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ANODE FOREL ECTROLYSIS OF ALUMINUM

Field of invention

The present invention relates to an electrolytic cell for the production of
5 aluminium, and more particularly to dimensionally stable oxygen-evolving

anode for electrolytic production of aluminium.

Background of the invention

Electrolytic production of aluminium using the Hall-Héroult electrolytic process

is well known. In the Hall-Héroult process aluminium is produced from Al;O3
10 dissolved in an electrolytic bath of molten cryolite and AlF3 at a temperature of

about 960°C using carbon anodes. Aluminium ions are reduced to aluminium

at the cathode while oxygen is combined with carbon at the anode to form

COz gas.

In this process about half a kilogram of carbon is consumed for each kilogram
15 of produced aluminium. Carbon anodes must therefore routinely be replaced.
The CO; gas produced at the anode is considered to be a green house gas,

and is an undesired by product of the process.

Efforts have been made to provide inert and dimensional stable anodes for
use in the electrolytic production of aluminium. Most of the research has
20 concentrated in oxide-based ceramic anodes and cermet anodes. However,
these efforts have so far not been commercialised for production of

aluminium.

US patent No. 5,254,232 describes an anode for use in molten elecirolyses of
metals such as aluminium. The anode comprises an alloy of the product
25 metal such as aluminium and a more noble metal upon which is formed an
oxide of the product metal as a protective layer. For electrolysis of aluminium
the protective layer consists of ALO3. All surfaces of the anode intended to be
in contact with the electrolyte in the cell have this protective layer. The anode
of US patent No. 5,254,232 suffers from the disadvantages that the protective
30 layer may be dissolved, particularly if the content of alumina in the electrolyte
becomes low. Thus one has to operate the elecirolytic cell with an electrolyte
which is saturated with alumina. This can cause operational problems such
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as accumulation of undissolved alumina at the bottom of the electrolytic cell
and will further provide problems in controlling the cell operation. If the
protective layer of the anode is dissolved, the alloy of which the anode is

made can be consumed resulting in failure of the anode.

5 US patent No. 6,083,362 describes an anode for use in electrolytic production
of aluminium, where the anode comprises a substrate made from a metal
alloy defining a cavity where the substrate comprises an interior wall and an
exterior surface where the substrate is capable of diffusing aluminium from the
cavity to the exterior surface to provide a film covering portions of the exterior

10 surface and mean for replenishing the film. The means for replenishing the
film on the exterior surface of the substrate is a molten salt containing
aluminium and an anion selected from the group consisting of a fluoride, a
carbonate, a chloride, an oxide and combination of these.

The anode described in US patent No.6,083,362 has some disadvantages.
15 The aluminium in the fluid salt composition is depleted as the aluminium
diffuses through the substrate to the exterior surface. Thus, the concentration
of aluminium in the salt varies and additional aluminium must be supplied to
the molten salt in the cavity from time to time during the use of the anode to
maintain the conceniration of aluminium in the fluid molten salt bath in the
20 cavity. Such periodic additions of aluminium to the salt is impractical in a
commercial cperation where the electrolytic cell is closed.  Furthermore,
variation in the aluminium content of the sali will cause variation in the
composition and thickness of the protective layer and have a deleterious
effect on the operation of the electrolytic cell. Finally as the aluminium content
25 in the salt bath decreases it will be difficult to maintain a homogeneous
concentration of aluminium in the salt bath. This may cause a too low
aluminium activity locally in the salt bath resuliing in a too low diffusion rate of
aluminium through the metal alloy which may cause permanent changes
locally in the metal alloy making it impossible to maintain the protective layer
30 locally on the outside of metal alloy. It should be appreciated that no stirring
device or oter means for maintaining a homogeneous aluminium
concentration in the salt bath is described in US patent 6,083,362.
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L2

There is a need for commercial process for the production of aluminium using

a dimensionally stable anode where the protective layer is sable.

Description of invention

It is an object of the present invention to provide a dimensionally stable,
5 oxygen-evolving anode for use in electrolytic production of aluminium, where

part of the anode in contact with the electrolyte has a protective layer that is

self-replenishing, so as to maintain a stable protective layer on the outside of

the anode.

An arrangement has been discovered that allows for a constant supply of
10 aluminium fo the anode. This constant supply of aluminium aliows the
process to be operated in a commercially feasibie manner. The aluminium
supply is provided from a molten bath of aluminium located inside the anode.
This allows for the cell to be closed during operation without the need for
supplying aluminium to the interior of the anode during operation of the cell.

15 Additionally, because there is a constant supply of aluminium to the anode,
the concentration of aluminium in the anode and at the protective layer, is
substantially constant. This stabilizes the protective layer on the outside of
the anode and provides for more efficient operation of the anode and the

electrolytic cell.

20 Furthermore, it has been found that a higher current density can
advantageously be employed in the present invention. This high current
density stabilizes the protective layer on the outside of anode. It has also
been found that operating at a high current density results in an increased rate
of production of the aluminium thereby improving the overall efficiency of the
electrolytic cell.

o8
W

The present invention thus relates to a dimensionally stable oxygen-evolving
anode for use in electrolytic production of aluminium wherein the anode
comprises a container made from an alloy containing aluminium and at least
one metal more noble than aluminium; a fluid bath in the bottomn of the
30 container having the ability to dissoive aluminium, said fluid having a density
that is higher than the density of molten aluminium at the operating
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temperature of the cell; a layer of molten aluminium floating on the fluid bath;

a refractory layer arranged on the inner walls of the container at least in: the

area of the molten aluminium, said refractory layer protecting the side walls of

the container from the molten aluminium and avoiding contact between the
5  molten aluminium and the container.

The present invention also relates to a method for operating an anode in an
electrolytic cell used in the manufacture of aluminium wherein the anode is in
the form of a container and aluminium diffuses from inside the anode to
outside the anode to form an aluminium oxide protective coating on the
10 outside of the anode, said method characterized in that a fluid bath is provided
in the bottomn of the container, said bath having the ability to dissolve
aluminium, said fluid having a density, at the operating temperature of the cell
that is higher than the density of molten aluminium at the operating
temperature of the cell; and a layer of molten aluminium is provided on top of
15 the fluid in the container.

The present invention also relates to a method for operating an anode in an
electrolytic cell used in the manufacture of aluminium wherein the anode is in
the form of a container and aluminium diffuses from inside the anode to
outside the anode to form an aluminium oxide protective coating on the
20 outside of the anode, said method characterized in that electricity is provided

to said anode at a maximum current density.

The alloy used to make the container, or hollow anode of the present
invention, must withstand the operating temperature of the electrolytic bath.
Suitably, the alloy can withstand a temperature of at least about 1000°C.

25 More suitably, the alloy has a melting point above about 1000°C, thereby
allowing it to withstand the operating temperature of the cell. Good results
have been found with alloys that have melting points of about 1040°C.

The alloy used to make the container must conduct electricity.

The alloy used to make the container allows for diffusion of aluminium from

30 inside the anode to outside the anode.
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The aluminium from the molten aluminium layer inside the container moves
downward through the fluid having a higher density to the inside surface of the
container. It is then thought that the aluminium, through a diffusion process,
passes through the wall of the container to the outer surface of the anode.

5 Itis preferred that the alloy used to make the container have some aluminium
in solid solution. It is believed that the aluminium in solid solution in the alloy
is the aluminium that diffuses through the container and forms he aluminium
oxide protective layer on the outside of the container.

It is preferred that the alloy be near its melting point temperature at the
10 operating temperature of the cell. It has been found that when the alloy is
near its melting point temperature during operation that the aluminium in solid
solution in the alloy has a high mobility. In other words, the aluminium in solid
solution in the alloy readily moves in the alloy thereby readily replenishing the

protective layer when needed.

15 The container is preferably made from Cu-Al, Fe-Al, TiAI, Cr-Al, Ni-Al or Cu-
Ni-Al alloys but these alloys can also contain further elements such as
titanium, yttrium, vanadium, manganese and silicon. 1t is particularly preferred
that the container is made from a binary alloy of aluminium and a metal more

noble than aluminium,

20 The amount of aluminium in solid solution in the alloy used to make the
container is suitably about 1% to about 30% by weight alloy. The amount of
aluminium in solid solution in the alloy will vary depending on the alloy itself.

Preferably the aluminium in solid solution in the Cu-Al alloy is about 1 % by
weight to about 15 % by weight and more preferably about 10% by weight.

25 The aluminium in solid solution in the Cu-N#Al alloy is preferably between
about 1 % by weight and about 15 % by weight and more preferably about
10% by weight.
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The aluminium in solid solution in the Fe-Al alloy is preferably between about
1 % by weight and about 30 % by weight and more preferably about 21 % by
weight.

Preferably, the alloy has no aluminium in an intermetallic compound. 1t is
5  believed that the mobility of aluminium is greatly diminished by an intermetallic
compound; thus the formation of the same at any point in the pathway from
the inside to the outside of the anode alloy will dramatically decrease the

diffusivity of aluminium through the anode.

The refractory layer on the inner wall of the container in the area of the molten
10 aluminium is selected from refractory materials that are resistant against

molten aluminium at temperatures up to 1000°C.

The refractory material may either be an electronic insulating material like

silicon nitride, silicon carbide, aluminium nitride or aluminium oxide. The

refractory material may, however, advantageously be an electronic conductive
15 material such as graphite.

When the refractory material is an electric insulating material, the rate of
transfer of aluminium through the anode alloy is controlled by the kinetics of
dissolution of elemental aluminium in the molten bath.

When the refractory material is an electronic conductive material the

20 aluminium in the layer of molten aluminium will be at a high chemical potential
and at a low chemical potential in the anode alloy. AF* ions in the fluid bath at
the bottom of the anode container can move from the aluminium layer
according to the following reactions:

Al (in aluminium layer) — AP* (in fluid bath) + 3e (accumulating) in the

v
W

aluminium layer,

AP* (at aluminium layer/fluid bath interface) — AI®* (at fluid bath/anode alloy

interface)} and

A** (in the fluid bath) + 3e (taken from the anode alloy) — Al (dissolved in the
anode alloy.



WO 2007/103634 PCT/US2007/062482

Thus by changing the resistance to electric flow across the electronic
conductive refractory material, the rate of transfer of aluminium from the
aluminium layer to the anode alloy can be regulated.

The fluid having a density higher than aluminium is preferably a molten salt

mixture and comprises salts selected among fluorides, chlorides, cabonates,

(%]

sulphates and phosphates. Salts comprising fluorides selected among NaF,
AlF3 CaFz and BaF; are preferred. A particularly preferred composition of the
fluid having a density higher than aluminium is about 18% by weight NaF,
about 48% by weight of AlF3 about 16% by weight CaF, and about 18% by
10 weight BaF, This composition has a density of about 2,6 g/em® at the

operating temperature of the aluminium electrolysis cell.

Any conventional source of aluminium can be used for the molten aluminium

that floats on top of the salt, but it is preferred that the molten aluminium has a

purity of about 89% by weight or more and that impurities be incapable of
15 reacting chemically with the fluid below the aluminium layer.

The top of the container is preferably equipped with a sealed cover. The
anode further has means ér holding the anode and for supplying electric
current to the anode all of which are conventional and done is a conventional

manner.

20 The container has side and a bottom wall which has a thickness of about 0.1
cm to about 10 cm and more preferably about 1 cm to about 5 cm.

The thickness of the refractory layer inside the container and the top of the
container is about 0.3 to about 5 cm, and more preferably about 0.5 fo about 2

cm.

25 The outside dimensions of the container (anode) may advantageously be
such that it can be used in a conventional electrolytic cell so as to replace the
current carbon based anodes. Suitably, such carbon based anodes are
rectangular-shaped with rounded edges at the bottom. Suitably, the anodes
of the present invention are rectangular in shape with rounded bottom edges.

30 The outside dimensions of the container (anode) are, however, not limited to
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this, but may have any shape and size for use in electrolytic cells having other
design than conventional electrolytic cells.

In operation of an electrolytic cell for the production of aluminium equipped
with anode according to the invention, a layer of alumina will instantly form on
5 the outside surface of the container that is in contact with the electrolyte in the
cell due to reaction of aluminium with oxygen that it produced at the anode. |f
part of this alumina layer is consumed for some reason, for example due to a
low content of alumina in the electrolyte, aluminium in the fluid bath within the
container will diffuse through the alloy in the container and will build up a new
10 layer of alumina, or rather repair the already existing layer of alumina, on the

outside of the container.

Suitably, the outside surface of the anode that will be in contact with the
electrolyte in the electrolytic cell is oxidized in ambient atmosphere at elevated
temperature to form an aluminium oxide layer on the outside of the anode
15 before the anode is installed in the electrolytic cell. The temperature during

this pre-oxidizing of the anode is preferably about 900-1000°C.

In order to improve the stability of the alumina layer on the anode container
the electrolysis shouid be performed as close as possible to the passivating

potential for the anode alloy,

20 The passivating potential can be defined as the potential where a further
increase will lead to a reduction in current passing through the cell. Thus, the
passivating potential describes the conditions where the anode is protected by
a stable oxide layer where current is still able to pass for this process (Oz-

evolution).

25 The normal current density for a carbon based anode in an electrolytic cell
used for production of aluminium is about 0.7 to about 1.0 A/em2. Current
density is defined as the amount of current provided to the anode divided by
the surface area of the part of the anode that is in contact with the electrolyte.
In the present invention, the cell is operated at a current density of about 1

30  A/cm?® and above. More preferably, the cell is operated at a current density of

2-6 A/cm? depending on the container alloy.



WO 2007/103634 PCT/US2007/062482

The molten aluminium and the fluid having dissolved aluminium situated
inside the container will be in equilibrium with each other. Aluminium will
therefore move from the molten aluminium bath to the fluid below to make up
for any aluminium that diffuses through the container alloy. The fluid at the
5  bottom of the container will thus always have the same content of aluminium,
no matter how much aluminium diffuses through the container alloy for

maintaining the alumina layer on the outside of the alloy.

Except for operating at or near the maximum current density, the electrolytic
cell can be operated in a conventional manner using the anode of the present
10 invention.

Brief Description of the Drawings

Figure 1 illustrates an electrolytic cell with an anode in accordance with the
present invention; and

15 Figure 2 illustrates a current density diagram for a copper-aluminium alloy
anode and for an iron-aluminium alloy.

Detailed description of the invention

Figure 1 shows a vertical cut through an electrolytic cell and anode according

to the invention. The anode 10 consists of a container 1 made from an alloy
20  containing aluminium and at least one metal more noble than aluminium. The

outside surface of the container 1 is intended to be in contact with molten

electrolyte 20 when used in an electrolytic cell 30 for producing aluminium.

The aluminium is produced at the cathode 40.

Inside the container 1 there is a fluid 4 having the ability to dissolve
25 aluminium. This fluid 4 is molten at the operafing temperature of the
electrolytic aluminium cell and has a density higher than aluminium.
Preferably the fiuid 4 consists of a molten salt mixture containing fluorides.
Molten aluminium 2 is floating on the fluid 4. To prevent contact between the
molten aluminium bath 2 and the alloy in the container, a refractory lining 3 is
30 arranged at least on the part of the inside container wall in the area of the
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molten aluminium 2. Preferably, the refractory lining continues to the top of
the container 1 and includes a cover as shown by the dashed lines 3'.

When in use a selfrepairing aluminium oxide layer 5 will form on the outside
surface of the container 1 that is in contact with the electrolyte in the

5 electrolytic aluminium cell.

The oxide layer 5 is repared by aluminium diffusing from the fluid 4 through
the alloy in the container 1 that reacts with oxygen evolved at the anode to
form aluminium oxide. When aluminium diffuses into the alloy in the
container, the concentration of dissolved aluminium in the fiuid 4 will remain

10 unchanged, as aluminium from the molien aluminium 2 will dissolve in the
fluid 4.

The anode according to the invention will thus be able to maintain the oxide

layer 5 as long as the aluminium bath 2 is not totally consumed. In order to

avoid this, additional molten aluminium may at intervals be supplied to the
15 aluminium bath 2 in the container 1.

Figure 2 illustrates the curve of the potential versus the current density for a
Cu-Al 10 weight %, alloy used to make the container. Where the slope of the
curve changes from flat to vertical, the maximum current density and the
passivating potential is obtained. At this change in the curve, the potential
20 increase exponentially for small increases in current density. This large
change for potential and small change for current density is where the
electrolytic cell starts to malfunction and one loses control of the cell. This
point is defined as the passivating potential or the maximum current density

for the alloy.

25  Figure 2 also illustrates the curve of the potential versus the current density
for a Fe-Al 21 weight %, alloy used to make the container. The passivating
potential and maximum current density are shown where the slope of the
curve changes from flat to vertical. Only an estimaied curve is given for this

alloy.
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Preferably, the cell is operated close to the maximum current density
(passivating potential). Operating the cell under these conditions helps
maintain the stability of the protective aluminium oxide layer. Additionally,
operating at a high current density increases overall aluminium production for

5 thecell.

Example 1

This example illustrates the use of a Cu-Al alloy as the container (anode) and
the advantage of operating at a high current density.

Two solid anodes were made of Cu-Al alloy having 10% by weight Al in solid
10 solution. The anode was cylindrical in shape and measured 7 cm in length
and had a diameter of 4 cm. Each anode was inserted into a crucible made of
carbon and having a cryolite-fluoride bath floating on molten aluminium. The
carbon crucible was insulated on the inside with an alsint lining. The molten
aluminium layer in the bottom of the carbon crucible acted as a cathode. The
15 bath comprised 76 weight % NagAlFs, 11 weight % AlFs, 5 weight % Caf,

and 8 weight % Al»03, (saturated).

During operation of this experimental cell, alumina was added to keep the

concentration near saturation.

Both anodes were mounted on a stainless steel rod and inserted into the bath

20  to simulate the operating conditions of a cell.

Both anodes were used in the experimental cell where the baths were
operated at 965°C. The first experiment was run for 11 hours and the second

experiment was run for 7 hours.

In the first experiment, the anode was operated at a current density range

25 from 0.4 to 1.7 A/em? and a maximum potential of 7 V. This anode after 11
hours of operation was analyzed and found to have a reaction zone of 1-2 mm
thick, a thin layer of aluminium oxide between the reaction zone and the outer
surface of the anode, and the aluminium content of the alloy closest to the
reaction zone was between 5 and 9 weight %.
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In the second experiment, the other anode was operated at a current density
range from 1.2 o 2.6 A/om® and a maximum potential of 8.5 V. The highest
current density was close to the maximum current density for this anode. This
anode was analyzed after 7 hours of operation and found to have a reaction
5 zone of about 4 mm thick, a thin layer of aluminium oxide between the
reaction zone and the outer surface of the anode, and the aluminium content
of the alloy closest o the reaction zone was 11 weight % which is close fo the
initial aluminium content of the alioy. This means that, for the second
experiment, less aluminium in solid solution diffused from the alloy to the
10 protective layer than in the first experiment. This means that the second

experiment had a more stable protective layer.
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Claims

1. A d’ime.r;s‘ipnatlyxstabie oxygen-evolving anede for use in an él‘&ctrofyti’c
cell for the production of aluminium wherein the anode comprises: a container
mede . from an alloy comprising aluminium and st least one metal more noble
than aluminiun; & fluid bath.in the bottorn of the conitainer havirig the ability to
dissolve aluminium; said fluid having a density:that is higher than the density

of molten ajuminjum at the operating temperature of the glecirolvtic cells a

pooel of molten aluminium in the container floating on top ofthe fluid bath; and
& refractory layer arranged on the inner sidewalls of the. container at least in

moltery alurninium frem contagting the inner sidewalls of the container.

2. The anode. of ¢laim 1, Wherein the container is made from an alloy of
Cu-Al, an alloy of Fe-Al, or analloy of Cu-Ni-Al,

3. The anode of claim 2, wherein the al‘le is a Cu-Al alloy having about 1
to 15% by weight.aluminium in solid solytion‘in the alloy.

4, The ariode of dlaim 2, whersin the alldy is a Ci-Ni-Al alloy having about

1 to 15% by weight aluminium in solid solution ii'the alloy.

5. The'anode.of claim 2, wherein the alloy is a Fe-Al alloy having about 1
to 30% by welght.aluminitiim in solid solution:in the alloy,

6. The anode of Claim 1, whereint the alloy has no iritéristallic: phase

gontaining Al.

7 The anode of Claim 1, wherein the refractory layer onvthe inner sidewall

-of the container in the area of the molten alumipium layer is made from

refrattory materials that are resistant to.chemical attack by riolten alishinium
up to'a temperature of atleast 1000°C.

B. The: anode of Claim 7, wherein the refractory layer is made from an
electronic ingulating rratérial.

PCT/US2007/062482
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9. The &rode of Claim 8, wherein the electronic insulating refractorylayer

is made from silicon. carbide, boron nitdde, aluminum nitride or aluminium
oxide:

10.  The anobde of dlaim 7, wherein the refractory fayer is made of an
slectronic conductive material..

11..  The anode of Claim 10, wherein the refractory layer is made from

graphite.

12.  The anode of Claim 1, wherein: the fluid having a density: higher than

aluminium is .a molien salt solution comprising salts having the capacity to
dissolve. elemerital aluminiug.

13.  The anode of Claim 10 wherein the salis are fluordes, chiorides,

carbonates, sulphates.er phosphates.

14.  The ariode of Claim 13, wherein the salts are.BaF; and one or more 6f
NaF, AlF;, and CaFs.

16, The ariode of Clainy 14, wherein the fluid having a density higher than

aluminitim contains about 18% by weight of NaF, about 48% by weight AlFz,
about 16% hy-weight CaF, and about 18% by weight Baky.

16. A methed for operating a dimensionally: stable oxygen-evelving anode

used i the electrolytic production of aluminiim where the anede is &
containgr rmiade from: an alloy that allows aluminiom to diffuse from inside the

container fo outside the container, said method comprising:

providing .a fluid. bath in the botfom of the container, said bath having
the ability: o dissolve aluminium: and said fluid having a density at the
operating tetperature.of the: electrolytic: ¢l which is higher than the. density-
of molten aluminiym;at the operating temperature of the cell; and

praviding a pool of molten aluminium in said container; on top of said

bath,

PCT/US2007/062482
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17. A miethod for.operating a dimensionally stable oxygen-evolving anode
in an electrolytic call for the manufacture of aluminium wherein the:anedeis:n

the form of a container and aluminium diffuses from inside the container to

outside the. container and a solrce -of melten aluminium is provided in the
container, said method comprising:
providing electricity to said anode at -a maximum. current density for

'said anode.

18.  An eletirolytic cell for producing aluminium, comprisinig a cell; =
cathode; -and & dimensionally stable oxygen-evolving anode comprises: a

ccontainer made from an alloy comprising aluminium and at least one metal

maore noble than aluminitim; a fluid bath in the boftorn of the container having

the ability to dissolve aluminiuim, said fluid having a density at the operating

temperature of the elecirolytic cell which is higher than the density at molten
aluminium at the same temperaiurs; a pool of molten aluminium in the
container floating on top of the fluid bath, and a refractory layer arranged on
the inner sidewalls of the containiér at least in tHe area of the pool .of molten

afuminium,, said refraciory layer protecting the molten aluminium from

contacting the inner sidewalls of the contairier:

18. A methad for operating an electrolytic cell for producing alumiinium,

Wherein said cell has:a dimerisionially stable oxygen-evolving anode in the
‘form of @ container made from an alloy that allows: ajuminium to diffise from

inside the container to outside the-container, said method comprising:
praviding a fluid bath in the: bottom of the ‘container, said bath having
the ability o disselve aluminiurd and said fluid having a derisity. at the
operating terperaturs of the electrolytic cell which is higher thar the density
of molten aluminium at the operating temperature of the cell; and
providing a pool of molten aluminium in said container; on top of said
bath.

20.. A method for operating gzn. electrolylic cell for produging aluminium,
wherein said cell, has a dimensionally stable oxygen-evelving anode in the

PCT/US2007/062482
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form of a container and aluminium diffuses from inside the container o
ouiside the container and & solirce of aliminium is provided in the containe,
said method. comprising:
providing electricity {o said anede at & maximum current density: for
5 said'anode.
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SUBSTITUTE SHEET (RULE 26)
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Potential vs. current density
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FIG. 2

SUBSTITUTE SHEET (RULE 26)
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