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Summary. In the fully ionized sodium sulfate melt, the solubility of an oxide (at a given melt basicity)

is well described by considering a single equilibrium to form a specific simple acidic or basic solute. In

this case, the dominant solutes are identified by a simple log–log interpretation describing the depen-

dence of the solute concentration on an acid-base parameter ( log aNa2O). However, in fused cryolite

(Na3AlF6) solutions, the solvent itself and the solutes of oxides involve anionic complexes (alumino-

fluorides and oxy-fluorides). Therefore, a single simple equilibrium does not suffice to model the

complex solution. Rather, as for a high temperature multi-component gas phase containing many

complex volatile species, every possible equilibrium must be individually satisfied and coupled to a

mass balance. Examples will be given for each limiting type of solution behavior.
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Introduction

The thermodynamic description of equilibria in solutions is a subject with a long
history and significant interest and importance. Among other fused salt systems,
fused sulfate solutions and molten cryolite solutions have been extensively studied
[1–7]. The former solutions are related to an important engineering problem: hot
corrosion, i.e., accelerated oxidation of high-temperature materials and coatings by
a thin fused salt film. Alkali cryolite melts are associated with the electrowinning
of primary aluminum by the Hall-Heroult process. In the 2000 TMS Institute of
Metals Lecture, Rapp [8] generalized about equilibria in high-temperature ionic
solutions, although his suggested analysis for treating cryolite solutions was incor-
rect, as explained in detail here.

Dissolved oxides in cryolite-base melts are known to form oxyfluoride com-
plexes. Compositional variation in this system is made by varying the ‘‘cryolite
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ratio r’’, defined as the molar ratio of NaF to AlF3, with r<3 being an acidic melt
and r>3 basic. In the NaF–AlF3 system, the melt basicity, defined as log aNaF, can
be established quantitatively by the use of two sensors measuring independently
the thermodynamic activities of sodium and aluminum [9]. In the dissolution of
alumina in Na3AlF6 at 1300 K, three complex oxyfluoride solutes (Al2OF6

2�,
Al2O2F4

2�, and Al2O2F6
4�) are formed in relative proportions which depend upon

the cryolite ratio [9, 10]. Because of the propensity to form only complexed
solutes, the total range of realizable basicity (variation in log aNaF) is only about
one decade, as seen below. Therefore, melts of cryolite base are not susceptible to
wide variations in acid-base property, nor can the basicity be manipulated impor-
tantly, e.g. to control the solubility of some oxide.

In this paper, modeling the equilibria for the dissolution of alumina in the
cryolite solvent is summarized.

Modeling of Al2O3 Solubility in Cryolite Melts at 1300K

Skybakmoen et al. [2] accurately measured the solubility of alumina in cryolite
melts for melt compositions of 1.5�cryolite ratio r� 3 in a temperature range
from 1123 to about 1323 K. Solheim and Sterten [3] reported empirical equations
describing the activities of NaF (a1), AlF3 (a2), and Al2O3 (a3) as a function of
cryolite ratio r and the molar fraction of dissolved alumina (x3) for this range of
cryolite ratio. Table 1 presents several sets of values for x3, a1, and a2 at 1300 K
that were calculated for different values of cryolite ratio r. Some other values for
the solubility of alumina and component activities in basic melts with cryolite
ratio r>3 were measured experimentally by the present authors [9], and are also
included in Table 1.

Table 1. Alumina solubility and component activity data for 1300 K

Equilibrium cryolite ratio r Melt chemistry Alumina solubility (x3)

aNaF aAlF3

molar fraction

1.5 0.0564 1.998�10�2 0.054

1.75 0.0993 8.192�10�3 0.0622

2.0 0.1501 3.791�10�3 0.0674

2.25 0.2032 1.980�10�3 0.0704

2.5 0.2556 1.132�10�3 0.0722

2.75 0.3072 6.848�10�4 0.0736

3.0 0.3584 4.281�10�4 0.075

3.58a 0.459 1.56�10�4 0.080

4.10a 0.536 8.64�10�5 0.081

4.65a 0.606 5.17�10�5 0.079

5.25a 0.664 3.25�10�5 0.077

6.42a 0.731 1.61�10�5 0.073

8.44a 0.802 7.11�10�6 0.062

12.5a 0.879 2.80�10�6 0.048

a These data were measured and reported by the present authors [9]
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Na3AlF6 and NaAlF4 (denoted as C and E, respectively) are generally accepted
as dominant anions for the solvent NaF–AlF3 system. A questionable solute
Na2AlF5 has also been proposed by some authors [11–13]. However, Na2AlF5 is
unlikely to exist in these melts because of an unfavorable molecular geometry
(stereochemistry) [10]. Therefore, the reaction equilibria in the NaF–AlF3 system
are described as shown by Eqs. (1) and (2).

3NaFðlÞ þ AlF3ðsÞ ¼ Na3AlF6ðlÞ ðCÞ KC ð1Þ

NaFðlÞ þ AlF3ðsÞ ¼ NaAlF4ðlÞ ðEÞ KE ð2Þ
As described in a previous paper [9], acidic, neutral, and basic solutes

Na2Al2OF6, Na2Al2O2F4, and Na4Al2O2F6 (denoted as A, N, and B, respectively)
were interpreted to be the oxyfluoride complexes responsible for the dissolution of
alumina in the cryolite melts (Eqs. (3)–(5)).

1

3
Al2O3ðsÞ þ 2NaFðlÞ þ 4

3
AlF3ðsÞ ¼ Na2Al2OF6ðlÞ ðAÞ KA ð3Þ

2

3
Al2O3ðsÞ þ 2NaFðlÞ þ 2

3
AlF3ðsÞ ¼ Na2Al2O2F4ðlÞ ðNÞ KN ð4Þ

2

3
Al2O3ðsÞ þ 4NaFðlÞ þ 2

3
AlF3ðsÞ ¼ Na4Al2O2F6ðlÞ ðBÞ KB ð5Þ

The equilibrium constants for Eqs. (1)–(5) can be written in terms of the
activities of the respective constituents for each reaction (Eqs. (10)–(50)), where
a1, a2, and a3 are the activities of NaF, AlF3, and Al2O3, respectively.

½C� ¼ KCa1
3a2 ð10Þ

½E� ¼ KEa1a2 ð20Þ

½A� ¼ KAa1
2a2

4=3a3
1=3 ð30Þ

½N� ¼ KNa1
2a2

2=3a3
2=3 ð40Þ

½B� ¼ KBa1
4a2

2=3a3
2=3 ð50Þ

The activities of the solute unknowns in Eqs. (10)–(50) have been set equal to
their molar fractions. Formally, this procedure implies a Henrian choice of standard
state, i.e., in the limit of infinite dilution, where each dilute solute has a constant
activity coefficient, the activity is set equal to the molar fraction.

The activity of alumina is taken as unity in the �-Al2O3 stability range while in
the �-Al2O3 stability range, i.e., cryolite ratio r>3.69 [9], the activity values for �-
Al2O3 in Eqs. (10)–(50) were calculated from the following Eq. (6) [14].

2NaFðlÞ þ 34

3
Al2O3ð�Þ ¼ Na2O � 11Al2O3ð�Þ þ

2

3
AlF3ðsÞ ð6Þ

Sets of equations including the unknown equilibrium constants are established
for combinations of all these solutes by means of element balances. For oxygen
(Eq. (7)), where x3 is the molar fraction of dissolved Al2O3 in a ternary system of
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NaF–AlF3–Al2O3, as listed in the last column in Table 1, and nt is the total moles
of all the species in the melt.

Other equations can similarly express element balances. For the Na elemental
balance, Eq. (8), for the Al elemental balance, Eq. (9), and for the F elemental
balance, Eq. (10).

ð½A� þ 2½N� þ 2½B�Þnt ¼ 3x3 ð7Þ

ð2½A� þ 2½N� þ 4½B� þ 3½C� þ ½E� þ ½NaF�Þnt ¼
r

r þ 1
ð1 � x3Þ ð8Þ

ð2½A� þ 2½N� þ 2½B� þ ½C� þ ½E� þ ½AlF3�Þnt ¼
1 þ ð2r þ 1Þx3

r þ 1
ð9Þ

ð6½A� þ 4½N� þ 6½B� þ 6½C� þ 4½E� þ ½NaF� þ 3½AlF3�Þnt ¼
r þ 3

r þ 1
ð1 � x3Þ

ð10Þ
In addition to these elemental balances, the sum of molar fractions for all the

solutes should be unity for each composition of the cryolite melt (Eq. (11)).

½A� þ ½N� þ ½B� þ ½C� þ ½E� þ ½NaF� þ ½AlF3� ¼ 1 ð11Þ
These equations were solved simultaneously by the least-squares, data-fitting

software program of Mathcad. This program provided minimum errors for all the
relations described above; the largest deviation was less than 5%. The calculated
equilibrium constants for the Eqs. (1)–(5) at 1300 K have the following values:
KA¼ 13820, KN¼ 386, KB¼ 596, KC¼ 16200, and KE¼ 484. Similar modeling
assuming several sets of different proposed solutes resulted in much higher
least-squares deviations.

Figure 1 shows a comparison of the experimentally determined alumina solu-
bility in the NaF–AlF3 system at 1300 K and the solubility calculated using the
present model. In Fig. 1, the solubility of alumina is plotted as a function of

Fig. 1. Comparison of Al2O3 solubility in NaF–AlF3 system at 1300 K as a function of melt basicity

from experiments (data points) and calculated from the present model (top line); the other three lines

represent the individual Al2O3 solubility contributions by acidic (Na2Al2OF6), neutral (Na2Al2O2F4),

and basic (Na4Al2O2F6) solutes, respectively
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� log aNaF, with the corresponding values for cryolite ratio r also shown as an
alternate abscissa. The solubility lines from the experimental measurements and
from the modeling overlap each other, so the modeled alumina solubility is shown
as a solid line, with data points indicating the experimentally measured solu-
bility of alumina. The other three lines in Fig. 1 indicate the calculated dissolved
alumina contents contributed by the acidic, neutral, and basic solutes: Na2Al2OF6,
Na2Al2O2F4, and Na4Al2O2F6, respectively. From Fig. 1, the melt basicity variation
(log aNaF) realizable for the cryolite melt composition range of 1.5� r�12.5 is
only about one order of magnitude because the melt is buffered by the formation of
complex anions.

The concentrations of all the complex solutes in the cryolite melts for
1.5� r�12.5 were calculated according to the present model, and these results
are plotted in Fig. 2. In this case, the molar fractions refer to the solution compris-
ing six solutes, which sum to unity.

Extension of the Methodology to Cryolite Melts
with Other Components at 1300K

Once the equilibrium constants for formation of the species A, N, B, C, and E have
been established, as just demonstrated, these constants can be considered as known
quantities for a similar analysis of systems involving more components.

Jentoftsen, Lorentsen, Dewing, Haarberg, and Thonstad [15, 16] measured
the solubilities of NiO and NiAl2O4 in an oxygen atmosphere and the solubilities
of FeO and FeAl2O4 in a reducing atmosphere in cryolite melts at 1293 K. These
authors used the traditional log–log methodology to discuss the dissolution
mechanisms. They suggested that a single dominant solute species Na3NiF5 is
responsible for dissolution of NiAl2O4 in Al2O3-saturated melts over the entire
composition range investigated. In the case of FeAl2O4, they failed to identify
the Fe-containing solute species in the melt. In fact, the log–log method of ther-
modynamic modeling is only effective when indeed a single solute species is
dominant over a specific range of melt composition. However, cryolite melts are
inherently highly buffered ionic solutions comprising several competitive complex

Fig. 2. Calculated concentrations of all solutes for an alumina-saturated cryolite melt at 1300 K
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anions. In addition, any realistic solute in ionic solutions should also exhibit a
reasonable anion geometry (stereochemistry), such as an tetrahedron or octahe-
dron, etc., so the anion solute NiF5

3� cannot be considered as a realistic species.
A model involving two basic solutes of Na2NiF4 and Na4NiF6, and a model

including an acidic solute of FeF2 and two basic solutes of Na2FeF4 and Na4FeF6,
were proposed by the present authors to explain the solubility behavior for
NiO=NiAl2O4 and FeO=FeAl2O4, respectively [17]. Figures 3 and 4 show the

Fig. 3. Comparison of the experimentally determined solubility of Ni from NiAl2O4 in Al2O3-

saturated cryolite melts at 1300 K and that calculated from the present model; the top solid line is

the modeled NiAl2O4 solubility line, and the data points are experimentally determined values (solid

circles from Jentoftsen et al. [15, 16] and open circles from the present authors [17]); the other two

lines present the contributions from the two solutes Na2NiF4 and Na4NiF6, respectively

Fig. 4. Comparison of the experimentally determined solubility of Fe from FeAl2O4 in Al2O3-

saturated cryolite melts at 1300 K and that calculated from the present model; the top solid line is

the modeled Fe (from FeAl2O4) solubility line, and the data points are experimentally determined

values (the solid circles are from Jentoftsen et al. [15, 16] and open circles from the present authors

[17]); the other three lines present the contributions from the three solutes FeF2, Na2FeF4, and

Na4FeF6, respectively
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modeled results. In these two figures, the experimentally measured solubility data
points for Ni from NiAl2O4 and Fe from FeAl2O4, respectively, in Al2O3-saturated
cryolite melts at 1300 K are in good agreement with the calculated modeling lines.
In addition, the anion solutes NiF4

2�, NiF6
4�, FeF4

2�, and FeF6
4� exhibit simple

geometries, either tetrahedra or octahedra. The extension of the modeling analysis
to these other systems was made possible only because the equilibrium constants
for the formation of the five complex anions in the Na–Al–O–F system were
known from the previous study.

Similar modeling of the TiO2 solubility in cryolite-alumina melts at 1300 K
was also undertaken by the present authors [18].

Concluding Remarks

Unlike a fully ionized sodium sulfate solution, an inherently highly buffered ionic
solution such as a cryolite-base melt does not exhibit individual solutes of oxides
that dominate over a wide solution composition range. Therefore, the classical log–
log method to achieve thermodynamic modeling cannot be effective. Rather, the
several competitive complex solutes must be identified by fitting the experimental
data to multiple equilibria. In this way, the stabilities (standard Gibbs formation
energies based on Henrian standard states) for the solutes are also determined. The
solute species identified by the present authors for Al2O3 in cryolite melts, and the
solutes for NiO=NiAl2O4 in cryolite-Al2O3 melts, and for FeO=FeAl2O4 in cryolite-
Al2O3 melts not only provide the best fit to the experimentally measured solubility
data but also exhibit reasonable 3-D anion geometries.
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