy of the product &Xs-xa. The dissociation of
AIF,” and consequently also the number of particles, introduced by one molecule
of cryolite into molten BaCl,, depends on the concentration of cryolite [6]. We
replace k%, in the rule of constancy by the coefficient k.5 from the universal
relationship for the activity of the component B: asz=xg» [14]. Then the
coefficient for the transition point in the measured systems will be

kcryoli(c/BaCl: = 0.0459/0.005 =9,

The constancy of the product k. s.ci," x4 =0.0459 was experimentally verified in
[1].

In [6] we proposed a scheme for very low concentrations of cryolite in chloride
melts, which depending upon the degree of dissociation of AlF,Cl; into AICI; and
F~ gives 8—10 new particles. If the dissociation degree is 0.5 then one molecule of
Na,AlF, introduces nine new particles into the melt without a common ion.
Experimental study of the system BaCl,—AIF, shows that in the range of low AlF,
concentrations the dissociation follows the Scheme (D) with the formation of
AIF,Cl; since the number of new particles determined by means of the relation (/)
was found to be two.

If the coefficient X .yoiwe/saci,, I.€. the number of new particles formed from one
molecule of cryolite in the melt of BaCl,, decreases under the value 6, then AlF,~
from AIF; and F~ should be formed. This type of dissociation which involves the
presence of the AIF, ion in molten BaCl, occurs in the system BaCl,—Na,AlF,, at
a content of Na,AlF, higher than 4.8 mole %, and in the system BaCl,—Li,AlF,
beginning with 4.6 mole % Li,AlF..
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