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ABSTRACTS

In the last decade there has been little change in the electrolyte compositions of modern, high-
amperage aluminium electrolysis cells. They all appear to use similar compositions now, with 10
to 12 % AlF3, 4 to 6 % CaF, and 2 to 4 % Al,Os and with temperatures in the range from 955 °C
to 965 °C. Have we really reached the "optimum" electrolyte composition for these cells? Older
prebake and Soderberg cells use different compositions, including LiF and MgF, as additives in
some cases. Particularly, the effects of AIF; content, temperature and superheat have been studied
in recent years. This paper discusses the options and the desirable electrolyte properties, and their
relationships with cell operational performance.

INTRODUCTION

The electrolyte is the heart of the Hall-Héroult process. Cryolite, Na3AlFs, is the main electrolyte
constituent because of its unique capacity as a solvent for alumina. AlF; is usually present at 10
to 12 % (by weight) in excess of the cryolite composition. CaF; is seldom added intentionally,
but originates from the CaO impurity in the alumina feed, which gives typically 4 to 6 % CaF; in
the electrolyte. The alumina content is usually kept between 2 and 4 %.

The electrolyte is not consumed during the electrolysis process, but some losses occur, mainly by
vaporisation and by penetration into the cathode lining. Modern cells may contain between 4 and
6 tonnes of liquid electrolyte, and the temperature during normal cell operation is typically
between 955 and 965 °C.

The interpolar distance, or the average vertical distance between the bottom side of the anode and
the surface of the pool of liquid aluminium, is between 4 and 5 cm. Thus, in addition to its main
functions of passing electricity from the anode to the cathode and being a solvent for alumina to
enable its electrolytic decomposition to form aluminium, the electrolyte also provides a physical
separation between the cathodically produced aluminium metal and the anodically evolved
carbon dioxide gas.



COMPOSITION CHANGES BY USE OF ADDITIVES

The reason for using additives to modify the composition of the electrolyte is to improve its
physico-chemical properties, which in turn will improve the operational results of the cells.
Traditionally, the target has been to increase current efficiency and reduce energy consumption of
the process. Recently, many smelters have shifted their focus to higher productivity by increasing
the cell amperage. At present, more emphasis is now put on economic factors such as maximum
return on investment and increased shareholder’s value.

Knowledge of the physico-chemical properties of cryolite-based electrolytes is essential for
technological progress, and a lot of excellent research work has been done in different
laboratories to measure these properties accurately and to establish a fundamental database. It has
been attempted to develop empirical equations that may be used to calculate and predict physico-
chemical properties as a function of temperature and composition for these electrolytes. The most
important group of properties is liquidus temperature, alumina solubility, electrical conductivity
and density, but also vapour pressure, interfacial tension and viscosity have been measured more
accurately during the last two decades.

All additives reduce the melting point of the electrolyte and thereby the cell operating
temperature, but unfortunately they also reduce the alumina solubility. However, with modern
alumina feeding techniques it is easier to control the alumina content in the electrolyte, so the
reduced solubility is not as critical as in previous years.

The electrolyte composition is rarely a design criterion for aluminium electrolysis cells. Thus,
most cells can use widely different electrolyte compositions, but within the limits set by stable
cell operation (stable cell voltage and energy balance). One important design criterion is the heat
losses through the sidewalls and the bottom of the cell, which, in addition to the type and quality
of the cathode refractory and insulation materials used, also are determined by the bath
temperature and superheat. Superheat is defined later.

Thus, the electrolyte composition is clearly important for cell operation and performance.
Optimisation of the electrolyte is one of the key operating features that have to be addressed for
maximum performance of industrial cells, both economically, energetically and environmentally.

The structure of NaF - AlF; melts

The system NaF - AlF; is a typical ionic molten salt mixture. The most important solid
compound is cryolite, NazAlFs, which melts at 1011 °C. Molten cryolite is completely ionised
into sodium cations and hexafluoroaluminate anions:

NasAlF (s) =3 Na' + AlFg> (1)

It is also well established that the hexafluoroaluminate ion dissociates further. The existence of
tetrafluoroaluminate ions, AlF,, was suggested already in the 1940s (1). Thus, the dissociation
scheme then will be:

AlFe" = AlF, +2 F )

Until 1990 this reaction was considered as the main dissociation scheme in cryolite melts. Then
Dewing (2), on the basis of NaF and AlF; activity data, concluded that also AIFs> ions might
exist in these melts:



AlFg = AlFs” +F (3)

Raman spectroscopic studies by Gilbert and co-workers (3) also have indicated the presence of
A1F52' ions, and in much higher concentration than the A1F63 “and AlF, ions.

While research studies of the structure of NaF-AlF; melts continue, it seems fairly well
established that the main anions are AlF’ , A1F52', AlF, and F. The relative concentrations of the
anions still remain to be established as a function of the NaF/AlF; ratio in the melt. The only
cation present in this system is Na’. Furthermore, Ca®" ions are present, but possibly as Ca-Al-F
complex ions in these melts.

The structure of NaF - AlF; - Al,O3 melts

When alumina is added to NaF-AlF; melts, it dissolves via reaction. Alumina then reacts with
AlF¢’ ions to form various anionic Al-O-F species (4,5). Measurements of the freezing point
depression of cryolite by addition of Al,O3 have shown that the main complex species are of the
type A12OFX4-X at low alumina concentrations and of the type Alezsz'x at higher contents
towards alumina saturation. The main species may be formed by the following reactions:

ALO; (s) +4 AlFg” =3 ALOF” +6 F 4)
ALO; (s)+4 AlFs =3 ALOFg" (5)
ALO; (s)+ AlFs =3/2 ALOFs* (6)

The maximum concentration of the latter two species will occur at the cryolite composition.

The structure of the melt then becomes more complex by adding alumina and is not as well
established. The concentrations of the major ions present depend on the contents of Al,O3; and
AlF;,

The structure of cryolite-alumina melts has been one of the most widely investigated subjects in
the field of molten salt chemistry. In spite of the considerable progress that has been made from
this research work, we have not yet reached a complete understanding of the structure of these
complex melts. Irrespectively, however, it is true to say that the changing views on the nature of
the ionic species present in these melts have had no impact whatsoever on the industrial process.

ALUMINA DISSOLUTION

The dissolution of solid alumina in cryolitic melts involves several steps before the added powder
is transformed into a homogeneous solution in the electrolyte. These steps may be summarised as
follows:

-Heating-up of the cold alumina powder to the temperature of the electrolyte.
-Transformation of the added gamma alumina to the alpha alumina phase.

-Dissolution of the alpha alumina and chemical reaction with Al - F ions in the electrolyte to
form complex Al - O - F ionic species.

-Mixing and dispersion of the dissolved solution uniformly in the electrolyte.

The mixing and dispersion are extremely important. The alumina feeding should therefore be
done in a turbulent area in the cell, and the amount of alumina added per electrolyte volume



should be minimised. Small additions are therefore desirable. Furthermore, a rapid transfer of
heat to the alumina powder added is crucial to prevent formation of agglomerations.

When alumina gets in contact with the electrolyte, three basic mechanisms may occur:
1. It rapidly disperses as discrete grains and dissolves easily.

2. It agglomerates and freezes electrolyte around it. This may float on the surface of the
electrolyte, or sink as a dense crust to the top of the liquid aluminium, or it may sink to the
bottom of the cell.

3. It can sink to the bottom without dispersing, which is typical for alpha alumina.

Because of these three different alumina dissolution mechanisms, meaningful laboratory
measurements of dissolution rates of aluminas are difficult to perform.

Measurements in industrial cells have shown the effects of different cell operating variables. The
best conditions for good alumina dissolution would be for an electrolyte with a relatively low
AlF; content, low alumina concentration and high superheat. Most of these criteria are not in
agreement with the requirements for optimum cell performance, however, as will be discussed
later.

METAL SOLUBILITY IN THE ELECTROLYTE

All metals are soluble in their molten salts. Thus, the cryolite-containing electrolyte in
equilibrium with liquid aluminium contains dissolved reduced metal species. These reduced
species are very important electrochemically because they may be deoxidised by the anode gas to
form alumina and CO (g), and they are the main cause of reduced current efficiency by what is
commonly called "the back reaction":

2 Al (dissolved) + 3 CO; (g) = Al,Os; (dissolved) + 3 CO (g) (7)

It is generally agreed that two different types of dissolved ionic species are formed, one
containing aluminium and one containing sodium in some form or another. The structurally most
probable aluminium-containing species is monovalent AlF;" ions. The problem of the nature of
the reduced sodium-containing species still remains unsolved. There are some recent work,
however, that suggests that sodium may dissolve to give "free" electrons in the electrolyte, as
indicated by the reaction:

Na (dissolved) =Na' + ¢ (8)

The dissolved electrons that are formed, may be trapped in anion positions in the melt, but also
impart electronic conductivity on the melt. Sodium has a significantly higher solubility than
aluminium at the usual industrial electrolyte compositions

The best literature data for the total metal solubility are those of Odegérd et al. (6) and Wang et
al. (7). The latter authors have used their measured solubility data to predict current efficiency
data, as shown in Figure 1. It is seen that higher cryolite ratio, or higher AlF; content, reduces the
solubility. In addition, Al,0O; has been found to have only a small reducing effect, and LiF also
lowers the metal solubility in cryolite melts.
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Figure 1. Effect of cryolite ratio on total metal solubility (left-hand y-axis) and predicted current
efficiency (right-hand y-axis) in cryolitic melts, according to Wang et al. (7). Cryolite ratio is
defined here as the molar ratio of NaF to AlF;.

EFFECT OF ADDITIVES ON CURRENT EFFICIENCY

The positive effect of a high content of AlF; in the electrolyte on cell performance can be viewed
as a combination of low metal solubility and low liquidus and electrolyte temperatures. However,
many practical industrial tests in recent years have shown that it does not seem to be possible to
increase the AlF; content in the electrolyte above a certain value without experiencing cell
operational problems. At the present time this composition seems to be about 12 or 13 % AlF;.
Attempts to go to higher AIF; contents have given considerable variations in electrolyte
composition and temperature, due to difficulties in maintaining the energy balance in the cell. In
some cases the attempt to keep the cell voltage constant may give a low anode-cathode distance,
because the electrical conductivity of the electrolyte decreases with increasing AlF; content. A
thinner side ledge in the melt phase above the electrolyte/metal interface will then be the result,
and the risk of formation of undissolved alumina sludge and bottom freeze will increase, because
of lower alumina solubility and lower electrolyte temperature.

Up to the limit indicated above, high AlF; contents in the electrolyte has been shown to be a sure
way to improve the cell performance. This is illustrated by tests on 180 kA and 280 kA cells that
have been operated at different AlF; and LiF contents (8,9). Figure 2 shows that the current
efficiency was found to increase linearly with increasing AlF; content in the whole measured
range from 4 to 12 % AlF;. Laboratory cell measurements by Solli et al. (10) have shown the
same trend.

Increasing content of CaF, has a positive effect on current efficiency, according to recent
literature data from a laboratory cell study (10). However, in practice the small variation in the
CaF, content in the electrolyte of industrial cells has often been insufficient to show any clear
trend.
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Figure 2. The change in current efficiency with aluminium fluoride content in lithium-modified
electrolyte tests, from Tabereaux et al. (8).

The true effect of LiF is more controversial. Several smelters have reported improved operational
performance with the use of LiF-containing electrolytes (11-15). For modernised and older
prebake anode cells, as well as Soderberg cells, this alternative electrolyte composition may be an
interesting choice. The effect of LiF may be cell dependent, however. In modern high-amperage
cells its positive effect is questionable. Comprehensive plant tests have been reported for modern
180 kA and 280 kA cells operated with lithium-modified low-ratio electrolyte chemistry (8,9).
The current efficiency was then reduced when the electrolyte contained 2 to 3 % LiF. It should be
mentioned here that attempts to operate cells with both high AlF; and high LiF contents failed
because of problems with electrolyte composition instability. From these tests it was concluded
that lithtum carbonate addition to these modern cells could not be technically and economically
justified, because current efficiencies exceeding 95.0 % could be achieved without it.

Effect of electrolyte temperature

The electrolyte temperature is an important parameter for cell operation. In fact, the temperature
has been claimed to be the most important factor influencing current efficiency (16). Typically,
five degrees reduction in electrolyte temperature causes 1 % improvement in current efficiency
(17). This improvement may not be the case when the temperature change is caused by changes
in electrolyte composition, however.

An interesting relationship is illustrated in Figure 3, which shows data for current efficiency
versus electrolyte temperature in various 180 kA cells of the same technology and electrolyte
composition. The data show a considerable scatter by 3 % in current efficiency, even in the
narrow temperature range of 957 °C to 966 °C. From these data one may be tempted to draw the
conclusion that electrolyte temperature does not matter much for the cell performance. However,
this is not correct. Tarcy's (16) explanation of the fact that some plants operate at both high
current efficiency and high temperature was that the higher temperature improves cell stability. In



other words, these high temperatures gave good cell voltage stability and correspondingly low
cell voltage noise, and also a stable energy balance in the cells.
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Figure 3. Current efficiencies versus electrolyte temperatures for various 180 kA cells, according
to Cutshall (18).

Effect of the superheat

While textbooks and technical papers hardly mentioned the expression superheat about ten years
ago, it has now become an important parameter for cell operation. It is defined as the difference
between the electrolyte temperature and the liquidus temperature for the given electrolyte
composition. Typical values are in the range from about 5 °C in point-fed cells and up to 15-20
°C in centre or side-fed cells. Its relationship with current efficiency is illustrated in Figure 4,
where it is shown that the current efficiency clearly increases with decreasing superheat.
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Figure 4. Current efficiency as a function of electrolyte superheat, from Tabereaux et al. (8). The
dashed line is calculated from Dewing (19), but his data has been normalised at 2 °C superheat to
agree with the experimental data.



Superheat is an important parameter, because it controls the thickness of the side ledge, and it
provides the heat necessary for heating and dissolution of the alumina added. Thus, the superheat
should not be too low. Previously, one had to base the superheat data on electrolyte analysis and
calculated liquidus temperatures from equations developed in laboratory investigations.
Sometimes the calculations could give low or even negative superheats. This so-called "liquidus
enigma" has been discussed in the literature, and possible explanations have been given (20,21).
More recently, new equipment for direct measurement of superheat has been developed (22,23),
based on the principle of thermal analysis. This is now the most reliable method of determination
of this parameter, and it is claimed to give superheats with an experimental scatter of less than 1
°C.

INDUSTRIAL ASPECTS
Choice of electrolyte composition

The choice of electrolyte composition can be made from several reasons. In practice the
composition may be a result of management decisions and goals, but also the background and
experience of the operators, their flexibility for changes, and the tradition of the smelter. Cost
factors are always important. Acquirement of new cell technology can imply a change in
electrolyte composition, and it can be an important part of a modernisation and retrofitting
program for older cells. In some cases environmental problems, like high fluoride emissions from
the cells, and also customer requirements for a better metal purity, can be reasons for changing
the electrolyte composition.

There are many different electrolyte compositions that can be used in the primary aluminium
industry today. For a given cell there can be several compositions that give equivalent technical,
but different economical results. As discussed by Kvande (24) and Tabereaux (25), there is no
universal optimum electrolyte composition for aluminium electrolysis cells. The composition is
often customised to fit the needs of each individual smelter to maximise cell performance and
productivity. The basis for the choice of electrolyte composition is the excellent database for the
fundamental bath properties, as has been discussed earlier, and the known theoretical and
empirical relationships between these properties and cell operational parameters. Still, relatively
little may be found in the open literature about the practical effects of electrolyte composition on
cell performance. At least a part of the reason may be the difficulty in quantifying the specific
effects, and many of the papers published on cell modernisation have not emphasised the
importance of the electrolyte composition for the reported operational results.

Short history of industrial electrolyte compositions

Fifty years ago the typical electrolyte compositions consisted of 1 to 3 % AlF; and up to 8 %
CaF,. Apparently, Alcoa has been one of the pioneers in the development of modern electrolyte
compositions. Already in 1954 the Wenatchee smelter went up from 1.5 to 6 % AlF; and
experienced 3 % increase in current efficiency (26). With the introduction of the first point
feeders in Rockdale in 1961, where small amounts of alumina were added in each feeding dump,
the conditions were right for further increase in the AlF; content. A large-scale test at 11 % AlF;
in the Badin smelter in 1965 was a failure, as described vividly by Holmes (26), but eleven years
later electrolytes with 11.5 % AlF; gave 91 % current efficiency. At the end of the 1970s
Pechiney (27) tried compositions with 13 to 14 % AlF; in their 180 kA test cells. However, at



present the Pechiney cells are operated at 11 to 12 % AIF; (28). This may mean that there
appears to be a limiting AlF; content in the electrolyte, above which no further gain in cell
performance seems to be achieved.

Some more industrial experiences

Many if not all of the older smelters have changed their electrolyte compositions since the time of
start-up of their potlines. This has been a gradual and slow process, and in most cases the
observed effects on cell performance have not been published. But there are a few exceptions.
Jeltsch and Franklin (29) have published the results from the modernisation of the Kaiser Mead
smelter. These cells were of World War II technology, and the smelter was faced with a
shutdown if not modernised. The electrolyte composition was then increased from 5 to 13.5 %
AlFs, and a 5.7 % increase in current efficiency was achieved, together with a nearly 3 kWh/kg
Al reduction in energy consumption.

In Dubal (30) the improvements in cell performance was 0.9 kWh/kg Al lower energy
consumption and 3.8 % higher current efficiency, with an increase in AlF; content of 3-4 %. Of
this current efficiency improvement, 2.5 % was attributed to the change in electrolyte
composition, while 0.8 % was due to an anode size increase, and 0.5 % was caused by what the
authors called an anode quality optimisation.

In the Boyne smelter (31) the predicted performance by increasing the AlF; content from 7 to 13
% was a reduction in energy consumption from 14.2 to 13.8 kWh/kg Al, an improvement in
current efficiency from 88.9 to 93.1 %, and a reduction in electrolyte temperature from 972 to
955 °C.

Intalco (32) has changed from cell operation at 6-7 % AlF; and 970-975 °C to 8 % AlF; and 2 %
LiF at 940-945 °C, and they then achieved an increase in current efficiency of up to 3 %. A
similar change from an electrolyte with 10 % AIlF; to a lithium-modified electrolyte with 4 %
AlF; and 4 % LiF, together with higher cell amperage and wider anodes in Sdderberg cells, was
estimated to increase current efficiency from 88 to 92 % and reduce the temperature from 965 to
950 °C (33). The increase in current efficiency was estimated on the basis of lithium-modified
electrolyte, point feeding, computer control and process stability. Authors from Venalum (34)
have described the opposite case; the changeover from lithium-modified to a high AlFs-
containing electrolyte.

CATEGORIES OF ELECTROLYTE COMPOSITIONS

Somewhat simplified, but still realistic, it seems that there are now three main categories of
electrolyte compositions used in three different types of cells:

1. Modern high-amperage side-by-side prebake cells (175 to +300 kA) use electrolytes with 10 to
12 % AlF; and are operated at energy consumption between 13 and 14 kWh/kg Al

2. Modernised or retrofitted cells (100 to 175 kA) with energy consumption above 14.0 kWh/kg
Al have a choice between an electrolyte with high AlF; content (10 to 12 %) or a lithium-
modified bath.
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3. Older cells constructed 30 to 40 years ago with low amperage (below 100 kA) and high energy
consumption (above 15.0 kWh/kg Al), often use electrolytes with AlF; contents below 7 %, but
also lithium-containing baths are employed.

Again, it is emphasised that these three categories are not very strict, and variations occur.
However, the trend for the last two decades has clearly been towards electrolytes with higher
AlF; contents for most cell types. It has been claimed that the biggest stumbling block preventing
use of electrolytes with high AlF; contents is centre or side feeding with bar breakers. Point
feeders have been believed to be necessary for AlF; contents above 9 to 10 %, but this is
probably not the limit. With a good alumina feeding strategy higher values may be reached, even
with bar breakers.

ELECTROLYTE OPTIMISATION

The focus of electrolyte optimisation has been to reduce the metal solubility and to increase or
maintain the electrical conductivity. The majority of the electrolyte modifications have been
made by adding more AlFs, because this gives much purer aluminium and has a slightly lower
deposition potential. Some companies have preferred to use LiF additions to reduce the dissolved
metal solubility and increase the electrical conductivity of the electrolyte. This is counteracted,
however, by the tendency for a limited co-deposition of lithium in the aluminium produced, thus
necessitating having a specific type of metal treatment facility to meet many metal quality
standards. Therefore, plants having this will be able to utilise LiF-containing electrolytes,
whereas other smelters can only do that at a cost penalty.

On the other hand, the use of high AlF; contents in the electrolyte presents several challenges, as
a consequence of the following unwanted changes in physico-chemical properties:

reduced electrical conductivity,

reduced saturation solubility of alumina (also for modified electrolytes),
increased electrolyte loss through vaporisation and HF (g) formation,
increased solubility of aluminium carbide.

The latter can lead to accelerated wear of the cathode and thereby reduced cell lives.

FUTURE CHALLENGES

At present the greatest challenge is to control the electrolyte composition at levels above 11 to 12
% AIlF; that is used in most modern cells. One problem is the inherent variation in AlF3 content
with time, which makes it difficult to keep the composition constant. Better control of the heat
balance and possibly a redesign of the cathode insulation are needed to achieve this. The greatest
problem, however, is the tendency to form bottom freeze or ridge, because of the high melting
temperature of sludge and the low operating temperature in cells with high excess AlF;
electrolytes. Welch and co-workers will discuss the subject of AIF; control in detail at this
conference (35).

It is also important to control the alumina concentration. Larger cells will continue to be
developed. When cells are getting larger, it is expected that it will be more difficult to disperse
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the alumina sufficiently to avoid aggregation and sludge formation, and there will be a disturbed
fluid flow due to alumina not dissolving well. Thus, it will be an increasing problem to distribute
the dissolved alumina evenly, and the concentration of dissolved alumina may vary from place to
place in these large cells. The present point feeding is not the optimum method, because it
introduces a process disturbance in the cell (36). The ideal would be completely continuous
feeding of homogeneous preheated alumina.

The increasing demand to minimise the occurrence of anode effects and the corresponding
perfluorocarbon gas emissions will require better alumina feeding control. Perhaps it may be

advantageous to increase the average alumina concentration in the bath, for this and other reasons
(37).

A really radical change would be if inert or non-consumable anodes could be developed to
become technically and economically viable. Such anodes would probably consist of a mixture of
various ceramic materials (oxides) and/or metal alloys, and in all cases the electrolyte then has to
be saturated with alumina to minimise anode dissolution. This could also change the overall
electrolyte composition in such cells. Inert anodes would really represent a revolution of the Hall-
Héroult process.

CONCLUDING REMARKS

The continuous progress in the electrolysis process has reduced the relative effect of increasing
AlF; content in the electrolyte compared to the effects of cell design and operation. This is
illustrated in Figure 5, taken from Welch (36). Although these curves are based on estimated
data, they show the great progress made by the increase from 3 to 13 % AlF;. At higher AlF;
contents the two other factors are becoming more important, and particularly cell operation.
Anyway, it is believed that the electrolyte composition and its effect on cell performance will
continue to be a focal aspect also in the years to come.
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Figure 5. Contributions to loss in current efficiency as the AIF; content in the electrolyte
increases, according to Welch (36).
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Even though the Hall-Héroult process has been studied, used and continuously improved for
more than a century now, there is still a great deal that we do not know about the technology. The
process has long been characterised by incremental process improvements. The electrolyte for the
aluminium electrolysis cells is then an area that also has undergone little evolution. All
electrolytes are still based on cryolite, with additions of some alkali and/or alkaline earth
fluorides. It is reasonable to expect that this will continue also in the future, since cryolite is
essential to dissolve the alumina. No new additives are expected to appear, and low-melting
electrolytes (below 900 °C) is still a dream.

It is clear that for most modern cells today, the gain in current efficiency by changes in
electrolyte composition is limited. Still small, but significant improvements in cell performance
are possible even in the best operating cells and this may be worth striving for. In the majority of
the existing older cells the potential improvements are considerably greater.
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