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Abstract

The contents of sodium, lithium, calcium and magnesium in aluminium in contact with NaF±AlF3-based melts in
laboratory and in industrial aluminium cells were investigated in the temperature range 950±1030 �C. The
experimental data were compared with a thermodynamic model. It was found that the addition of alumina or CaF2

to the NaF±AlF3 melts has only a minor e�ect on the equilibrium content of sodium in aluminium. Cathodic
polarization enhances the content of sodium in aluminium. However, polarization has a smaller e�ect on the
concentrations of lithium, calcium and magnesium in aluminium in industrial cells.

1. Introduction

Sodium and calcium are always present as undesired
impurities in aluminium produced by the so-called Hall±
Heroult process [1]. When lithium ¯uoride and magne-
sium ¯uoride are added to the cryolite-alumina-based
electrolyte, the metal will also contain lithium and
magnesium as impurities due to exchange equilibria of
the type

MF� 1

3
Al �M(in Al)� 1

3
AlF3 M = Li, Na �1�

MeF2 � 2

3
Al �Me(in Al)� 2

3
AlF3 Me � Ca, Mg

�2�

The contents of alkali and earth alkali metals in
aluminium in equilibrium with cryolite melts have been
investigated by several authors [2±14]. Tingle et al. [2]
studied time, concentration and temperature depen-
dence of the contents of sodium in aluminium in
equilibrium with NaF±AlF3 melts. Dewing and van
der Kouwe [3, 4] derived a regression equation describ-
ing the contents of sodium and magnesium in alumin-
ium in equilibrium with cryolite-based melts. Peterson
and Tabereaux [5] published a regression equation
describing the contents of sodium, calcium and magne-
sium in aluminium in equilibrium with cryolite-based
melts at 970 �C. Experimental data on the content of
lithium in polarized aluminium obtained in a laboratory

cell were published by Fellner and Danielik [6] and by
Danielik et al. [7].
The electrolyte used for the electrowinning of alu-

minium always contains alumina and calcium ¯uoride.
In this paper we present results of laboratory investiga-
tions of the e�ect of these components on the equilib-
rium contents of sodium and calcium in aluminium. We
also present data on the contents of lithium, calcium and
magnesium in aluminium sampled from industrial cells.
These data are compared with equilibrium concentra-
tions of impurities calculated on the basis of a thermo-
dynamic model.

2. Experimental

To prepare the samples analytical grade chemicals were
used (Lachema Brno), AlF3 was sublimed from com-
mercial grade AlF3; the aluminium was of 99.999%
purity. A homogenized mixture of Na3AlF6 + AlF3 +
Al2O3 +CaF2 or MgF2 (90 g) was weighed into a
sintered alumina crucible together with 60 g of alumin-
ium, and the melt was saturated with alumina. When the
melt was not saturated with alumina, thin-walled
pyrolytic boron nitride (BN) crucibles ([ � 26 mm,
h=40 mm) were used. The alumina content in saturat-
ed melts can be calculated according to the equation
given by Solheim et al. [15]. The crucible was placed in a
furnace preheated to a chosen temperature. After
melting the sample was kept for another 30 min at that
temperature. When equilibrium was achieved, 0.8 g

Journal of Applied Electrochemistry 30: 925±928, 2000. 925Ó 2000 Kluwer Academic Publishers. Printed in the Netherlands.



of metal was siphoned from the alumina crucible into a
quartz glass tube (inner diameter 4 mm) equipped with
an attached syringe. The sample was quenched in water
mixed with ice.
When BN crucibles were used, they were removed

from the furnace and quenched in a stream of argon.
The cooled metal sample was cleaned mechanically,
dissolved in HCl (diluted to 1:1) and analyzed. The
contents of sodium and calcium were determined by
atomic absorption and ICP spectroscopy, respectively.
The standard deviation of the determination of calcium
was 0.3 ppm. In the case of sodium the standard
deviation depended on the concentration and equaled
ca. 5% of the content of Na in aluminium. This
deviation signi®cantly exceeds the analytical error and
is probably a�ected by evaporation of sodium from the
molten aluminium during solidi®cation.
Molten aluminium sampled from S�derberg 70 kA

cells (ZSNP, Ziar and Hronom, Slovakia) was cooled in
cast-iron crucibles. This method of sampling is not
suitable for the determination of sodium, but it yields
reliable data for lithium and magnesium. The contents
of the impurities Li, Ca and Mg in industrial samples
were analyzed using the methods mentioned above.

3. Results and discussion

The experimental laboratory data showing the in¯u-
ence of alumina and/or calcium ¯uoride on the
contents of sodium in aluminium in equilibrium with
the molten system NaF±AlF3 are presented in Figs. 1
and 2. It can be seen that these additions have only a
minor e�ect on the content of sodium in aluminium.
The lines in the ®gures will be discussed below. The
in¯uence of the composition of the melt on the content

of calcium in aluminium is shown in Fig. 3. It can be
seen that the content of calcium in aluminium depends
both on the concentration of calcium ¯uoride in the
melt and on CR (CR denotes the molar ratio of NaF
and AlF3). The dependence of the concentration of
magnesium in aluminium on melt composition is
shown in Fig. 4.
Qualitatively, the in¯uence of the additions of CaF2

or MgF2 on the thermodynamic properties of the
electrolyte can be described in terms of the acid±base
concept of cryolite-based melts [5, 16]. In this paper,

Fig. 1. Plot of the equilibrium content of sodium versus CR. The e�ect

of the addition of alumina to the melt NaF±AlF3 is shown. (d) data

for melts without alumina (this work); (s) data for melts saturated

with alumina (this work and literature data [2, 13]); (dotted line) model

calculation for the melt NaF±AlF3; (full line) model calculation for the

melt NaF±AlF3 saturated with alumina.

Fig. 2. In¯uence of CaF2 on the content of sodium in aluminium. (h)

data at 1030 �C, the melt (CR=3) was saturated with alumina; (j)

data at 970 �C, the melt (CR=3) was saturated with alumina; (s)

data at 970 �C, the melt (CR=2) was saturated with alumina; (d)

data at 970 �C, the melt (CR=2) contained no alumina; (full line)

calculated according to the thermodynamic model.

Fig. 3. The content of calcium in aluminium as a function of the

content of CaF2 in the melt for CR=2 and CR=3. (h) data

at 1030 �C, the melt (CR=3) was saturated with alumina; (j) data

at 970 �C, the melt (CR=3) was saturated with alumina; (s) data at

970 �C, the melt (CR=2) was saturated with alumina; (d) data at

970 �C, the melt (CR=2) contained no alumina; (full line) calculated

according to the thermodynamic model; (dashed line) Thonstad et al.

[10] (1020 �C); (dotted line) from equation of Peterson and Tabereaux

[5] (970 �C).
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the experimental data on the contents of sodium and
calcium in aluminium are compared with calculations
based on a thermodynamic model. The model is
based on the following assumptions and approxima-
tions:
1. In the ®rst step the composition co-ordinates of the

system NaF±AlF3 are transformed to the system NaF±
NaAlF4. This transformation does not re¯ect the real
ionic composition of the melt, but at low and high
concentrations of AlF3 in the melt this approximation is
close to the physical reality.
2. The content of sodium in aluminium, which is in

equilibrium with the melt, can be described by the
reaction scheme

Al(l)� 4NaF(melt) � 3Na(in Al)�NaAlF4�melt�
�3�

The equilibrium constant of the reaction was calculated
from the thermodynamic data published in the JANAF
tables [17]. The standard Gibbs energy of formation of
NaAlF4(l) was taken from a paper by Sterten et al. [18].
At the temperature of 1000 �C, the value of the
equilibrium constant was found to be K � 3:25� 10ÿ4.
The activity coe�cients of sodium (and of the other
impurities) in aluminium were reviewed by Sigworth and
Engh [19]. The Henrian activity coe�cient of sodium in
aluminium at 1000 �C related to mole fractions equals
175.
3. The excess Gibbs energy of the system NaF±

NaAlF4 is expressed by the equation

DGE=�Jmolÿ1�
� x�NaF�x�NaAlF4�

n
a0 � a1x�NaAlF4�

� a2�x�NaAlF4��2� a3�x�NaAlF4��3
o

�4�

where

a0 � ÿ�95 614� 3435� � �43:97� 0:72� T =K;

a1 � ÿ�249 306� 24 954� � �202:31� 3:15� T=K;

a2 � �659 134� 56 370� ÿ �502:06� 6:69� T=K;

a3 � ÿ�457 426� 39 638� � �347:90� 5:01� T=K:

4. The parameters of the above equation and the
equilibrium constant K were determined by a non-
linear regression analysis (the criterion of the least
squares, con®dence level 99%) using the available
experimental data for the content of sodium in
aluminium [2, 5, 8, 9, 13], the vapour pressure of
NaAlF4 [20] and the solid±liquid equilibrium of NaF
with the melt [21]. For the enthalpy of mixing of the
system NaF±NaAlF4 the data by Holm [22] and by
Hong and Kleppa [23] were used.
5. The concentration of calcium in aluminium was

calculated from the equilibrium of the following reac-
tion, using the same sources of thermodynamic data
[17, 18] as mentioned above:

2Al(l)� 3CaF2(melt)� 2NaF(melt)

� 3Ca(in Al) � 2NaAlF4(melt) �5�

At 1000 �C the equilibrium constant equals K � 5:67 �
10ÿ22. The activity coe�cient of calcium in aluminium
at 1000 �C related to mole fractions is 8:6� 10ÿ3 [19].
The activity coe�cient of CaF2 in the melt was assumed
to be constant in the concentration range under study.
Its value 1.7 (related to mole fractions) was estimated
from the equilibrium solidus±liquidus data [24].
6. Magnesium ¯uoride forms complexes in ¯uoride

melts [25, 26]. The best agreement with the experimental
data was obtained under the assumption that MgF2

forms MgF2ÿ
4 complexes.

Good agreement of the experimental and calculated
data suggests that the model describes the thermody-
namic behaviour of the system well. It should be
mentioned that the parameters of the thermodynamic
model presented above are more precise than those
published previously [8].
The contents of lithium and magnesium in aluminium

sampled from industrial cells are plotted in Fig. 5 as a
function of the concentrations of LiF and MgF2 in the
bath. The CR of the bath was 2.8 and the temperature
was 960±970 �C. The equilibrium laboratory data for
the concentration of impurities are shown as straight
lines in the ®gure. It follows that, within the limits of
error, the contents of lithium and magnesium in
aluminium sampled from industrial cells were close to
the equilibrium values. The laboratory investigation has
shown that the content of lithium increases with
cathodic polarization [6, 7]. This e�ect, however, is
marked only at high current densities.
The behaviour of calcium in aluminium electrolysis

was studied by Thonstad et al. [10]. In the cited work,
laboratory data were obtained for the melt Na3AlF6±

Fig. 4. Dependence of the content of magnesium in aluminium on the

content of MgF2 in the melt and of CR. (s) data at CR=3 and at

970 �C, the melt was saturated with alumina; (full line) from equation

of Peterson and Tabereaux [5]; (dashed line) from equation of Dewing

and Kouwe [3, 4].
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CaF2 at 1020 �C. These data are in fair agreement with
the present study. Thonstad et al. [10] determined also
the content of calcium in aluminium sampled from
industrial cells having cryolite ratio in the range 2.6±2.9.
Some new cells used neutral or slightly basic bath
(CR=3±3.2). They found that in industrial cells the
content of calcium in aluminium varied linearly with the
concentration of CaF2 in the bath. At 6 mass percentage
of CaF2 the content of calcium in aluminium was
between 6±10 ppm. The mean value was 7.5 ppm. This
value is in reasonable agreement with the equilibrium
value of calcium in aluminium when we take into
account that the CR at the aluminium cathode increases
up to the value of 3.5 [7]. The data published by Prasad
et al. [11] are too high for the content of calcium and too
low for sodium in comparison with other literature data
[2±10, 12±14].
It can be concluded that polarization of the alumin-

ium cathode at the current densities used in industry, i.e.
0.5±0.6 A cmÿ2, does not in¯uence signi®cantly the
concentrations of lithium and alkaline earth metals in
aluminium. The concentration of these impurities can be
estimated on the basis of equilibrium values calculated
from thermodynamic data.
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Fig. 5. Contents of lithium and magnesium in aluminium sampled

from industrial SoÈ derberg cells as a function of the contents of LiF and

MgF2 in the melt. (s) content of lithium; (�) content of magnesium;

(full line) equilibrium values of lithium [7], (dashed line) equilibrium

values of magnesium [3, 4].

928


