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Abstract

The interfacial tension between aluminum and cryolite melts containing different salt additions has been measured
by the capillary depression method. The technique is based on the measurement of the capillary depression
occurring when the capillary, which is moved vertically down through the molten salt layer, passes through the salt/
metal interface. The depression is measured by simultaneous video recording of the immersion height of the alumina
capillary. The interfacial tension was found to be strongly dependent on the n(NaF)/n(AlF;) ratio (cryolite ratio,
CR). At the cryolite ratio 2.28 (80 wt.% NaszAlFs + 10 wt.% AlF; + 10 wt.% Al,O3 // Al, t = 1000 °C) the
interfacial tension was 546 mN m™', while it was 450 mN m™' at the cryolite ratio 4.43 (80 wt.%
NasAlFg + 10 wt.% NaF + 10 wt.% Al,O5 // AL, t = 1000 °C). Experiments under current flow conditions were
also performed. During the electrolysis the interfacial tension at n(NaF)/n(AlF;) ratio 2.28 decreased from
546 mN m™~! at zero current to 518 mN m™' at 0.112 A cm 2. The same trend was observed in the system with a
cryolite ratio 4.43. The interfacial tension decreased from 450 mN m™' at zero current to 400 mN m™' at
0.112 A cm™2. The consequent increase in interfacial tension of these systems caused by interruption of electrolysis
was observed. Electrolysis of the system 25 wt.% NaF + 75 wt.% NaCl (eutectic mixture)/Al indicated no

influence of applied current on the interfacial tension at 850 °C.

1. Introduction

In the Hall-Heroult cell for electrolysis of alumina, the
interfacial tension between aluminum and the electrolyte
influences stability and shape of the interface which, in
turn, may control the rate of back dissolution of
aluminum into the electrolyte. It is now generally
accepted that the loss in current efficiency is mainly
controlled by the rate of dissolution of aluminum into
bath phase [1]. Thus all factors which affect the bath/
metal boundary will have an influence on the current
efficiency.

As indicated by Grjotheim et al. [2] and Thonstad et
al. [1], information concerning the effect of electrolysis
on interfacial tension is limited. Thus the present
investigation was undertaken mostly to study the effect
of current flow on the interfacial tension.

The interfacial tension between aluminum and cryo-
lite melts has previously been investigated mostly by
Russian authors Zhemchuzhina, Gerasimov, Portevin
and Belyaev [3-6]. Later, investigations were carried
out by Dewing and Desclaux [7], Utigard and Toguri
[8, 9], Grjotheim et al. [10] and Zhanguo and Ostvold
[11].

2. Experimental
2.1. Methods and experimental apparatus

The method used for interfacial tension measurements
in this work is based on the capillary depression
phenomenon, which takes place when a tube that is
not wetted by a metallic phase is moved through the
aluminum/melt interface. This method was used to
measure the aluminum/cryolite interfacial tension by
Dewing and Desclaux [7], and it is based on measuring
of the position of the metal/salt interface in the tube. By
connecting the capillary tube to a horizontal glass tube
in which there is a liquid meniscus, the position of the
salt/metal interface can be determined, based on the
movement of this meniscus. As the sinter-corundum
tube is moved down through the salt layer before
reaching the metal interface, the molten salt entering the
tube displaces a certain volume of gas (Figure 1, Region
a). Since the tube is not wetted by the metal, no metal
will enter the tube as it reaches and passes through the
salt/metal interface and as long as the tube immersion is
less than the capillary depression. Therefore, during this
period there is no further displacement of the gas within
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Fig. 1. Principle of the method (according to [12]).

the tube (Figure 1, Region b). However, as the tube is
pushed further down until the maximal capillary
depression is reached, metal starts to enter the tube,
and again gas is displaced from the tube (Figure 1,
Region c¢).

This technique has the disadvantage that, as the
capillary tube moves down into the crucible, the average
temperature inside the tube increases, leading to gas
expansion and movement of the measuring meniscus.
Dewing and Desclaux [7] tried to avoid this problem by
moving the capillary rapidly to a certain immersion and

then measuring the distance traveled by the meniscus
during its initial rapid movement, assuming that the gas
expansion will be reflected by a subsequent slower
movement of the meniscus. By immersing the capillary
tube to various depths, they were able to obtain a rough
curve of the meniscus movement vs the depth of
capillary immersion, which allowed them to determine
the capillary depression. Since the movement of the
meniscus was measured visually, personal judgment had
to be applied as to when the rapid movement of the
meniscus had ceased. One advantage of this method is
that the ceramic tubes such as alumina, are not wetted
by most metals and are nearly inert in most low
temperature molten salts. Another advantage is that
the metal and the salt can be kept in contact long
enough before the start of the interfacial tension
measurement, allowing chemical equilibrium to be
reached. Because of these advantages, we developed a
revised and improved version of this technique, which
was first presented by Silny and Utigard [12]. Video
recording equipment and a PC are used for the exact
measurement of the interfacial tension between alumi-
num and molten salts.

A schematic diagram of the experimental setup is
given in Figure 2. The measuring alumina capillary tube
has an ID of 4.9 mm, the OD is 7.2 mm, and is
connected via a plastic tube to the 2.5 mm ID horizontal
glass tube containing the meniscus liquid. The measur-
ing alumina tube was placed inside the anode connection
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Fig. 2. Schematic representation of the experimental setup.



|
]
. )]
F/
. @
| R
! ?m

Fig. 3. Detail of the electrolysis cell. 1 — cathode connection, 2 — an-
ode connection, 3 — graphite anode, 4 — electrolyte, 5 — aluminum, 6
— Mo plate, 7 — part of the positioning device, 8 — TC, 9 — furnace
flange, 10 — radiation sheets, 11 — graphite crucible, 12 — alumina
tube for depression measuring.

tube (Figure 3). This connection tube was made of
stainless steel and at the end of this tube, the graphite
anode was placed (Figure 3). The measuring alumina
tube thus moves through the connection tube and
anode. Such assembly enables measuring of the capillary
depression during the electrolysis.

Because an inert atmosphere was used, the furnace
compartment was hermetically closed, allowing evacu-
ation followed by re-filling with argon. A gas buffer
made from a flexible polyethylene bag, provided
pressure equalization between the reaction tube and
the surroundings, allowing operation with slight over-
pressure inside during periods when no measurements
were taken.

Further details of the technique and calculation
procedure may be found elsewhere [12].

2.2. Materials

Aluminum — HiChem s.r.o., Czech Republic, shots,

min. 99.99% purity, max. content of Mg: 40 ppm,

Si: 15 ppm, Cu: 20 ppm, Fe, Mn, Cr, Ti, Zn: 5 ppm

Na3AlF¢ — Greenland, handpicked, dried at 300 °C

AlF; — resublimated, purity min. 99.5%

NaF — Merck p.a., dried at 250 °C

Al,O; — Merck p.a., dried at 300 °C

NaCl — Merck p.a., dried at 300 °C

The preparation of the samples was carried out in a
dry-box filled with high purity nitrogen. Graphite
crucibles with 59-60 mm ID and height of 110 mm
were used. The amounts of aluminum and salt were
chosen so that after melting, there was a 40 mm layer of
aluminum and a 30 mm layer of molten salt in the
crucible. The reaction tube was closed by a water-cooled
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brass head, through which the measuring capillary,
thermocouple and sampling tube could be immersed.

3. Result and discussion
3.1. Na3A1F6 + A1F3 + AlgO_g/AZ

Figure 4 shows the dependence between the interfacial
tension of the system 80 wt.% NazAlFg + 10 wt.%
AlF; + 10 wt.% Al,O3/Al and current density. It
follows that interfacial tension decrease with increasing
current density. During the electrolysis the interfacial
tension at n(NaF)/n(AlF;) ratio (CR) 2.28 decreases
from 546 mN m™' at zero current to 518 mN m™' at
0.112 A cm™. It is generally accepted [1, 4, 6-8, 11] that
the interfacial tension in these systems is strongly
dependent on the n(NaF)/n(AlF5) ratio (CR). It is also
accepted that current is transported to the interface
mainly by Na* ions. As a result of the ionic migration
of sodium cations and the cathode reaction, concentra-
tion gradient of hypothetical NaF species arises at the
metal/electrolyte interface. This concentration gradient
decreases the interfacial tension. Thonstad and Rolseth
[13] produced the diagram given in Figure 5 to illustrate
the mass transfer in the boundary layer. For simplicity,
oxide-containing species are neglected.

Figure 6 shows the influence of current interruption
on the interfacial tension in this system. The interfacial
tension increases after current interruption asymptoti-
cally.

Also the equilibrium content of sodium in molten
aluminum is dependent on CR [1]. Felner and Danielik
[14] and Danielik [15] showed that the sodium content in
the aluminum increases during electrolysis. Comparison
of the shift of CR near the aluminum cathode caused by
electrolysis in Danielik’s work [15] (calculated according
to the concentration of sodium in the molten aluminum
cathode during the electrolysis) and in this work
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Fig. 4. Interfacial tension as a function of current density and CR.
80 wt.% NazAlFs + 10 wt.% NaF (AlF;) + 10 wt.% AlLO;/Al
t = 1000 °C.
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Fig. 5. Schematic illustration of mass transfer taking place in the
stagnant cathode diffusion layer by diffusion (D) and migration (M):
(a) formal treatment; (b) net ionic transport; (c) calculated concen-
tration gradients in cryolite [13].

(calculated according to the interfacial tension data) is
shown in Figure 7. The results agree well.

3.2. Na3AZF6 + NaF + AlgO_g/AZ

Figure 4 shows the dependence between the interfacial
tension and applied current for the systems 80 wt.%
NazAlFg + 10 wt.%  NaF + 10 wt.%  Al,O3/Al
(CR = 4.43). As in the above case, the interfacial
tension decreases with increasing current density from
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Fig. 6. Interfacial tension before and after current interruption.
80 wt.% NazAlFs + 10 wt.% AlF; + 10 wt.% Al,O3/Al, ¢ = 1000
°C, CR = 2.28. Squares — j = 0.056 A cm™>, triangles — j =
0.093 A cm™>, full symbols — interfacial tension before current inter-
ruption, open symbols — interfacial tension after current interrup-
tion.
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Fig. 7. Shift of CR near Al-cathode vs current density. NasAl-
F¢ + AlF; + ALO;/Al, ¢ = 1000 °C. Open symbols — Danielik
[15], full symbols — this work.

450 mN m™" at zero current to 400 mN m™' at
0.112 A cm™.

Figure 8 summarizes the date of the interfacial tension
in cryolyte systems as a function of CR (no applied
current). The data from this work are in good agreement
mostly with Utigard and Toguri [8] and Zhanguo Fan
and Ostvold [11].

Figure 9 shows the influence of the current interrup-
tion on the interfacial tension after electrolysis at
0.074 A cm™2. The interfacial tension increases asymp-
totically as in above case.

All investigations suggest the prime role of the activity
of sodium for processes taking place at the metal/
electrolyte interface. The sodium activity influences the
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Fig. 8. Interfacial tension of aluminum in cryolite melts as a func-
tion of CR. | — Utigard Toguri [8], 2 — Zhemchuzhina and Belyaev
[3], 3 — Gerasimov and Belyaev [4], Dewing and Desclaux [7], [] —
Zhanguo Fan and Ostvold [11], + — present study.
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Fig. 9. Interfacial tension before and after current interruption.
80 wt.% Na;AlFs + 10 wt.% NaF + 10 wt.% ALO;/Al
t = 1000 °C, CR = 4.43 m — interfacial tension before current inter-
ruption, [] — interfacial tension after current interruption.

contamination of primary aluminum by sodium, catho-
dic overvoltage and interfacial tension [1], as well.

3.3. NaCl + NaF/Al

Experiments were also carried out on a eutectic mixture
of NaF and NaCl (25 wt.% NaF + 75 wt.% NaCl/Al)
at 850 °C. The dependence between duration of elec-
trolysis (50 min at 0.037 A cm™?) and change in inter-
facial tension of the system was recorded. During
electrolysis in this system sodium was produced at the
molten aluminum cathode by electrodeposition. In this
case, no influence of current and current interruption on
the interfacial tension was observed (Figure 10). This
fact may be due to a too high concentration of sodium
ions in the electrolyte. In such a system the further
electrodeposition of sodium has no effect on the
interfacial tension. Figure 11 summarizes the interfacial
tension data (at zero current) from literature [16] and
this work.

4. Conclusions

The apparatus for the interfacial tension measurement
in molten aluminum and salt systems based on the
capillary depression method has been described. This
method is suitable for measurements in the electrolysis
conditions. The following conclusions can be made: The
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Fig. 10. Interfacial tension in the systems 25 wt.% NaF + 75 wt.%
NaCl/Al as a function of duration of electrolysis. j = 0.037 A cm ™2,

t = 850 °C. Vertical lines — interruption of current.
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Fig. 11. Interfacial tension in the systems NaCl-NaF (KF) as a
function of salt composition [16], ¢ = 850 °C, [] — NaF, A - KF, @&
— this work.

interfacial tension was found to be strongly dependent
on the CR. At the CR 2.28 (80 wt.% NazAlF4 +
10 wt.% AlF; + 10 wt.% Al,O3//Al, ¢t = 1000 °C) the
interfacial tension was 546 mN m~', in contrast to
450 mN m™' at the CR 4.43 (80 wt.% Na3AlF, +
10 wt.% NaF + 10 wt.% Al,O3//Al, ¢ = 1000 °C).
During electrolysis the interfacial tension at CR ratio
2.28 decreases from 546 mN m~' at zero current to
518mN m™" at 0.112 A cm > The same trend was
observed in the system with CR 4.43 (80 wt.%
NasAlFg + 10 wt.%  NaF + 10 wt.%  Al,O3/Al,
t = 1000 °C). The interfacial tension decreases from
450 mN m™" at zero current to 400 mN m™' at
0.112 A cm™. The decrease in the interfacial tension
during electrolysis is due to increase in sodium concen-
tration near the molten aluminum cathode caused by the
applied current. No influence of current on the interfa-
cial tension in the system 25 wt.% NaF + 75 wt.%
NaCl (eutectic mixture)/Al was observed.
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