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Overview
Inert Anodes

Next Generation Vertical
Electrode Cells

Craig Brown

The concept of the vertical electrode cell
(VEC) for aluminum electrowinning is pre-
sented with reference to current research.
Low-temperature electrolysis allows non-
consumable metal-alloy anodes to show on-
going promise in laboratory tests. The eco-
nomic and environmental advantages of the
VEC are surveyed. The unique challenges of
bringing VEC technology into practice are
discussed. The current status of laboratory
research is summarized. New results pre-
sented show that commercial purity alumi-
num can be produced with promisingly high
current efficiency.

INTRODUCTION

In recent years, the emphasis in alumi-
num smelting research has moved away
from the view that retrofit non-consum-
able, or so-called inert anodes, alone rep-
resent the next milestone in emerging
cell technology.1 This change in focus
comes in part from the realization that
non-consumable oxygen-generating an-
odes require additional free energy for
electrolysis compared to conventional
technology.2 In order to derive the ben-
efits promised by inert anodes, system
designs must overcome this additional
energy requirement. Thus, the realistic
approaches to next generation smelters
must be systems approaches.

One approach currently being re-
searched is the vertical electrode cell
(VEC).3 Such a cell employs both inert
anodes and wetted cathodes in a vertical
arrangement. The wetted cathodes al-
low the anode-cathode distance (ACD)
to be kept small and fixed. The oxygen

bubbles generated on the anodes are
quite small compared to the ACD. The
resulting voltage drop in the electrolyte
across the ACD can be kept small enough
that these cells show promise of reduc-
ing the energy intensity of aluminum
smelting despite the free energy pen-
alty. In principle, the VEC approach
could be implemented with any inert-
anode material, thus with conventional
electrolytes at conventional tempera-
tures. However, demonstrably suitable
anode materials for this type of system
remain elusive. For this reason, low-tem-
perature electrolysis (LTE) is being re-
searched as a basis for the next genera-
tion cell.4 LTE is based on changing the
electrolyte composition to one that is
much more acidic than what is used in
conventional smelting, and that exhibits
a much reduced liquidus temperature.
The lower temperature increases the
number of materials that might succeed
as inert anodes.

The conditions for successful LTE dif-
fer significantly from the conditions for
conventional electrolysis. Establishing
the limits on these conditions is a chal-
lenge. Maintaining these conditions in
practice will be a challenge for success-
ful commercialization of the technology.
The traditional cell geometry cannot sus-
tain LTE. The concept of the VEC emerges
as the alternative.

CELL CONCEPT

The LTE approach opens the possibil-
ity that metal alloys will succeed as inert
anodes.5 Charles Martin Hall himself had

attempted to use cop-
per as the anode mate-
rial.6 However, at the
traditional tempera-
tures of over 950°C, the
corrosion rate is too high
for copper to be suitable
as an anode. Alloying
copper with other met-
als can improve the sta-
bility of metal anodes,
but not enough to allow
their use in conven-
tional systems. With
LTE conditions, how-
ever, commercial purity
aluminum has been pro-
duced in laboratory ex-
periments with metal

alloy anodes, as is reported below. Since
the product purity is related to the corro-
sion rate of the metal anode,7 metal an-
odes show true promise if used in an
overall LTE systems approach.

One of the most significant aspects of
the LTE system is that the electrolyte
exhibits relatively low solubility of alu-
mina. Even if the electrolyte is kept satu-
rated with dissolved alumina, the low
solubility prohibits operation at a rea-
sonably high current density. This limi-
tation is overcome by maintaining an
excess of undissolved alumina in the
electrolyte.4 It is essential that the excess
not settle in the cell, however. Rather, a
slurry-electrolyte should be maintained.
In a slurry, the undissolved particles can
circulate through the reaction zones near
the electrodes. In these zones, the dis-
solved alumina is below saturation, so
the slurry particles are driven to dis-
solve. This dissolution supplements dif-
fusion of dissolved alumina from the
bulk electrolyte, and a reasonable cur-
rent density is possible.

Of course, as is generally the case with
oxygen-generating anodes, the free en-
ergy penalty associated with oxygen-
generating anodes must be overcome.
Moreover, the electrolysis process en-
thalpy must be considered. In particu-
lar, the standard enthalpy for the pro-
cess corresponds to an electrolysis volt-
age of around three volts at 750°C.3 If the
cell is run with lower voltage, the elec-
trolyte will freeze. If the cell is operated
at a higher voltage, the excess heat will
keep the electrolyte molten as long as the
cell has a proper thermal design.

As mentioned previously, the free
energy penalty is overcome by using
wetted cathodes. With these, the ACD

Figure 2. An isometric comparison of a large
Hall cell and a small vertical electrode cell of
equal capacity; adapted from Beck.4
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Figure 1. A depiction of a vertical electrode cell with an inert
anode lining; adapted from Beck.4
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can be kept small enough to compensate
for the free energy penalty associated
with the non-consumable anodes. Thus,
the LTE system has three main compo-
nents: low-temperature slurry-electro-
lyte, non-consumable metal anodes, and
wetted cathodes.

Could a modified traditional cell con-
figuration succeed with these three com-
ponents? For instance, could a drained
bottom cell succeed as an LTE system?
The answer is no as long as the slurry is
required to support a reasonable current
density. The requirement that the undis-
solved alumina in the LTE system not
settle implies that a traditional cell con-
figuration is not suited for LTE. This is
because the traditional arrangement
places the cathode, which is not gas-
evolving, on the cell bottom.

The VEC concept allows the LTE con-
ditions to be put into practice. In the
VEC, the slurry is kept suspended by
exploiting the oxygen bubbles produced.
In particular, the liner of the cell is cho-
sen to be anodic, thus gas-evolving. The
bubbles from the bottom of the liner can
indeed lift undissolved alumina particles
and prevent settling.

Figure 1 depicts the VEC concept. This
figure shows the anodic liner embedded
in insulation, and a multiplicity of verti-
cal electrodes suspended into the slurry-
electrolyte. The vertical electrodes alter-
nate between being cathodes and an-
odes. For a given cross-sectional area of
an individual vertical electrode, the total
number of such electrodes employed
determines the capacity of the cell. Al-
though there is a multiplicity of vertical
electrodes, this VEC is not a multi-polar
cell in that all of the cathodes are at an
equal potential, and all of the anodes are

at an equal potential to
each other.

CELL
ADVANTAGES

The advantages of the
VEC over a conventional
cell are many, and all
yield economic benefits.
Some advantages derive
from the inert anode,
some from the wetted
cathode, and some from
the cell configuration.

The VEC has the po-
tential to reduce energy
consumption by up to
30% as a result of the
relatively low operating
voltage obtained using
wetted cathodes. But the
smelting technology of-
fers other cost reduc-
tions as well. These in-
clude reductions in op-
erating costs, capital
costs, and total costs,
which can potentially

lower the price of the aluminum pro-
duced and yield several environmental
advantages.

The operating cost reductions, which
include the reduction in energy con-
sumption, can potentially be as great as
25%. The anodes are non-consumable,
which eliminates the traditional carbon
manufacture process. This also reduces
the cell maintenance since anode replace-
ment is much less frequent. That the cells
remain on-line continuously for longer

periods with the longer anode life, and
also that there are no anode effects with
a slurry cell, improves the productivity
of the smelting process. Finally, since the
cells are well insulated, energy modula-
tion becomes possible.

Because the active electrode area is
redistributed, the VEC configuration
yields a large reduction in cell footprint
(Figure 2). In a conventional cell, the area
is horizontal. The area footprint of the
cell is thus larger than the active area of
the electrodes. In the VEC, the electrode
area is redistributed, and is vertical. Thus
an equivalent electrode area fits within a
much reduced cell footprint area.

Due partly to the reduced footprint,
the capital cost for new smelters can
potentially drop by 30–40%. VEC smelt-
ers require less land, and the smaller
cells reduce the infrastructure require-
ments. Another factor reducing capital
costs is elimination of carbon plants.

The VEC can potentially retrofit exist-
ing smelters, also. The strategy is to re-
place existing cells with VEC cells, but
use existing power supplies. This strat-
egy will, in effect, reduce the size of the
smelt per cell.

If a 25% reduction in total costs is
realized with VEC technology, the po-
tential exists to open new markets for
primary aluminum. In particular, the
reduced cost matches the cost the auto-
motive industry has stated would be
required to use aluminum as a primary
structural material. It has been estimated
that such use would increase aluminum
content from around 113 kilograms per
car today to as much as 317 kilograms
per car by year 2020.8 The reduced price
could facilitate aluminum penetrating
into other markets, such as packaging,
as well.

Figure 4. A photograph of the 10-ampere cell
test stand used in the laboratory. The alumina
crucible is contained in a steel can and placed
in a furnace. The anode specimen resides on
the bottom of the crucible. The cathode is
suspended vertically above this. A thermo-
couple and a reference electrode, both housed
in closed-end alumina tubing, are also placed
in the cell.

Figure 5. A photograph of the 200-ampere cell
test stand. This uses a metal alloy liner in-
stead of the alumina crucible in Figure 4. This
cell also used two vertical cathodes and one
vertical, center anode plate.

Figure 3. The phase diagram of the NaF:AlF3 system.4   C1
and   C2 indicate change limits for the AlF3 concentration that
must not be exceeded within a LTE cell.
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All of these cost advantages are en-
hanced by the environmental advantages
associated with VEC technology. With
metal alloy anodes, greenhouse gases
from the smelting process itself are elimi-
nated. Another large environmental ad-
vantage is the elimination of spent
potliner, a hazardous waste. Because the
cells are smaller, run at lower tempera-
tures, and are rarely opened, VEC tech-
nology also promises improved work-
ing conditions in smelters.

It should be pointed out that inert
anodes do not totally eliminate CO2 gen-
eration due to aluminum smelting. This
is true because generating the power
input for the process can generate CO2.
However, if the cost reductions result in
widespread use of aluminum to fabri-
cate high-mileage automobiles, a sub-
stantial impact can be made on reducing
CO2 generation worldwide.

UNIQUE CHALLENGES

The advantages of the vertical elec-
trode LTE cell make it quite attractive to
pursue. But the practical implementa-
tion of such a cell presents a great num-
ber of challenges. These can be thought
of as belonging to three classes: Funda-
mental challenges, process control chal-
lenges, and engineering challenges.

The first fundamental challenge is re-
alizing a working inert anode. This in-
volves not only determining a suitable
chemistry for the material, but also fab-
ricating this material. While the vertical
anodes may be fairly straightforward to
fabricate, the anode liners may present a
unique challenge in VEC technology, in
particular, understanding the way the
anode passivates and corrodes in the
electrolysis process.

A second fundamental challenge is to
understand VEC alumina feeding. Are
the alumina types now used widely
suited for slurry cell applications? If not,
what are the requirements on the alu-
mina, and how can these be met? Are
existing feeders, such as point feeders,
the best technology for VEC feeding? If
not, what are the requirements for feeder
technology? These questions are ulti-

mately tied to the physi-
cal and chemical behav-
ior of alumina in the
slurry cell.

A third fundamental
challenge is to realize
the best cathode. While
titanium diboride (TiB2)
is usually nominated as
a suitable material,9,10 it
may not be the best for
VEC applications.11

Finding ways in which
any candidate material
can be fabricated for
VEC use is an addi-
tional challenge. Understanding the way
the material and fabrication method com-
bine to yield a wetted and dimensionally
stable cathode is a significant funda-
mental challenge.

A fourth fundamental challenge that
is unique to the VEC approach is remov-
ing the product metal. Unlike a conven-
tional cell, the VEC has no metal pad that
forms on the bottom. Rather, the liquid
product metal is formed on the vertical
cathodes, and could be lost if it detaches.
If the aluminum contacts the anode, the
cell could short and the anode could be
destroyed. Even in the laboratory, prod-
uct metal extraction is a challenge re-
quiring solutions that enable relatively
long-term tests of the VEC approach.

A fifth fundamental challenge is to
generate reliable physical measurements
for the LTE system. Since the electrolyte
and cell temperature are quite different
from those in conventional cells, there is
no body of data in the literature to sup-
ply this background information. Thus,
measurements of physical parameters
such as alumina solubility, diffusion co-
efficients, densities, and so on, must be
made especially for the LTE systems
being researched.

Unique process control challenges
arise with the VEC and LTE technolo-
gies. An example is that with a slurry
cell, alumina depletion and anode effect
are not elements of the system. Rather,
strategies for monitoring and control-
ling the excess alumina in the slurry will
be required. So with next-generation
cells, one of the process control chal-
lenges is to identify the crucial param-
eters that must be controlled for success-
ful cell operation. The next challenge is
to associate measurements with these
parameters, then, the control limits must
be determined for each such measure-
ment. And, finally, strategies must be
developed for using the measurements
for process control.

An excellent example of these process
control challenges is found by looking at
the electrolyte used in LTE. A suitable
electrolyte comprises the sodium fluo-
ride (NaF): aluminum fluoride (AlF3)
two-component system near its low-
melting eutectic composition. As shown

in the phase diagram of Figure 3,4 this
occurs near 44 mole% AlF3. As shown
also in Figure 3, the composition cannot
deviate from this but by a few mole% in
either direction. If the composition be-
comes too low in AlF3 within some limit
denoted as   C1, cryolite can freeze. This
typically occurs on the cathode, and is
effectively irreversible at 750°C. If the
composition becomes too rich in AlF3
within some limit denoted as   C2, the
excess AlF3 precipitates onto the anodic
bottom of the cell. Both of these condi-
tions are to be avoided, and the actual
limits on the change in composition de-
pend on various factors in the cell. Iden-
tifying all of the conditions, identifying
useful measurements, relating the mea-
surements to control limits, and imple-
menting bath composition control are
all key challenges to successful opera-
tion of a VEC utilizing low-temperature
electrolyte.

Once the fundamental and process
control challenges have been met, the
final set of challenges leading to a com-
mercial smelting process can be ad-
dressed. These are the engineering chal-
lenges. They involve embodying the
specifications given by the fundamental
and process control challenges in cost-
effective and practical ways.

Two of the most crucial engineering
challenges envisaged currently follow
from the previous discussion. One is
fabricating the electrodes themselves.
This involves not only consolidating or
casting the materials chosen, but also
doing so in shapes that embody other
factors, such as product metal removal.
The second challenge is developing the
alumina-feeder technology appropriate
for the specifications of the overall VEC.

It was mentioned that the VEC must
be insulated well in order to the meet the
enthalpy requirements that ensure a mol-
ten electrolyte. In a VEC, a frozen ledge
is to be avoided. The design of an insu-
lated hood that incorporates dry scrub-
bing of the cell offgas, yet controls heat
loss, is one of the engineering challenges.

The multiple electrodes of the VEC
reside beneath this insulated hood. Thus,
an additional engineering challenge is
connecting these electrodes to a power
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Figure 6. A plot of cell current efficiency vs.
time for a 100-hour electrolysis test in the 10
A cell. The upper curve includes the weight of
electrolyte extracted along with the product
metal. The lower curve is corrected for this
electrolyte weight using a constant factor.

Figure 7. The product metal contamination vs. time for a 100-
hour electrolysis test in the 10 A cell. The plot shows the
combined weight percent of all anode components in the
product metal, and is not corrected for additional sources of
these metals. The commercial purity target of 0.1 wt.% with
respect to anode metals was maintained essentially throughout
the test.
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Given this overview of the nature of
the VEC being researched presently,
the question may be asked: Where does
the research effort stand at this time?

The types of experiments and cells
used in the laboratory experiments to
date are described more fully else-
where.3 Two types of cells have been
employed. One, shown in Figure 4,
uses a 500 ml alumina crucible to hold
the electrolyte. Experiments in this cell
typically draw around 10 amperes of
electrolysis current, and it is called the
10 A cell. These experiments are typi-
cally of five-hour duration. They focus
on surveying anode and cathode mate-
rials and investigating LTE slurry-elec-
trolytes. A larger cell, in which cur-
rents of 100–300 amperes are used, is
shown in Figure 5. This 200 A cell uses
a metal alloy liner and vertical elec-
trodes. In this way, it embodies the
VEC concept. It is being used to ad-
dress issues of long-term tests and prod-
uct-metal extraction. Both of these cells
use ovens with resistance heaters em-
bedded in firebrick. For the tests con-
ducted with these cells, an insulated
hood is not used; the heaters are relied
upon to maintain system temperature.

One year ago, five-hour tests in the
10 A cell exhibited current efficiencies
as high as 90%. These efficiencies are
determined by weighing the actual
product metal, not by analyzing for
oxygen in the offgas. These efficiencies
were achieved concurrently with pro-
ducing metal that nearly reached pro-
gram goals for purity (ie., no more than

0.1 wt.% contamination by anode com-
ponents). It was anticipated that the cor-
rosion of the anodes and the associated
contamination of the product metal
would drop in time. However, no con-
tinuous aluminum extraction method
was in hand to enable longer tests. It was
also not known if the 90% efficiencies
observed were limited in a fundamental
way by the VEC approach. In particular,
was a 10% loss of current efficiency the
result of the product metal back reacting
with oxygen in the electrolyte?

Since then, several principles and
methods for continuous metal extrac-
tion have been studied and shown to be
feasible. One of these has been used to
enable longer tests in the laboratory.
These longer tests have been conducted
both with the 10A cell and the 200A cell.
Other advances have resulted in current
efficiencies for five-hour tests as high as
95%. This last result indicates that the
current efficiency losses typically expe-
rienced seem not to be due to back-
reaction, but to other factors.

The best results to date can be summa-
rized in terms of two tests, one in the 10
A cell and one in the 200 A cell. The best
10 A cell test lasted 100 hours. All indica-
tions were that the cell would continue
operating without problems, but the test
was halted once the targeted duration
was reached. The average electrolysis
voltage for this test was 3.716 V. This is
above the 3.5 V target overall, but is an
appropriate voltage for the geometry of
the 10A cell because the ACD is not
uniform in this test stand.

PROGRESS UPDATE
The average current efficiency over

the 100-hour period was 87%. Figure 6
is a plot of current efficiency with time.
Two traces are shown. The upper trace
includes the weight of electrolyte that
is removed with the metal extraction
technique employed. The lower trace
is corrected with an average factor for
this electrolyte.

The product metal collected in this
100-hour test was at or below the target
contamination level for essentially the
entire test. This is shown in Figure 7,
which plots the contamination by an-
ode materials against time. The target
is 0.1 wt.%, which is exceeded only
slightly in four of the metal-collection
cycles throughout the entire test. It
should be noted that iron is a compo-
nent in the anode tested, and iron is
present in the electrolyte regardless of
the anode used. The results in Figure 7
include any iron contamination from
sources other than the anode.

The best test to date with the 200 A
cell lasted 88.5 hours. The test was
halted due to freeze on the cathode,
which underscores the need for better
process control. The overall current ef-
ficiency, corrected for electrolyte re-
moved, was 84%. This relatively low
value is probably due in part to the
inefficiency of the metal-removal
method. During some portions of this
test, the product-metal purity reached
the targets, but this purity was not
maintained throughout. The variable
product purity is probably tied to diffi-
culties with process control.

bus that lies outside of the hood. The
connections must be of suitably low re-
sistance and compatible with the materi-
als of the electrodes.
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