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The decomposition voltage of aluminium
reduction cells. The influence of the
alumina conient in the bath
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The decomposition voltage on 75 kA aluminjum reduction cells with Sederberg anodes was measured
by extrapolation of current-voltage curves and by use of an aluminium reference electrode. Both
methods yielded results in the range 1:50 V-1-85 V, although higher and lower values occasionally
occurred. The anode-reference voltage as well as the cell voltage showed a marked increase when the
alumina content in the bath decreased below 2 wt%/, and the anode effect was approached. This
behaviour is in good agreement with theoretical curves based on laboratory data on anodic over-

voltage and electrical conductivity.

Introduction

The decomposition voltage (Ep) in aluminium
reduction cells depends on several process vari-
ables, among which the influence of alumina is
very much in evidence, due to the cyclic changes
in alumina concentration during cell operation.
The Ej, can be defined as the difference between
the cell voltage U and the ohmic voltage drop
through the cell

Ep = U—RI 1)

encompassing the reversible potential E,., and
the anodic (#,,) and cathodic (y.,,) overvoltages,

Ep = Erey+anFYearr @

For the cell reaction
Al O;+3/2 C = 2 Al+3/2 CO,. ©))
the E,., at 980° is 1-18 V, as calculated from
thermodynamic data [1] for unit activities of all
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components. The calculated values have also
been confirmed experimentally [2].

The activity coefficient of alumina in cryolite
melts is not known. As a rough approximation,
it can be taken as the ratio between the actual
concentration of alumina and the saturation con-
centration. In that case, the Nernst equation
applied on reaction (3) yields

dE,,/d log (% AL,O;) = — %}’fl — 006V,

4)

Laboratory experiments have shown [2] that
the anodic overvoltage is of the order of 0-3-0-5
V, but this depends on the alumina content as
given by the following relationship

d logi°/d log (% AL,O) = 056 (5)

where i° is the exchange current. The over-
voltage on carbon anodes follows Tafel’s law,
n = a+blogi, with an average slope of b = 0-25,
so that

261



262

J. THONSTAD, A. SOLBU AND A. LARSEN

dy/d log (4AL,05) = —0-56% 025 = —0-14.
(6)

The cathodic overvoltage is lower than the
anodic, and it appears to be independent of the
alumina content [3]. The variation in decom-
position potential can then be evaluated as a
function of the alumina content by adding
equations (4) and (6). This is shown in Fig. 1,
Curve I for the case of an anodic overvoltage of
04 V at 10 wt%, Al,Oj; in the melt.
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Fig. 1. Calculated variations in decomposition voltage (I),
ohmic voltage drop (II) and cell voltage (ITT) by changing
the alumina content in the bath. The total ohmic voltage
drop in the bath equals 1-5 V (full lines); the current is
increased by 20%; (dotted lines).

In equation (1) the resistance R represents the
total ohmic resistance of the cell. Under given
conditions only the resistance of the bath needs
to be considered as a variable. At constant tem-
perature and fluoride composition, the specific
conductivity of the melt decreases with increas-
ing alumina content, showing an almost linear
relationship at low alumina contents [4, 5]. The
variation in the ohmic voltage drop through the
bath is given in Fig. 1, Curve II, based on a RI
value of 1-5 V in the pure fluoride melt.

When all other variables are kept constant, the
dependence of the cell voltage on the alumina
content is obtained by adding curves I and IL
The resulting curve III predicts a fairly constant
cell voltage in the normal operating range from
4 to 2 wt% Al,O,, and a rapid rise at lower
alumina contents, as the anode effect is ap-
proached. A change in operating conditions will
also change the shape of the curve to some extent.
An increase in current of e.g. 20%; will not
affect the shape of I appreciably, while II and

consequently III are shifted as indicated by the
dotted lines. An increase in the anode~cathode
spacing will have the same effect.

These curves are based on laboratory data,
and on the assumption made on the activity of
alumina, so their application on industrial cells
may require some modification. Although the
general shape seems to be correct, it appears that
the voltage rise prior to anode effect in some cases
tends to begin at an alumina content somewhat
higher than indicated by IIl. Curves similar to
those shown in Fig. 1 have also been presented
previously {6-8].

In computer control of aluminium cell opera-
tion the variations in cell voltage can be used as a
guideline for adjustment of interpolar distance
and alumina feeding. Since the cell voltage is the
sum of two variables, as shown above, an
independent determination of one of them, e.g.,
the Ep, is desirable. Determination of Ej in
industrial cells is associated with considerable
difficulties, however. The methods available
have been discussed by Arkadev [9] and Gins-
berg and Wilkening [10]. In short they are based
on (a) the current-voltage relationship [I-V],
either (a;) by extrapolation to zero current or
(a,;) by some compensation technique [11, 12];
(b) a reference electrode; and (c) current inter-
ruption. The principal shortcomings of these
methods are; in the case of (a) that overvoltage is
not a linear function of current and that the
ohmic resistance may not be constant; in the
case of (b) that the resistance term included is
difficult to assess, and in the case of (c) that the
inductive surge does not permit measurements
immediately after the current is interrupted.

In the present work methods (a,) and (b) were
used, i.e., extrapolation of I-¥V curves and ap-
plication of a reference electrode. The potential
decay at zero current was studied. The investiga-~
tions were cartied out on 75 kA vertical pin
Soderberg cells. The temperature of the bath
ranged from 960 to 985°C.

Current-voltage curves

The I-V curves were recorded by lowering the
current stepwise at 15-30 second intervals. A
data logger was used in order to obtain accurate
data simultaneously for several cells in the



DECOMPOSITION VOLTAGE OF ALUMINIUM REDUCTION CELLS

263

potline. Stable voltage readings were usually
achieved in less than one second after the current
was changed. When the current was raised again
without delay, the descending and ascending
curves coincided. If, on the other hand, the
current remained disconnected for as long as ten
minutes, the ascending curve acquired a rather
irregular shape showing higher values, but this
was probably due to excessive cooling of the
cells.

A normal I-V curve is shown in Fig. 2, Curve

alumina is not fed to the cell, the voltage rise will
continue for a period of 15 minutes to two hours,
till the AE suddenly occurs. A typical voltage-
time curve is shown in Fig. 3, Curve I. Occasion-
ally deviations from this normal pattern were
observed. Curve III shows a case where the AE
occurred without any preceding voltage rise.
This behaviour seems to be typical for unexpec-
ted AE’s occurring at high alumina contents, e.g.
at 4% Al,0;, compared to the normal range of
0-5 to 2% Al,0;. Another type of abnormal
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abnormal curve.

I. The curves were fairly linear down to 25 kA.
The classical method of extrapolation to zero
current to determine the so-called extrapolated
Ep, in the following denoted Ep ., yielded
values in the range 1-5-1-85 V, the majority
falling between 1-60 and 1-75 V. There was a
trend towards decreasing Ej.,, by increasing
alumina content. A slight tendency to a hump in
the I-V curves in the range around 20 kA was
observed on most curves. In a few cases, this
hump was very pronounced as shown by Curve
II. Such anomalous curves usually gave ab-
normally high values of Ej ,,.

Anode potential

The approach of an anode effect (AE) is normally
signalled by a rise in cell voltage. Provided that

60
— kA
Fig. 2. Current-voltage curves. I, normal shape; II,
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Fig. 3. Cell voltage prior to anode effect (AE). I, normal
curve; IT, IIT abnormal curves. Alumina feeding at a.
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behaviour is shown by Curve II, exhibiting a
remarkably steady voltage increase over a period
of several hours.

In tracing the curves, oscillations and short-
term erratic fluctuations in voltage were
smoothed out. Likewise, fluctuations due to
variation in the current were corrected for. The
rapid voltage oscillations had an amplitude of
around 0-03 V, increasing to 0-05-0-08 V as the
anode effect was approached. When alumina
was fed to the cells, the voltage usually decreased
slightly, as indicated in Fig. 3. The magnitude
and duration of this drop seemed to follow a
rather complicated pattern. To avoid such varia-
tions, all curves shown in the following were re-
corded in periods when no alumina feedings
were made.

The following discussion will be limited to the
normal behaviour, as represented by Curve I,
Fig. 3. According to Fig. 1, the voltage rise
before AE can be attributed to increasing decom-
position voltage when the alumina content
decreases. In order to substantiate this hypo-
thesis, which was based on laboratory data, an
aluminjum reference electrode was introduced
into the bath to measure the anode potential.

Aluminium reference electrode

The two types of reference electrodes used are
shown in Fig. 4. The aluminium E was contained
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Fig. 4. Aluminium reference electrodes for use in alumin-
jum cells. A, steel tube; B, alumina tube; C, Mo wire; D,
boron nitride; E, aluminium.

in boron nitride D, and molybdenum wire C
served as contact. The bath had access through
a 3 mm hole. In one version (a) the boron nitride
was shielded by an outer steel tube A. There
were no differences in potential between the two
types that could be attributed to the difference
in design. A laboratory investigation has shown
that the aluminium reference electrode acts
reversibly and that it has a long-time stability
with fluctuations not larger than 2 mV. In this
respect it is superior to the alternative reference
electrodes that have been used in aluminium
cells, i.e. the graphite electrode [13] the C, CO,
electrode [6] and electrodes based on solid
aluminium alloys [14].

The electrodes were placed close to the side
of the anode, and 5-10 cm above the lower anode
surface, as sketched in Fig. 5. The potential was

/ \ -
%

L

Fig. 5. Positioning of reference electrode. A, anode; B,
anode casing; C, gas-collecting skirt; D, reference elec-
trode; E, contact rod.

read between the reference and an iron rod
driven into the anode above the bath level. The
electrodes worked properly for a period of from
6 hours to 2-3 days. The ultimate cause of failure,
detected by a rapid decrease in potential, was
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usually the complete destruction of the lower part
of the reference electrode casing. With the aim of
developing a more durable arrangement, at-
tempts were made to place the electrode inside a
prebaked anode with a hole out to the melt, all
encased in boron nitride. However, this type of
electrode did not give meaningful and stable
readings.

The recorded potentials, in the following
designated Ep ., encompass the potential of
the anode in the area facing the reference
electrode, referred to the reversible aluminium
electrode, together with an ohmic voltage drop.

The potential decreased when the reference
electrode was moved up along the side of the
anode, due to the fact that the cd and conse-
quently the overvoltage decreases with increasing
distance from the cathode. The ohmic voltage
drop included in the readings would generally be
lower than 0-1 V. Due to these effects, which act
in the opposite direction, the Ep,. can differ
from the average anode potential of the cell. By
assuming that this deviation together with the
cathodic overvoltage are practically independent
of the alumina content, the Ej ,.; can neverthe-
less be taken as a measure of the change in Ep of
the cell at varying alumina content.

A set of curves displaying the variation in
Ey, ¢ prior to the AE are shown in Fig. 6. Apart
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Fig. 6. The anode potential (Ey, ,.¢) prior to anode effect.

from Curve 1V, which corresponds to Curve III
in Fig. 3, the curves all exhibit a potential in-
crease. A long duration of this rise was found to
be associated with AE’s occurring at low alumina
contents in the bath; conversely a short duration
was typical for AE’s at relatively high alumina

contents. The initial increase in voltage began at
around 2 wt%} Al,O; in the bath.

Simultaneous recording of cell voltage and
Ep ¢ gave sets of curves with rather similar
shapes, particularly in the period before AE, as
shown in Fig. 7. The corresponding alumina con-
tents in the bath are indicated on the abscissa.
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Fig. 7. Anode potential (I) and cell voltage (II) prior to
anode effect.

The small plateau on the curves is an example of
one of the numerous irregularities which can
occur without any apparent reason. The Ep ¢
in general showed fewer irregularities than the
cell voltage.

By replotting data similar to those given in
Fig. 7 versus the alumina content, diagrams as
shown in Fig. 8 could be obtained for cells that
were in good operating condition. The shape of
these curves is very similar to that of the
theoretical curves I and HI in Fig. 1.
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Fig. 8. Anode potential (I) and cell voltage (II) as a func-
tion of the alumina content in the bath.
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Potential decay by current interruption

The current was lowered gradually to zero and
the potential decay was then recorded. The time
used to reach zero current varied from -3 min,
but this did not appear to affect the results
significantly. The emf at the moment when the
current reached zero ranged from 1-4-1-0 V, as
shown in Fig. 9, with most results lying within
1-25-1-10 V. The high values were usually
obtained with cells which also showed abnorm-
ally high values of Ep ..

— min

Fig. 9. Variation in cell emf after the electrolysis current
was disconnected.

Due to the mode of switching off the current,
the results could not be used to determine Ep, by
extrapolation back to zero time. However, the
shape of the potential decay curve can possibly
render some information on the condition of the
cell. The rate of decay was normally in the range
0-01-0-04 V/min, in agreement with previous
work [15]. Occasionally a much more rapid
decrease was observed, as depicted by Curve VL
Such behaviour indicates the presence of some
kind of short circuit between cathode and anode,
causing a rapid discharge of the galvanic element
which the cell constitutes when the electrolysis is
interrupted.

Discussion
As indicated above, erratic short-time voltage

fluctuations were smoothed out when tracing the
experimental curves. However, sometimes more

persistent variations could occur, and no mean-
ingful curves could then be obtained. Still, such
phenomena could not mask the very distinct
voltage rise prior to AE, while the distinction of
the expected small variations at intermediate
alumina contents became exceedingly difficult.
Since the cells were normally operated at alumina
contents below 4-5%, Al,O,, the presence of a
minimum in cell voltage at intermediate contents
could not be established unambiguously, al-
though such a trend seemed to exist.

Evidently the Ej is not determined by the
alumina content alone, even in a potline of
identical cells. The variation in the Ej ., data
clearly indicate the presence of individual varia-
tions from one cell to another of the order of
0-2 V. A number of factors may be at play, the
temperature and the condition of the anode
probably being the most important. There is
need to know more about the effect of these and
other variables, so that both the differences in
E, and the irregularities in the voltage-time
curves can be better understood.

Extrapolation of I-V curves does not yield
theoretically well-defined results, since the curves
are not strictly linear and since part of the over-
voltage is included in-the Ep .. This method
may still prove useful for practical applications.
A close examination of the I-V data revealed
some more or less easily discernible deviations
from a straight line relationship. When the cur-
rent was increased above the normal line current
of 75 kA, there was in some cases a slight tend-
ency towards an upward bend of the I-V curve.
In the range 75-25 kA a slight convexity towards
the current axis was detected. This was most
easily seen by evaluating the ohmic resistance
from the equation

Ryt = (U_ED ext)/I- (®)

The Ep ., value giving the best fit was found
by computer calculations. The resulting values
of R, showed a slight maximum in the range
40-60 kKA.

In the current range 25-7 kA, a slight hump
on the I-V curve usually occurred, as can be seen
in Fig. 2, Curve I, representing the normal type
of curve. This behaviour was probably due to an
actual increase in ohmic resistance. The magnetic
forces acting on the cathode metal may set up a
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permanent skew in the metal surface. When the
current is lowered, the metal surface becomes
horizontal, resulting in increased resistance in the
bath. The convection in the bath and in the
metal will also diminish when the current is
fowered.

According to laboratory data [2] the over-
voltage follows Tafel’s law. The observed slight
convexity of the I-V curve in the 75-25 kA
range indicates that introduction of a logarithmic
term in equation (8) might give a better fit.
Normally, the improvement would be particu-
larly evident at low currents, but due to the
apparent change in resistance, this range was not
available for analysis.

The following equation was tried,

U=Ep+blog

+RI ©)

75,000

where Ep is the decomposition voltage at I =
75,000 A, and b is the Tafel coefficient, which was
given values from 0-20 to 0-30. For a given b the
E which gave the best constancy of R was found
by trial and error by computer calculations.
Since the logarithmic term is much smaller than
the RI term, the best value of b could not be
assessed with any degree of certainty. Values
from 0-20 to 0-26 seemed to give equally good
fit. When b was changed from 026 to 0-20 the
corresponding value of Ef decreased by 0-05 V.
A set of results obtained in this manner by use
of equations (8) and (9) are shown in Table 1.
The standard deviation of the resistance values
calculated from eight recordings in the 20-79 kA
range are given. It appears that equation (9)
gives a somewhat better fit. This is due to the
straightening out of the convexity of the I-V
curve.

The persistence of the cell emf by zero current
at values above the reversible potential, as dis-
played by Curves I-III Fig. 9, has also been
noted by other workers[11, 16]. It can probably
be attributed to formation of relatively stable in-
termediate compounds at the anode, having a
higher free energy of formation than CO,.

Practical applicability

For most practical purposes extrapolation of the
I-V curve is an adequate means of determining
E,,. 1t should be borne in mind, however, that
Ey o, has no strict theoretical meaning as
pointed out above. Obviously the current need
not be lowered down to zero current; about 60%
of full current will suffice. In order to cause as
little disturbance in cell operation as possible,
only 5-109/ variation in current has been sug-
gested [10], but the uncertainty in the extrapola-
tion is then necessarily greater. The same is true
for methods based on the accidental variations
in the line current [11, 12, 17]. With some
refinement, these methods may nevertheless
prove to be sufficiently accurate for some applica-
tions.

The aluminium reference electrode provides
very satisfactory results for the determination of
anode potential, and obviously it can also be used
for cathode studies. Unfortunately, the short
life-time of the electrode limits its use to re-
search purposes.
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Cell Ep oxs R Stand. E, R Stand.

#o. % ALOS ) (7/9)] dev. (2] (7:9)) dev.
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268

J. THONSTAD, A. SOLBU AND A. LARSEN

at the aluminium plant of A.S. Ardal og Sunndal
Verk, Sunndalsera. The assistance of Mr Johan
Gulbrandsen in carrying out the measurements is
acknowledged.

References

[1] ‘JANAF Thermochemical Tables’, Clearinghouse
for Federal Scientific and Technical Information,
Washington (1965, 1966).

[2] J. Thonstad, Electrochim. Acta, 15 (1970) 1569,

[3] J. Thonstad, unpublished data.

[4]1 E. W. Yim and M. Feinleib, J. Electrochem. Soc.,
104 (1957) 622.

[5] K. Matiasovsky, M. Malinovsky and S. Ordzoven-
sky, J. Electrochem. Soc., 111 (1964) 973.

[6] H. T. Shiver, J. L. Dewey and W. E. Campbell,
French Patent No. 1,457,746 (1966).

[71 B. J. Welch, Austral. Inst. Min, Met., Proceed., No.
214 (1965) 1.

[8] T.K.McMahon and G. P. Dirth, J. Mezals, 18 (1966)
317.
[9] A. G. Arkadev, Sov. J. Non Ferrous Met., 35 (1962)
51,
[10] H. Ginsberg and S. Wilkening, Metallwissenschaft
Technik, 18 (1964) 908.
[11] A. M. Voskanyan and A. I. Belyaev, Izv. Vyssh.
Uchebn. Zav. Tsvet. Met., 9 (1966) 75.
[12] M. J. Bocquentin, Bull. Soc. Franc. Electriciens, 99
(1949) 677.
[13] R. A. Lewis, Kaiser Aluminium and Chem. Corp.,
French Patent No. 1,592,315 (1968).
[14] W. E. Haupin, The Metallurgical Soc. of AIME,
Paper No. A 70-37, New York (1970).
[15] H. Stern and G. T. Holmes, J. Electrochem. Soc.,
105 (1958) 478.
[16] 1. Cadariu, Bull. Soc. Franc. Electriciens, 74 (1947)
531.
[17] M. Lewellyn, J. Metals, 22 No. 7 (1970) 57.



