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Summary. The phase diagram of the system Na3AlF6–
NaVO3 was determined by means of thermal analysis. The
system is a simple binary eutectic one. The eutectic point was
estimated at x(NaVO3)¼ 0.975 and teut¼ 617�C. The XRD
patterns of samples after thermal analysis revealed the pres-
ence of cryolite and NaVO3 only supporting the above as-
sumption of a simple eutectic binary system.
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Introduction

The industrial electrolyte of aluminum production

(Hall–Héroult process) commonly contains impuri-

ties, like iron, silicon, sulphur, phosphorous, and va-

nadium, etc. [1]. The impurities are introduced to the

aluminum cell mainly through the raw materials,

which are alumina and fluoride salts, and through

anodes [2]. Vanadium belongs to the harmful impu-

rities causing the decrease in current efficiency [3].

Bratland et al. [4] measured the solubility of va-

nadium pentoxide in pure cryolite and in cryolite-

alumina melts using the ‘‘visual’’ method. The solu-

bility of V2O5 in pure molten cryolite at 1030�C was

1.1 wt% [4]. This result is in accordance with older

measurements of Rolin et al. [5] and Belyaev et al.

[6]. Bratland et al. [4] found that the solubility of

vanadium decreased linearly with increasing alumi-

na content in cryolite.

Goodes and Algie [7] investigated the distribution

of vanadium impurities between bath and aluminum

and between bath and gaseous phases. They detected

residual vanadium in the bath, during the vanadium

transfer across the bath=aluminum interface. More-

over, the content of vanadium in the bath was higher

than reported by Bratland et al. [4]. The condensate

from the fumes above the melt contained vanadium,

particularly during the first 2–4 h of the runs, and

then the volatilization seemed to cease. The reported

differences can arise from the fact that different ex-

perimental conditions were considered.

Chrenková et al. [8] studied the system Na3AlF6-

V2O5 by thermal analysis. These authors concluded

that the solubility of vanadium pentoxide in pure

cryolite is higher than reported in Refs. [4–6].

Besides the lowering of the current efficiency the

vanadium impurities introduced into the bath have a

negative influence on the quality of produced metal

[1]. In spite of this fact, known for decades, no other

data are available considering vanadium based im-

purities in the cryolite melts.

In this work, the behavior of NaVO3 in the cryo-

lite melt is investigated by means of thermal analysis.

The reason for selection of this compound can be

demonstrated in the following reaction:

1=2NaVO3ðlÞ þ AlðlÞ ¼ 1=2Al2O3ðsÞ þ 1=2VðsÞ
þ 1=2NaðlÞ

�rG
O
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This reaction explains the reason of current effi-

ciency decrease during the aluminum electrolysis

as a consequence of back oxidation of aluminum.

Moreover, the value of �rG
O of this reaction is com-

parable to the reaction of aluminum with vanadium

pentoxide [4] which makes both reactions competi-

tive in terms of reaction energy:

3=10V2O5ðlÞ þ AlðlÞ ¼ 1=2Al2O3ðsÞ þ 3=5VðsÞ
�rG

O
1300 K ¼ �326:0 kJ mol�1

Results and Discussion

The number of species originating from a substance

B added to a molten salt A can be determined from

the equation for freezing point depression (Eq. (1)),

�fusTA ¼
RT2

fus;A

�fusHA

xBkSt ð1Þ

where R is the gas constant, Tfus,A and �fusHA are

the temperature and enthalpy of fusion of the solvent

A, xB is the mole fraction of the solute B, and kSt is

the Stortenbeker factor, which equals the number of

new foreign species being introduced by the solute B

into the solvent A [9]. Differentiating Eq. (1) accord-

ing to xB and setting for xA!1 the relation for

the tangent to the liquidus curve of the solvent A

(reduced for the temperature of melting of pure sol-

vent), k0, is obtained:

lim
xA!1

�
dð�fusTAÞ

dxB

�
¼

RT2
fus;A

�fusHA

kSt ¼ k0 ð2Þ

Knowing �fusTA and �fusHA the Stortenbeker

factora kSt can be calculated. More precisely, the

concept of Stortenbeker factor should be interpreted

as number of moles of reaction products (excluding

the reaction products of dissociation reactions of the

solvent) that are produced by addition of 1 mol of

solute B to an infinite (huge) amount of solvent A.

More details on description of definition of number

of foreign species introduced to the solution having

dystectic melting mode (e.g. cryolite) can be found

in works by Šimko et al. [10] and Proks et al. [11].

The calculation of the phase diagrams of the con-

densed systems using the coupled analysis of the

thermodynamic and phase diagram data is based

on the solution of a set of equations of the following

type, where each of the equation describes the field

of primary crystallization of the component i:

�fusG
O
i ðTÞ þ RT ln

al;iðTÞ
as;iðTÞ

¼ 0 ð3Þ

�fusG
O
i is the standard molar Gibbs energy of fu-

sion of the component i at the temperature T, R is

the gas constant, and as;iðTÞ and al;iðTÞ are the ac-

tivities of the component i in the solid and liquid

phase at the temperature T. The molar excess Gibbs

energy of mixing in the liquid phase of the binary

system was described by the following general

equation:

�GE
bin ¼

X
j¼1

x1x
j
2Gj ð4Þ

Gj is a coefficient of interaction. It is supposed, that

parameter Gj does not depend on the composition

and in the field interesting for the investigation of

the phase diagram the molar excess Gibbs energy of

mixing is independent from the temperature.

The coupled thermodynamic analysis, i.e. the cal-

culation of the coefficients Gj in Eq. (3) has been

performed using multiple linear regression analysis

omitting the statistically non-important terms in the

excess molar Gibbs energy of mixing on the 0.98

confidence level according to the Student t-test. As

the optimizing criterion for the best fit between

the experimental and calculated temperatures of the

primary crystallization the following condition was

used for all measured pointsX
n

ðTpc;exp;n � Tpc;calc;nÞ2 ¼ min ð5Þ

The values of the enthalpy and temperature of fusion

of individual components used in the calculation of

coefficients Gj or Stortenbeker factor are summa-

rized in Table 1.

The experimentally determined and calculated

results are presented in Table 2.

Table 1. Values of the enthalpy and temperature of fusion

Component Tfus=K �fusH=kJ mol�1

Na3AlF6 1284 [12] 106.745 [12]
NaVO3 903 [13] 28.326 [13]

a Identical to the van’t Hoff factor in solution chemistry, see
Lewis G. N., Randall M., Thermodynamics, 2nd ed., McGraw-
Hill, New York, NY, revised by Pitzer K. S., Brewer L. (1961)
p. 220 and 301
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The calculated phase diagram of the system

Na3AlF6–NaVO3 together with experimental data

is shown in Fig. 1. In these composition coordinates

the system is a simple binary eutectic one. The XRD

patterns of samples after thermal analysis revealed

the presence of cryolite and NaVO3 only support-

ing the above assumption of a simple eutectic bi-

nary system. The eutectic point was estimated at

x(NaVO3)¼ 0.975 and teut¼ 617�C. The calculated

eutectic point of this binary system is at x(NaVO3)¼
0.976 and teut¼ 623�C.

The calculation of the phase diagram of the sys-

tem Na3AlF6–NaVO3 has been performed for a sim-

ple eutectic binary system. The chemical reactions

were not considered in the calculation, these are not

known. In this case the possible chemical reactions

are involved in activity coefficients which character-

ize non-ideal behaviour of the system.

The following equation of the composition depen-

dence of the molar excess Gibbs energy has been

obtained for the system Na3AlF6–NaVO3:

�GE
BIN ¼ x1x2ðG0 þ G1x2 þ G2x2

2 þ G3x3
2Þ

x1 ¼ xðNa3AlF6Þ; x2 ¼ xðNaVO3Þ ð6Þ

The values of interaction coefficients Gj are given in

Table 3. The standard deviation of the approximation

is SD� 3.17�C.

Table 2. Compositions, experimental, tpc(exp), calculated, tpc(calc), temperatures of primary crystallization; their differences,
�t; and eutectic temperatures, teut(exp), in the system Na3AlF6–NaVO3

x(NaVO3) tpc(exp)=�C tpc(calc)=�C �t=�C teut(exp)=�C Crystallizing phase

0.0000 1011.0 1011.0 0 Na3AlF6

0.0075 1010.4 1010.1 0.3 Na3AlF6

0.0100 1008.9 1009.8 �0.9 Na3AlF6

0.0150 1007.1 1009.2 �2.1 Na3AlF6

0.0200 1007.2 1008.6 �1.3 Na3AlF6

0.0300 1006.1 1007.5 �1.4 Na3AlF6

0.0300 1004.6 1007.5 �2.9 Na3AlF6

0.0350 1005.7 1006.9 �1.2 Na3AlF6

0.0375 1005.4 1006.6 �1.2 Na3AlF6

0.0400 1002.5 1006.4 �3.9 Na3AlF6

0.0500 1001.3 1005.3 �4.0 Na3AlF6

0.1000 994.5 1000.2 �5.8 Na3AlF6

0.1000 996.4 1000.2 �3.6 Na3AlF6

0.1500 991.5 994.9 �3.4 Na3AlF6

0.2000 989.0 989.2 �0.2 Na3AlF6

0.2500 982.2 982.9 �0.7 Na3AlF6

0.3000 978.4 976.3 2.1 Na3AlF6

0.4000 963.8 963.3 0.5 Na3AlF6

0.5000 955.3 952.1 3.2 Na3AlF6

0.6000 942.0 941.7 0.3 616 Na3AlF6

0.7000 920.0 924.9 �4.9 619 Na3AlF6

0.8000 884.0 884.8 �0.8 619 Na3AlF6

0.9000 789.2 788.4 0.8 615.3 Na3AlF6

0.9500 703.4 696.1 7.3 620 Na3AlF6

0.9750 617 623.1 �6.1 617 eut. mixture
1.0000 630 630 0 NaVO3

Fig. 1. Phase diagram of the system Na3AlF6-NaVO3, œ –
primary crystallization data, & – solidus data, � – phase
transition of Na3AlF6 (560 � 2�C), full line – calculated
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From the composition interval within x(NaVO3)¼
0–0.05 the linear fit of �fusTNa3AlF6

(Eq. (2)) provid-

ed k0¼ 184.4� 9.0. Since the enthalpy of fusion and

the temperature of fusion for pure cryolite are known,

the calculated Stortenbeker factor, kSt, according to

Eq. (2) is equal to 1.45� 0.07. In Fig. 2 three lines

corresponding to three different Stortenbeker factor

values (1, 1.5, and 2) are plotted together with ex-

perimental data within x(NaVO3)¼ 0–0.05. It can

be expected that NaVO3 introduces into the molten

cryolite one new species, VO3
� (Naþ is not a new

species as it is a dissociation product of cryolite

[10, 11]). In fact, kSt is higher than 1 indicating ad-

ditional interactions in the melt.

The weak inflection point on the liquidus curve of

Na3AlF6 at xinflection¼ 0.52 indicates the presence of

the chemical reaction between components as well.

In order to look into the additional interaction in

the melt between cryolite and NaVO3 the quenched

samples of the composition x(NaVO3)¼ 0.20 and

x(NaVO3)¼ 0.40 were prepared and analysed by

means of XRD (Fig. 3).

It can be supposed that during quenching at least

some portion of the system remains in the metastable

state corresponding to the real structure in the melt.

The presence of only cryolite phase (and NaF phase;

see below) was observed. Surprisingly, the pattern of

crystalline phase of NaVO3 is missing which is in

contradiction with the results of XRD patterns of the

same composition of the samples from thermal ana-

lysis with controlled cooling rate. This observation

can be explained by the formation of a glassy phase

as NaVO3 belongs to the category of compounds

providing amorphous phases after rapid cooling.

This is related to the structural properties where al-

kali metavanadates have infinite chains formed by

VO4 tetrahedra sharing corners [14]. In this respect,

they are similar to the silicates. The amorphous fea-

ture in the recorded patterns can be observed in the

formation of the slightly increased background in

the range of 2� ¼20–35�. The formation of this

amorphous phase is connected with the expected ad-

ditional interactions, however, the nature of them

cannot be deduced from present experiments. This

suggestion is supported by the formation of the NaF

phase in the XRD patterns of quenched mixtures of

Na3AlF6–NaVO3.

Conclusions

The thermal analysis showed a high solubility of

NaVO3 in molten cryolite. On the other hand, the

negative Gibbs energy of the reaction between

NaVO3 and molten aluminum indicates a high re-

Table 3. Values of interaction coefficients Gj

Coefficients Gj=kJ mol�1 SD=kJ mol�1

G0 10.21 1.68
G1 �25.14 8.98
G2 61.20 15.91
G3 �54.59 8.94

Fig. 2. Freezing point depression, �fusTNa3AlF6
, as a func-

tion of the mole fraction of NaVO3 from 0 up to 0.05. Full
lines: Freezing point depression curves for three different
Stortenbeker factor values (1, 1.5, and 2)

Fig. 3. XRD patterns of quenched mixtures: A¼ (Na3AlF6),
B¼ (x(NaVO3)¼ 0.20), C¼ (x(NaVO3)¼ 0.40)
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action affinity between these ones (Eq. (1)). Conse-

quently, a decrease of the NaVO3 content in molten

cryolite should be expected, analogous to the system

Na3AlF6-V2O5 [4]. This effect will be enhanced in

industrial application where the content of vanadium

impurities is low.

From thermodynamic and XRD analysis it follows

that some additional interactions are expected in the

melt, besides simple dissociation of NaVO3 under

the formation of Naþ and VO3
� (kSt>1).

Experimental

Natural hand-picked Na3AlF6 from Greenland (melting point:
1009–1011�C), AlF3 sublimated under vacuum in graphite
crucible (min 99.0%), NaF (Merck, 99.9%), NaVO3 (Aldrich,
anhydrous, 99.9%), NaCl (Fluka, 99.9%), and KCl (Fluka,
99.9%). All chemicals were dried under vacuum at 150�C
for 5 h and handled in a glove box under dry nitrogen atmos-
phere (Messer, 99.99%).

The liquidus curves in the system Na3AlF6–NaVO3 were
determined by thermal analysis. Since NaVO3 is hygroscopic,
the use of inert atmosphere was of primary importance in the
preparation of the samples and during the measurements.
10.000� 0.001 g of the mixtures Na3AlF6-NaVO3 with known
composition were homogenized and transferred into a Pt cru-
cible. The Pt crucible was placed in a vertical resistance
furnace, under argon atmosphere (Messer, 99.996%). The tem-
perature was measured using a Pt-PtRh10 thermocouple cali-
brated with respect to the melting point of known compounds
(NaCl, KCl, and NaF). The reproducibility of the measured
temperatures was within �2�C. The used cooling rate was
1.2�C min�1. To collect the XRD patterns a transmission Stoe
Stadi P diffractometer equipped with a linear PSD and a
curved Ge(111) primary beam monochromator was used.
XRD patterns were collected within the interval of 10–80�

in steps of 2�¼ 0.02� using Co K�1 radiation. The samples
were mounted between foils.

The investigated mixtures were heated under argon at
1000�C for 1 h in the Pt crucible covered with a Pt lid. The
samples were than quenched by immersing the platinum cru-
cibles with the samples into crushed ice. Finally, the samples
were collected and powdered.
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