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3,578,580
ELECTROLYTIC CELL APPARATUS -
Wolfgang Schmidt-Hatting and Sebastian Huwyler, Sierre,
Switzerland, assignors to Swiss Aluminivm Ltd,,
Chippis, Switzerland

tron-conducting oxides, such as for example, wustite,

certain materials with semi-conductor properties, and

2

metals with a passivated surface. The thickness of the

oxygen-ion-conducting layer may be very small so that
the voltage drop across it is also small; this reduces losses
of energy during the electrolysis.

Known stabilised forms of zirconium oxide are very

Filed Oct. 17, 1967, Ser. No. 675,881 ) suitable as the material which separates the anode from
Claims priority, application Switzerland, Apr. 28, 1967, the melt. By stabilised, we mean zirconium oxide in
Tut. CL ng:ildla%ggBMk 3704 which %s incor_porated pro_portiong of other O.Xides SI_Jch
US. CL 204—243 8 Claims as calcium oxide, magnesium oxide and yttrium oxide,
10 which serve firstly to stabilise the cubic (fluorite) lattice
of the zirconium oxide, and secondly to confer on it
ABSTRACT OF THE DISCLOSURE the necessary oxyg§n-ion conductivity. B}_r _suitab!e chqice
. : of oxides and their proportions, a stabilised zirconium
Apparatus for the electrolysis of molten oxides, espe- oxide can have a resistance as low as 10 ohms per cm.
cially of alumina, in which the anode is separated from 15 at 1000° C
the melt being electrolysed by a layer of oxygen-ion-con- ' SUMMARY
ducting material, for example cerium oxide stabilised with
calcium oxide or other oxides, which is resistant to the We have found that other refractory oxides which
melt at the temperature of the electrolysis, and correlated have fluorite lattices can be used, such as for example,
inventions and discoveries appertaining thereto. 20 rare earth oxide-uranium oxide compositions, thorium
oxtde-uranium oxide compositions and cerium oxide suit-
| | ably stabilised with calcium oxide or magnesium oxide.
BACKGROUND OF THE INVENTION Substances which reduce the solubility of the oxygen-ion-
The electrolysis of molten materials, for example of conducting material may be added to the fused melt.
alumina, is carried out today with carbon anodes. In the 25  The invention will be described hereinafter with spe-
case of alumina, the oxygen ions formed during the elec- cific reference to the electrolysis of alumina for the pro-
trolysis react with the carbon of the anode at the process duction of aluminium. In such an -EIECf}'OIYSiS, the oxygen
temperatures of 900 to 1000° C. and form carbon dioxide, lons which are formed in accordance with the equation
which is partly reduced to carbon monoxide by the alu- 2 2A1,0,=4Al+++1.60—
minium itself. Owing to the oxidation of the anode by
the nascent oxygen, the carbon anode is consumed and, diffuse through the oxygen-ion-conductive layer and are
in fact, if only carbon dioxide were to be formed, 334 discharged at the anode in accordance 'with the equation
kg. of carbon per ton of aluminium produced would be 60———30.-1.12
consumed. In practice, about 400 to 450 kg. of anode =30z 12e
carbon are consumed per ton of aluminium, which cor- ©° 1.e. the oxygen ions combine to form oxygen gas and
responds to about 8 to 10% of the cost of crude alu- electrons are released in the process. These electrons
minium. It has only recently been possible to reduce are conducted away by the anode. Other oxides such
the consumption of anode carbon even to this figure, as for instance, MgO, Na,O, CaO, Fe,O,, can also be
and with the present method of working using carbon 40 electrolysed by the process according to the invention
anodes, reduction of the consumption of anode carbon and similar equations can be formulated. In the elec-
below the theoretically smallest amount, that is 334 kg. of trolysis of alumina for example, cells according to the
carbon per ton of aluminium, is not possible. invention afford the following advantages, inter alia, in
It 1s possible to carry out the melt electrolysis of oxides comparison with the present state of the art. |
without using carbon anodes, but Using electrodes which 45 (1) There 1S no consumption, or only a very low rate
are oxygen resistant without necessarily being resistant of consumption, of anode material with the result that
to attack by the melt being electrolysed, so that the oxygen the rate of production of anode material can be sub-
can be obtained as a valuable by-product of the process. stantially reduced.
About 600 cu. m. of pure gaseous oxygen are formed (2) The formation of carbon scum in the bath results
per ton of aluminium; the value of the oxygen is about g4 in a loss of operating efficiency, and this formation will
3% of the cost of the crude aluminium. The oxygen = npot occur if the anodes are of material other than
which can be recovered in carrying out the process ac- carbon.
cording to the invention into effect can be used for (3) There is improvement of the quality of the alu-
various oxidising processes, such as for example, steel minium metal produced, since no impurities, such as iron,
production (by the oxygen blow method), the gasifica- 55 silicon or vanadium are introduced from the anode
tion of fuels (for producing synthetic gas) and the prepa- 1aterial.
ration of reducing gases for iron reduction. (4) There is less down-time of the cell, since the anodes
We use an anode of any suitable conducting mate- do not have to be replaced.
rial, and we separate this anode from the melt being (5) There is a reduction of the consumption of fluxing
electrolysed by a layer of material which is oxygen-ions- 60 materials, since the cell can be sealed off more satis-
conducting but non-permeable to and resistant to the melt factorily and this also gives an improvement in the shop
at the temperature of the electrolysis, so that the oxygen atmosphere. | |
1ons diffuse through the layer and are then discharged (6) Pure oxygen can be produced and collected as a
at the anode with the formation of oxygen gas, and the by-product.
anode itself is not subject to attack by the melt. The 65  (7) There is no re-oxidation of the liquid aluminium by
anode itself preferably consists of an electron-conducting carbon dioxide and thus, there is increased output from
material which does not react with oxygen or at least the cell and a reduction in the energy required to produce
does not form with oxygen any compound impairing the a given weight of aluminium. |
conduction of electrons. Suitable materials include heat- Cells according to the invention can readily be adapted
resistant alloys, platinum or other noble metals, elec- 70 for-automation of operation with for example, continuous

addition of alumina to the fused melt and maintenance
of constant inter-electrode gap or cell voltage.
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Cells according to the invention may be constructed in
two ways. In the first of these, the anode 18 coated with
or is in contact with the layer of oxygen-ton-conducting
material over at least that part of its surface which 1s
immersed in the melt; the anode must then be in such a
physical state that oxygen gas can pass through it.

The anode may be solid, in which case it must be
porous, perforated or reticulated, or may be a liquid at
the electrolysis temperature, so that the oxygen may
bubble through it.

If the anode is solid, the layer of nygen-mn-mnduct-
ing material may be applied directly to it by pressing or
casting with subsequent drying and sinfering or by
plasma spraying. Alternatively a body of the material
may be preformed quite separately and put in contact
with the anode, if the latter is, for example, a metal net-
work. As a further possibility, a porous layer of platinum
black may be applied to a preformed body of the mate-

rial, and electrically connected to one termmmal of the

current supply. This Iast proposal is found to be very
satisfactory, as platinum black is particularly suitable for
the discharge of oxygen ions and the formation and re-
moval of oxygen gas.

At the temperature of electrolysis the anode may be a
liquid, for example molten silver. In this case, the oxygen-
ion conducting laver is preformed in the shape of a cup,

and dips into the fused melt, the anode of molten silver

being contained in the cup. Oxygen ions diffusing through
the ion-conducting layer are discharged at the silver
anode, The silver is probably oxidised at the same time,
but the silver oxide immediately decomposes again at the
high temperatures and the oxygen escapes in the form of
~ gas bubbles. These can be collected by means of a bell
dipping into the liquid silver, the bell serving at the
same time as a current lead to the anode and consisting
for example of a chrome-nickel alloy.

In the second method of construction, the layer of oxy-
gen-ion-conductive material is in the form of a cup-
shaped preformed body and coniains an auxiliary elec-
trolyte which is liguid and dissociated at the temperature
of electrolysis to vield oxvgen ions; the anode itself dips
into this auxiliary electrolyte. Obviously, the auxiliary
electrolyte must be compatible with both the anode and
the oxygen-ion conductive material, and should prefer-
ably have as low a vapour pressure as possible at the
electrolysis temperature; we have found that lead oxide
PbO is very suitable for use as the auxiliary electrolyte.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a transverse sectional view of one form of
electrolytic cell embodying the mvention;
- FIG. 2 is a similar view of a modification;

FIG. 3 is a similar view showing a further modified
form; and

FIG. 4 1s a similar view of another modification.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The invention will now be described with reference to
F1G. 1 of the accompanying drawings, which represents
a section through an electrolytic cell for the electroiysis
of fused alumina-cryolite mixtures. A carbon tank 4 con-
tains the fused alumina-cryolite melt indicated as 1, and
the liquid, electrolytically produced aluminium, which ac-
cumulates on the botitom of the cell and at the same time
acts as a cathode in the arrangements according to FIG.
1 is shown as 2. The fused melt is covered by a layer 3
consisting of solidified melt and alumina. A bus bar 5
conducts the current from the fank.

The anode may consist of a gas-permeable, eleciron-
conducting body which is covered with the oXygen-ion
conductive material over at least the portion of ifs sur-
face immersed In the fused melt. The oxygen-ion conduc-
tive material may be in the form of a hollow cup-shaped
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body, the inner surface of which is lned with a layer of
platinum black as anode. The layer is electrically con-
nected to a terminal which is itself connected to a source
of direct current by means of a lead 6. During the elec-
trolysis the oxygen ions of the elecirolyte diffuse through
the oxygen-ion conductive laver, are discharged at the
surface of contact between the oxygen-ion conductive
laver and the laver of platinum black and combine in the
layer of platinum black to form gaseous oxygen which
collects in a hollow space and escapes through a vent 1].
The terminal forms the upper end of the hollow space
and incorporates a gas vent. The electrons that are liber-
ated flow off by way of the anode, the terminal and the
lead 6. The oxygen gas evolved can escape under atmos-
pheric pressure, be drawn off under reduced pressure or
be collected under pressure in excess of atmospheric in
the hollow space.

The oxygen-ion conductive material may be in the form
of a plate which is in contact with a porous anode. The
porous anode is connected to the source of direct current
by means of the lead 6.

In FIG. 1, the oxygen-ion conductive material is in the
form of a cup-shaped body 13 which dips into the melt 1
to be electrolysed. Within the cup-shaped body is an
auxiliary electrolyte 14 consisting of lead oxide PbO. An
anode 15 dips into the auxiliary electrolyte 14 and is con-
nected to the lead 6. The anode consists of an electron-
conducting material which is oxygen-resistant, for ex-
ample platinum or a conductive oxide such as wustite.

In this arrangement, the oxygen ions from the cryolite-
alumina melt diffuse through the oxygen-ion-conductive
layer 13 under the effect of the applied direct current
voltage. Oxyegen ions are discharged at the anode 15, and
the electrons are carried to the source of direct current
by way of the current supply lead 6. The discharged
oxygen ions from gaseous oxygen which escapes from
the liquid auxiliary electrolyte or can be collected. At the
boundary layer between the oxygen-ion conducting layer
and the auxiliary electrolyte, precisely that number of
oxygen ions in the auxiliary electrolyte which have been
discharged at the anode is replaced by the oxygen ions
which have diffused through the oxygen 1on conducting
layver 13, so that the auxiliary electrolyte is in a state of
dynamic equilibrium and does not undergo permanent
change.

The anode in the cell shown in FIG. 1 is not in direct
contact with the oxygen-ion conducting layer 13 and
therefore does not have to be porous. Difficulties which
arise in the manufacture of an anode covered with oxy-
gen-ion conducting material are thereby eliminated, as
a direct electrical contact of large area between the oxy-
gen-ion-condncting layer and a porous anode no longer
has to be established. On the contrary, very favourable
contact conditions in the electrical sense exist both at the
boundary layer between the oxygen-ion-conducting layer
and the auxiliary electrolyte and at the boundary layer
between the auxiliary electrolyte and the anode, in that
in both cases a liquid conductor and a solid conductor
are in contact. The distance from the anode 15 to the
oxygen ion-conducting layer 13 may be very small in
order to keep the voltage drop in the auxiliary electrolyte
small.

The invention may be used with advantage in multi-
cell furnaces or in cells with bipolar electrodes, such as
are described for example in German patent specifications
1,146,260 and 1,148,755. The electrolytic furnaces used
today for alumina electrolysis have only two electrodes: an
anode, which may consist of several separate anode blocks
and a cathode, which is formed by the layer of deposited
lignid aluminium on the bottom of the cell. The anodic
current density is not very different from the cathodic cur-
rent density, but is generally a little greater.

Customary values for the anodic current density are:

jancde=0.6 to 1.4 A./sq. cm.
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Since, for economic reasons, it is not desirable to in-
crease the surface area of the anode to any great extent
and as for satisfactory furnace control, the anodic current
density also cannot be increased beyond certain limits,
present day furnace currents are not higher than
J=150 kA.

The current yield is usually between 85 and 95%. If the
number of pairs of electrodes (each anode and cathode
form one pair of electrodes) in a furnace is referred to
as n, the production in kg. of a furnace in any period of
time can be represented as:

P=c-n-n-J

c—=constant

J={furnace current (amperes)
n=number of pairs of electrodes.
p=current yield (percent)

The constant ¢ takes account of the time in hours and
the electrochemical equivalent in kg. of aluminum per
ampere-hour. If, the following calculations, the current
yield is assumed constant, then the production of a furnace
in a certain period of time is only dependent on the prod-
uct n+J, that is

P=C1'H‘J

From this it can be deduced that the maximum furnace
production in 24 hours which is possible is

Poo=1100 to 1200

n being 1, and this requires the maximum practical furnace
current of about 150 kA.

In carrying such high cuirents to the furnace away
from the furnace, large bus bars must be used if high elec-
trical losses are not to occur, and this is costly. With n=1,
that 1s with one pair of electrodes per furnace, an unduly
high proportion of the applied voltage is in fact lost in
this way.

Known multi-cell furnaces, that is wherein » is greater
than one, avoid these drawbacks which have been de-
scribed—or at least reduce them. They have a disadvant-
age of another kind however, which has so far detracted
from their practical value and this is that they have con-
sumable anodes.

According to a further feature of the invention, a multi-
cell furnace for the electrolysis of molten oxides includes
one or more bipolar electrodes, the anode side of each
bipolar electrode being porous fo oxygen gas and covered
with a layer of the oxygen-ion conducting material, the
cathode side of each bipolar electrode being formed
from a conducting material which is resistant to the melt
at the temperature of the electrolysis, and the remaining
sides of each bipolar electrode being protected from the
fused melt by a layer of resistant electrically insulating
material.

Bipolar electrodes, formed in this way, are shown incor-
porated in a multicell furnace in FIG. 2 of the accompany-
ing drawings.

In the multicell furnace shown are mounted two bipolar
electrodes 16, each of which is composed of an oxygen-ion
conducting layer 17, a porous anode 18, the porosity of
which is represented by a duct 19, and a cathode 20.
The cathode consists for example of graphite or amorphous
carbon in the form of calcined blocks or of some other
electron conducting material which is resistant to the fused
melt, such as titanium carbide, zirconium carbide, tantalum
carbide or niobium carbide. The aluminium is separated at
the cathodes and drops into collecting channels 21.

The cathode at the current outlet has embedded current
collectors 5 and at the opposite end of the furnace, leads
6 are embedded in the anode. All those parts of the elec-
trode blocks which are not active electrically, such as the
narrow sides and end faces, are protected by an insulation
22, for example boron nitride.

If desired the anode part of each bipolar electrode may
comprise a layer of the oxygen ion-conducting material,
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6 |
an auxiliary electrolyte as before, and the anode itself,
sealed at the narrow sides and end faces by an insulation.

In contrast to known multicell furnaces, the multicell
furnace shown operated with an absolutely constant inter-
electrode gap. This can be so calculated that exactly that
amount of joulean heat is produced in the liquid electrolyte
as 18 required during the electrolysis of the alumina and to
cover the heat losses of the furnace.

In this construction, as is the case quite generally with
all the arrangements according to the invention, as the
oxygen discharged at the anode cannot come into contact
with the fused melt the current yield is almost 100%.
Accordingly, the optimum interelectrode gap can be de-
termined by economic or other considerations. For the
same reason, the inclination of the electrode blocks in the
multicell furnace with respect to the vertical is no longer
critical; the cathode and the oxygen-ion conducting layer
can if desired, be arranged perpendicularly.

Other desirable features of known multicell furnaces
such as, for example, making the electrolyte circulate
through the cells, can be used in furnaces incorporating the
invention.

In accordance with the formula
P=C1'ﬂ4'.’

the production of a cell can be increased when » is 1 by
increasing the furnace current J. In this way, however, the
surface areas of the cathodes and anodes must be so in-
creased at the same rate as the furnace current, so that the
optimum current density may be retained. This is achieved
in known electrolytic furnaces by using conforming elec-
trodes, that is to say, each anode dipping into the melt is
disposed so that at its underside and at its lateral faces it
is opposite a fixed cathode and as far as possible, the
distance between the anode and cathode surfaces is con-
stant, and corresponds to the optimum interelectrode gap.
Such furnaces are described for example in German patent
specifications Nos. 1,092,215 and 1,115,467.

The present invention can be applied with advantage to
such furnaces, and two such furnaces are shown in FIGS.
3 and 4 of the accompanying drawings.

In FIG. 3, the furnace tank 28 forming the cathode is
so designed that its surface is opposite both the under-
side and the side walls of the anode 23 which dips into
the melt and is covered with the oxygen-ion conducting
layer 17. Each anode is gas permeable and the anodes
are connected in parallel. The surface of the furnace
tank 28 forming the cathode is provided with elevated
portions 24, so that not only the underside of the anode
1s opposite a face of the cathode as heretofore, but the
side walls of the anode are also opposite such a face.
The separated aluminium is received in the collecting chan-
nels 21 which are lined with an insulating layer 25, for
example of boron nitride. A same layer 25 is used for
covering the furnace. |

The advantages of this type of construction reside in
that larger active anode and cathode surface areas are
available per unit of volume of anode and cathode. The
relative proportion of lost energy to useful energy thereby
becomes smaller. The type of construction which is usual
today does not show this advantage to the same extent,
since an increase in the active areas can only be achieved
by increasing the base area of the furnaces, because of
the liquid state of aggregation of the aluminium, which
operates as cathode and cannot be extended upward like
a solid cathode, |

In an alternative construction, separate cathodes may
be used instead of using the surface of the furnace tank
Iining as the cathodes. Such a construction is shown in
FIG. 4 of the accompanying drawings, in which the cath-
odes are built up from conducting elements 26, electri-
cally connected in parallel, with one pair of elements
cooperating with each anode. The cathode elements may
consist of any desired electron-conducting and cryolite-

75 resistant materials.
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The advantage of this arrangement is that the furnace
lining 27 no longer has any kind of current-removing
function. The furnace lining therefore no longer needs
to be electrically conductive, but only cryolite-resistant.
As a rtesult, the thermal insulation of the furnace tank
can be considerably increased and this leads to a con-
siderable reduction in the power consumption per kg. of
aluminium produced.

The arrangements shown in FIGS. 3 and 4 can nat-
urally also be employed when the anode is not in direct
contact with the oxygen-ion-conducting layer, but an
auxiliary electrolyte is interposed between the anode and
the oxygen ion conducting layer.

If the anodic and cathodic areas are increased in the
manner described without increasing the number of pairs
of electrodes or the current J, this means a reduction in
the anodic and cathodic current density and this results
in a fall in the power consumption per kg. of alumimium
produced. These structural changes in the design of the
cell, with the economic advantages associated therewith,
can only be profitably used if non-consumed anodes are
emploved, and these are protected by oxygen ion-conduct-
ing materials, according to the invention. -

We claim: |

1. A multicell furnace for the electrolytic production
of metals from metal oxides contained in a molten elec-
trolytic bath and including one or more bipolar electrodes,
the anode side of each bipolar electrode being porous to
oxygen gas and resistant to the formation with oxygen
of any compound impairing its conduction of electrons,
a covering therefor in the form of a layer of material
which is oxygen-ion-conducting but non-permeable to and
resistant to an oxygen-producing melt at a temperature
of the electrolysis, the cathode side of each bipolar elec-
trode being formed from an electron conducting material
which is resistant to such a melt at the temperature of
the electrolysis and the remaining sides of each bipolar
electrode being covered by a layer of resistant electrically-
insulating material, and a source of direct current con-
nected between said anode and said cathode to maintain
said electrolysis, said current during said electrolysis ei-
fecting the diffusion of oxygen ions through the layer of
oxygen-ion-conducting material to the anode and their
discharge with the formation of oxygen gas.

2. A cell for the electrolytic production of metal from
metal oxides contained in a molten electrolytic bath, com-
prising a container for a melt, a cathode, an anode the
effective portion of which is covered with a layer of
oxygen-ion-conducting cerium oxide stabilised by an oxide
of the group consisting of calcium oxide, magnesium oxide
and vttrium oxide, and arranged to separate the anode
from a melt in said container.

3. A cell for the electrolytic production of metals from
metal oxides contained in a molten electrolytic bath, com-
prising a container for the melt being electrolysed, a
cathode for contact ‘with the melt, a receptacle partially
immersed in the said melt and made of oxygen-ion-con-
ducting material but non-permeable to and resistant to
the melt at the temperature of the electrolysts, said re-
ceptacle containing an ancdic system including a sub-
stance which is adapted to be liquid at the temperature
of the electrolysis, resistant to the formation with oxygen
of any stable compounds impairing its conduction of
electrons and capable of transforming oxygen from ionic
into the molecular form during electrolysis, and said
anodic system including also an electric conductor which
is solid at the temperature of the electrolysis and having
an end dipping into said substance, and a source of direct
current connected between said cathode and said con-
ductor of the anodic system to maintain said electrolysis,
said current, during said electrolysis, effecting the dif-
fusion of the oxvgen ions of the electrolysed metal oxide
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through the oxygen-ion-conducting wall of said receptacle
and their discharge as gaseous oxygen from the said anodic
system and the deposition of metal at the cathode.

4. A cell according to claim 3 in which the liquid sub-
stance included in said anodic system and contained in
the said receptacle is silver.

5. A cell according to claim 3 in which the liquid sub-
stance included in said anodic system and contained in
the said. receptacle is an electrolyte able to transfer oxy-
gen ions diffused through the oxygen-ions-conducting wall
of the said receptacle to said solid conductor.

6. A cell, according to claim 5, in which said substance
is lead oxide in the monoxide form.

7. A multicell furnace for the electrolytic production
of metals from metal oxides contained in a molten elec-
trolytic bath, comprising a container for the melt being
electrolysed, a plurality of anodes resistant to formation
with oxygen of any compound impairing their conduction
of electrons and a covering for said anodes of a layer
of material which is oxygen-ion-conducting but non-per-
meable to and resistant to an oxygen-producing melt at
the temperature of the electrolysis and which separates
said anode from said melt, said container having an
electro-conductive lining comprising a cathode spaced
from but corresponding in form with the form of said
layer covering the anodes so as to ensure a substantially
constant and regular interpolar gap between them, and
a source of direct current connected between said anode
and said cathode to maintain said electrolysis, said cur-
rent during said electrolysis effecting the diffusion of oxy-
oen ions through the layer and their discharge at the
anodes with the formation of oxygen gas. |

8. A multicell furnace for the electrolytic production
of metals from metal oxides contained in a molten elec-
trolytic bath, comprising a container for the melt being
electrolysed, a plurality of anodes resistant to the forma-
tion with oxygen of any compound impairing their con-
duction of electrons and a covering for said anodes of
a layer of material which is oxygen-ion-conducting but
non-permeable to and resistant to an oxygen-producing
melt at the temperature of the electrolyses and which
separates said anode from said melt, a plurality of cath-
odes electrically independent of said container and n-
cluding conducting elements electrically connected in par-
allel and spaced from said covering layer of the anode
sO as fo ensure a substantially constant and regular inter-
polar gap between them, and a source of direct current
connected between said anodes and said cathodes to main-
tain said electrolysis, said current during said electrolysis
effecting the diffusion of oxygen ions through the layer
and their discharge at the anodes with the formation of
OXygen gas.
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