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Aluminium was smelted in a laboratory-scale cell at temperatures down to 850 °C from cryolite-based 
electrolytes with bath ratios in the range 0.75-1.50. Electrolyses were conducted for 1 - 2 h  using a 
current density of  1 A cm -2 on 5 cm 2 electrodes with an anode-ca thode  distance of  2 cm. Current 
efficiencies of  up to 95% were recorded. In low bath ratio electrolytes, operation at alumina concen- 
trations of  ~> 3 wt % sometimes resulted in the aluminium deposit breaking into globules which 
clustered around the cathode. Under  constant  current conditions, the critical alumina concentration 
for the onset of  anode effect was found to be ~ 2 w t  %. The bubble evolution characteristics (i.e., 
size and frequency) which affect mass transfer and cell voltage were also evaluated. Overall, low- 
temperature cryolite-based electrolytes may offer a viable alternative to conventional compositions 
for aluminium smelting. 

1. Introduction 

The imminent introduction of wettable cathode tech- 
nology by the aluminium industry will result in a sub- 
stantial improvement to the energy efficiency of the 
smelting process. This technology allows operation 
at smaller anode-cathode distances (ACD) and 
hence, reduces power losses through the electrolyte. 
The development and implementation of low- 
temperature electrolytes (LTE) would further reduce 
energy consumption by decreasing the thermal 
demand of smelting cells. Low temperature smelting 
may also increase cathode life by reducing the rate 
of the thermal degradation processes. Additionally, 
the prospects for the development and introduction 
of inert anodes would be enhanced. 

The impact of lowering the operating temperature 
through modified electrolyte composition has been 
studied by many authors (e.g. [1-6]). The anticipated 
benefits include an improved current efficiency (CE) 
and reduced anode carbon consumption. However, 
the effects of lower alumina solubility, electrolyte con- 
ductivity, and density differential between metal and 
electrolyte, will have to be addressed in any applica- 
tion. Sleppy and Cochran [6] reported CEs of ~90% 
in electrolytes with bath ratios ( B R = w t N a F /  
wtA1F3) 0.65-0.80 operating at 730-900°C. How- 
ever, a solid cryolite 'crust' formed on the cathode 
surface unless the electrolyte temperature was main- 
tained at ~100 °C above the liquidus temperature of 
the bulk NaF-A1F 3 composition. 

The cryolite-based electrolyte in modern aluminium 
smelting cells typically contains 2-4wt % alumina, 
8-13 wt % aluminium fluoride, 3-7 wt % calcium 
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fluoride, 1.5-3 wt % lithium fluoride and 2-4 wt % 
magnesium fluoride [7]. Most industrial electrolytes 
operate with BRs in the range 1.15-1.35 and cell tem- 
peratures between 940 and 980 °C. Aluminium fluor- 
ide is the most commonly used additive to lower 
melting point, with up to ~30% A1F 3 in excess of 
the cryolite composition allowing operation between 
850-900 °C. Although A1F3 and CaF2 decrease alu- 
minium metal solubility, they also decrease alumina 
solubility and electrical conductivity. LiF can be 
used to compensate for the losses in conductivity at 
high A1F3 concentrations [8]. 

In previous work [9, 10] it was demonstrated how 
parameters relevant to aluminium smelting could be 
determined in a novel laboratory-scale cell with a wet- 
table cathode. The present paper reports on the use of 
this cell for the evaluation of several LTEs based on 
additions of A1F3. Measurements were made of CE, 
and of the influence of alumina concentration on the 
onset of the anode effect and the stability of the alumi- 
uium metal film. Additionally, the effects of electro- 
lyte composition on anode gas evolution 
characteristics were studied. 

2. Experimental details 

2.1. Electrochemical cell 

The multi-element graphite electrochemical cell and 
Inconel furnace used in this work have been described 
previously [9, 10]. An argon atmosphere was main- 
tained within the furnace to prevent excessive oxida- 
tion of the graphite cell components. As before, the 
molybdenum cathode (Metallwerk Plansee GmbH, 
99.95%; diam. 25 mm) was constructed with a 5 ° con- 
ical concave cross-section (i.e., 170 ° included angle). 
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Table 1. Summary o f  electrolyte compositions and operating tem- 
peratures 

Composition* xs-AlF3 ~ Al203 CaN 2 BR Toper . 
/% / w t %  / w t %  /°C 

LTE 1 0 30 satd 0 1.50-0.86 975 884 
LTE 2 15-38 4 5 1.09-0.77 966-850 
LTE 3 15-30 satd 5 1.09-0.86 948-890 
LTE 4 25-30 4 0 0.92-0.86 923 892 

* LTE 5 (4wt % A1203, BR 0.75, Toper 850°C). 
Defined as the mass percent of A1F 3 in excess of the 

composition. 
Na3A1F6 

This substrate material allows the formation of  a 
stable atuminium film and recovery of the aluminium 
product  for CE calculation and for analysis. During a 
standard experiment producing ~2 g aluminium, the 
maximum thickness of the slightly domed deposit 
was ~3 mm. 

Anodes were fabricated from graphite rod (Morga- 
nite EY941; diam. 24mm) and sheathed with recrys- 
tallized alumina tubing (Alsint, 99.7%) to define the 
active surface area of  ~5 cm2; a 1.5mm thick section 
was left exposed to allow for consumption during elec- 
trolysis. The horizontal working face had a comple- 
mentary 5 ° conical cross-section to the cathode. 
Additionally, the anode was fitted with an alumina 
sleeve (44mm o.d. x 34mm i.d.) to give an anode- 
sleeve gap of 5 mm. The bot tom of the sleeve was set 
15mm below the anode surface and positioned with 
a clearance of  5 mm above the base of the cell, to 
give an ACD of  2cm (see [10], Fig. 2). 

For  the study of anode effects, anodes without alu- 
mina sleeves were sheathed with boron nitride (Union 
Carbide, HBR grade) and were fabricated with an 
additional 1 mm of  exposed graphite to allow for the 
extra consumption over longer electrolysis periods 
(total area ~5.5 cm2). Boron nitride was used as the 
sheath material since the recrystallized alumina tubing 
was found to dissolve significantly in electrolytes with 
low alumina concentrations. To test the effect of  
extremes of  anode geometry on bubble characteristics, 
two unsleeved graphite anodes (diam. 24ram), one 
with a horizontal surface (total area ~5 cm 2) and the 
other domed in shape (total area 7.6 cm 2) were con- 
structed and sheathed with boron nitride. Again, the 
above experiments were run at a nominal ACD of 
2 cm. 

2.2. Electrolyte composition 

Synthetic cryolite and alumina (supplied by Comalco 
Research Centre, Australia), aluminium fluoride 
(CERAC Inc., 99.9%) and calcium fluoride (Aldrich, 
99.9%) were vacuum dried at 120 °C for 4 h and then 
stored in vacuo until required. In the preparation of 
the electrolyte (total weight, 300 g), the weight of alu- 
mina added was adjusted to allow for the residual 
level in the cryolite (~2 wt %). Bath ratios for LTEs 
were selected in the range 0.75-1.09 to give liquidus 
temperatures between 811 and 956°C (calculated 

from [7, 8]). Experiments were normally run at a 
10 °C superheat (i.e., the difference between the oper- 
ating temperature and the calculated liquidus). A 
summary of  electrolyte compositions and operating 
temperatures is given in Table 1. 

2.3. Electrochemical and mass transfer measurements 

Aluminium was normally electrodeposited at a cur- 
rent density of  ~ l . 0 A c m  -2 for 24000 coulombs 
(5A, 80min) using a 5A capacity constant-current 
power supply [9, 10]. The cell voltage and resistance 
were continuously monitored on a Yokogawa 
HR1300 hybrid recorder. In addition, experiments 
were run for 17 030 coulombs to examine aluminium 
film stability and for up to 37 000 coulombs to study 
anode effects. Current efficiencies were determined 
from the weight of  the aluminium product  and Fara- 
day's law; the weight of  aluminium was corrected for 
the molybdenum dissolved from the cathode substrate 
(up to 10wt % at 975°C). The weight of the alumi- 
nium deposit obtained under the same conditions 
was reproducible to +0.5%; no correction for the elec- 
trolytic co-deposition of  sodium (usually <0.7 wt %) 
was made. 

Mass transfer measurements involved additions to 
the electrolyte (~0 .01wt%)  of  the metal tracers, 
copper oxide (BDH, Analar) and manganese fluoride 
(BDH, LR). The aluminium product was analyzed for 
co-deposited copper and manganese by atomic 
absorption spectroscopy and the mass transfer coeffi- 
cient for aluminium was calculated as before [9-11]. 

Bubble characteristics were studied using digital 
analysis of  fluctuations in cell voltage and resistance. 
The collection and analysis of  data have been 
described previously [9, 10]. 

3. Results and discussion 

3.1. Effect o f  bath ratio on current efficiency 

Current efficiencies were determined over the BR 
range 0.86-1.50 in LTE 1 and the results are presented 
in Fig. 1. A decrease in CE from a maximum of  88% 
to 76% was observed as the BR increased from 1.00 to 
1.50; the decrease was linear over the range 1.00-1.41. 
This decrease is expected because of  the correspond- 
ing increase in aluminium metal solubility and operat- 
ing temperature. Using an average value for the 
dependence of  CE on operating temperature of  
~0.2%/°C derived from [12], then the observed 
change in CE with BR is ~10%/uni t  BR, which is a 
comparable slope to literature data [13]. At 
BRs < 0.92 there was a rapid decrease in CE com- 
bined with the formation of aluminium globules 
(~25% of total mass) at the cathode rather than a 
coherent metal film. At BR 0.86, the entire aluminium 
deposit was recovered in globular form. The forma- 
tion of  globules may increase aluminium losses via 
dispersion and dissolution and hence, lower CE. The 
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Fig. 1. Effect of BR on CE for composition LTE 1 (satd A1203, nil 
CaF2). 

formation of aluminium droplets has been observed 
by Beck [14, 15] at BR 0.64. 

Current efficiency was also affected by changing 
the alumina concentration from saturated to 4 wt % 
and adding CaF2, such as in LTE 2 where CEs 
of ~90% were obtained over the BR range 0.86- 
1.09. Although some metal globules (~20% of total 
mass) wereformed at BRs ~< 0.92, a sharp decrease 
in CE (to ~80%) was observed only at BR 0.77 where 
the entire aluminium product was obtained as 
globules. In LTE 3, containing 5wt % CaF2 and 
saturated with alumina, a distinct increase in CE 
from ~86% to ~93% was observed with decreasing 
BR, which occurred even with the formation of 
globular aluminium at BRs ~ 0.92. These latter 
values of CE can be attributed, in part, to a reduction 
in aluminium metal solubility caused by the addition 
of CaF 2 or.CaF2/saturated alumina. Certainly, lower 
CEs were observed in LTE 4 containing no CaF2 
and 4wt % A1203 at BRs ~< 0.92 (46% at BR 0.86, 
84% at BR 0.92). Current efficiencies for composition 
LTE 5 at BR 0.75 were ~95% with only a small 
fraction of the aluminium product in globular form; 
this is similar to the results obtained by Sleppy and 
Cochran [6] over the BR range 0.65-0.80. Presum- 
ably, the superior performance of LTE 5 compared 
to LTE 4 can be accounted for by the reduction 
in BR, lower operating temperature and less globule 
formation. 

In previous work using LTE 1 over a limited BR 
range (1.14-1.41) [10], a dependence of CE on mass 
transfer rate at the cathode was obtained because of 
the mutual dependence of these latter variables on 
BR. However, in the present study, since no depen- 
dence of mass transfer rate on BR was found, no 
dependence of CE on mass transfer rate could be 
inferred. 

3.2. Effect of  alumina concentration on current 
efficiency 

Figure 2 shows that a maximum CE of ~95% was 
obtained at an average alumina concentration of 
3.5 wt % for LTE 5. Since the experiments were con- 
ducted at fixed BR and fixed temperature, the fall in 
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Fig. 2. CE as a function of average alumina concentration for LTE 5 
at BR 0.75 and 850 °C. 

CE in the range 3.5-5.5 wt % alumina can only be 
accounted for by globule formation (up to 100% of 
the deposit; see Section 3.4.). The increase in CE 
of ~4% in moving from 2.5 to 3.5 wt % alumina is 
unexpected since this change is much larger than 
literature values of ~<1.5% CE/wt% alumina (see 
[16] for a summary). At this stage, no satisfactory 
explanation for this behaviour can be advanced. 

3.3. Effect of  bath ratio on cell resistance 

The conductivity of the electrolyte is an important 
factor in determining cell performance because it con- 
trols the ohmic voltage drop through the electrolyte. 
Increasing A1F 3 concentrations (i.e., >12wt %) and 
decreasing operating temperatures lower the electro- 
lyte conductivity. For a BR 0.74 electrolyte containing 
3 wt % alumina, Sleppy and Cochran [6] reported a 
~10% increase in electrical conductivity per 100 °C. 
In LTE 5, which contained a very high A1F3 concen- 
tration and was operated at 850 °C, an increase in 
cell voltage and resistance (10-15%) was evident 
compared with LTEs 1 and 2. 

A plot of the observed and theoretical cell resistance 
at an electrolysis time of 20 min against BR (0.86- 
1.20) for LTE 1 is shown in Fig. 3; similar behaviour 
was observed for LTE 3. The theoretical electrolyte 
resistance was calculated from the conductivities of 
the various compositions [17], assuming that the cur- 
rent path was restricted to the cylindrical channel 
between the anode and cathode. As expected, the 
observed values were less than the theoretical because 
the actual current path between the electrodes was 
non-cylindrical (i.e., a fanning effect). In addition, 
the observed trend in resistance with BR had an oppo- 
site slope to the theoretical line. This could be partly 
attributed to an increase in the overall conductivity 
caused by an increase in the concentration of dis- 
solved aluminium metal as the BR was increased 
[18]. However, in composition LTE 2 (with 4wt % 
A1203), both the observed and theoretical resistance 
against BR relationships had parallel slopes of similar 
magnitude. It is of interest to note that the two elec- 
trolytes which gave opposing slopes for the theoretical 
and measured resistance (i.e., LTEs 1 and 3) were both 
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Fig. 3. Plot of the observed (at 20 min) and theoretical resistance 
against BR for LTE 1 (satd A1203, nil CaF2); (ll) experimental; 
(e) theoretical. 

alumina saturated. This suggests that factors other 
than the electrolyte conductivity, such as the charac- 
teristics of  anode bubble evolution (i.e., size, coverage 
and layer thickness), may also be important in deter- 
mining cell resistance in high alumina electrolytes. 

3.4. Metal film stability 

As noted in Section 3.1, under certain conditions, a 
proport ion of the aluminium metal product  was 
recovered as discrete globules (diam. 0.5-10 ram) clus- 
tered around the cathode rather than a coherent metal 
film. Globule formation appeared to be related to a 
combination of  low BR and high alumina concentra- 
tion. To confirm that globule formation did not occur 
in the post-electrolysis pre-freezing period, that is, was 
not an artefact of  the experimental procedure, some 
electrolytes were allowed to freeze while maintaining 
the electrolysis current. At an average alumina con- 
centration of  ~ 3 w t  %, the percentage of  globules 
did not vary significantly from the normal experimen- 
tal procedure. 

The effect of  alumina concentration on globule for- 
mation was determined by carrying out electrolyses 
over selected narrow ranges of  alumina concentration 
in LTE 5. The percentage of product formed as globules 
was estimated from the ratio of  mass of  globules to total 
metal recovered. Figure 4 illustrates that the percentage 
of  globules in the deposit was always zero at an average 
alumina,concentration ~< 2.75 wt %, increasing to vir- 
tually 100% globules in moving from 3 to 5 wt % aver- 
age alumina. Since there is little variation in the 
calculated alumimum-electrolyte density difference 
over the working range of  alumina concentration [19], 
the change in film behaviour observed at ~3 wt % alu- 
mina implies a decrease in the interfacial tension at the 
aluminium-electrolyte boundary. However, Utigard 
and Toguri [20] have shown that, in conventional elec- 
trolytes, interfacial tension increases with increasing 
alumina concentration (by decreasing sodium activity 
at the boundary), and this would tend to stabilize the 
interface. 

It has been shown [6] that a change in the A1F 3 con- 
tent of the electrolyte could cause precipitation of  
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Fig. 4. Percentage of globule formation as a function of average 
alumina concentration for LTE 5 at BR 0.75 and 850 °C. 

cryolite on the aluminium surface, and this could 
change the interfacial tension. However, it is unlikely 
that such precipitation is related to the change in alu- 
mina concentration or occurs over the short time scale 
of  the present experiments. In addition, it has recently 
been reported [21] that alumina may be soluble only 
up to 2 wt % in electrolytes with compositions similar 
to LTE 5. This suggests that undissolved alumina may 
be present at the higher nominal concentrations used 
here. It may be possible that the microdroplets of  alu- 
minium at the cathode surface are acting as nuclei fo r  
the precipitation of alumina from a (super)saturated 
electrolyte. Indeed, Thonstad and Liu [22] have 
reported that particles of undissolved alumina can 
accumulate at the interface between liquid aluminium 
and the electrolyte. 

The occurrence of  globule formation in industrial 
cells would need to be confirmed because there may 
be differences in aluminium film thickness and in the 
wetting behaviour of  other cathode substrates (e.g., 
TiB2/carbon composite or carbon) by aluminium, 
which may modify the behaviour observed in the pre- 
sent laboratory-scale cell. 

3.5. Bubble evolution characteristics 

3.5.1. Dominant bubble frequency and mean bubble 
radius. In previous work in LTE 1 over a limited BR 
range (1.14-1.50), no dependence of  dominant 
bubble frequency and mean bubble radius (for 
method of  calculation see [9]) on BR was 'observed 
[10]. Here, however, at low BRs, LTEs 1-3 all 
exhibited a dependence of dominant bubble 
frequency on BR. The plot for LTE 1 at an 
electrolysis time of  60 rain (Fig. 5) shows a threefold 
increase in frequency over the BR range 0.86-1.50. 
The corresponding plots at 20 rain for compositions 
LTE 1 and 2 showed similar behaviour. In LTE 1, a 
decrease in mean bubble radius with increasing 
bubble frequency was observed (Fig. 6). The 
decrease in calculated mean bubble volume was 
compensated for by the increase in bubble 
frequency, suggesting that there was no significant 
change in gas hold-up (volume retained in the gas 
bubble layer) over the range of BR. The data for 
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Fig. 5. Dependence of dominant bubble frequency at 60 min on BR 
for LTE 1 (satd A1203, nil CaF2). 
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Fig. 6. Variation of dominant bubble frequency with mean bubble 
radius at 20min for LTE 1 (satd A1203, nil CaF2). Dashes show 
line of best fit. 

LTE 5 at BR 0.75 over a range of alumina 
concentration, showed a similar trend to LTE 1. 
Again, the decrease in calculated bubble volume was 
compensated for by an increase in bubble frequency. 
Note  that  this analysis assumes that the dominant  

bubble frequency is strongly correlated to bubble 
de tachmen t  events rather than coalescence events. 

In contrast  to LTE 1, there was no systematic 
dependence of mean bubble radius on BR or on bub- 
ble frequency for LTEs 2 and 3, which both contain 
CaF2. Since all the experiments were conducted at 
constant current, the rate of  gas evolution was also 
constant assuming similar anodic CEs. Therefore, 
there could be an increase in gas hold-up with decreas- 
ing BR for these LTE compositions. 

3.5.2. E f fec t  o f  anode g e o m e t r y  on bubble character-  

istics. Table 2 summarizes the changes observed in 

bubble characteristics with extremes of anode geome- 
try in LTE 5. Overall, there was a decrease in mean 
bubble radius and an increase in dominant  bubble fre- 
quency as the inclination of the anode was changed 
f rom horizontal to domed. A similar trend in bubble 
radius with change in geometry was observed pre- 
viously [9] in an electrolyte with BR 1.50 at 960 °C. 
Interestingly, in this case, the bubble evolution fre- 
quency on the 5 ° anode was bimodal at longer electro- 
lysis times. The formation of smaller bubbles on the 
domed anode can be partly accounted for by the lower 
operating current density. The degree of coalescence 
on the horizontal surface was greater than on the con- 
ical surface, as evidenced by the formation of larger 
bubbles with little change in dominant  bubble evolu- 
tion frequency. This situation would be expected to 
result in increased gas hold-up and a higher cell resis- 
tance for the horizontal geometry. 

3.6. A n o d e  ef fects  

The anode effect is detrimental because it leads to an 
increase in energy consumption, fluoride emissions, 
electrolyte temperature and sidewall attack [23]. 
Therefore, the alumina concentration range where 
anode effects are likely to occur was investigated 
here. Electrolytes with composit ion LTE 5 at an initial 
concentration of 3 wt % alumina were electrolysed at 
constant current until the anode effect stopped the 
current flow. The anode was then rotated to re-estab- 
lish supply of the electroactive species to the anode 
and the electrolysis continued. The total charge 
passed at each stage was recorded to allow calculation 
of the theoretical amount  of  alumina consumed, and 
hence, the average alumina remaining in the elec- 
trolyte; this is the critical alumina concentration for 
anode effect. A plot of  critical alumina concentra- 
tion against the square root  of  the anode rotation rate 
is shown in Fig. 7. The anode effect initially occurred 
at ~ 2 w t %  alumina in the absence of rotation, 
the convection being driven by gas evolution only. A 
linear decrease in critical alumina concentration 
was observed as the rotation rate was increased, drop- 
ping to ~1 wt % at 1500 rpm. The critical alumina 
concentration obtained here without forced con- 
vection is comparable to that  observed in industrial 
cells [24]. One would not expect anode effects to occur 
at ~>2wt % alumina using this electrolyte compo-  
sition in industrial cells, since convection is controlled 
by both gas evolution and magnetohydrodynamie 
effects. 

Table 2. Changes in bubble characteristics with anode geometry in LTE 5 

Anode geometry Mean bubble Mean bubble Dominant bubble Dominant bubble 
radius at 20 min radius at 60 rain frequency at 20 min frequency at 60 min 
/mm /mm /Hz /Hz 

Horizontal 1.67 1.31 0.30 0.5 
5 ° conical 0.76 0.51 0.25 0.25, 0.9 
Domed 0.44 0.25 1.60 1.0-2.5 
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Fig. 7. Plot of critical alumina concentration against the square root 
of anode rotation rate for LTE 5 at BR 0.75 and 850 °C. 

3.7. Anode consumption 

Examination of frozen electrolytes from experiments 
using LTE 5 revealed apparently higher levels of gra- 
phite dusting compared with other compositions. 
Therefore, anode carbon consumption was monitored 
over six electrolyses by measuring anode weight loss. 
The average excess carbon consumption was esti- 
mated to be 6.7 :t: 3.6%; the stoichiometric value 
was determined from the calculated CO/CO 2 ratio 
for the measured CE via the Pearson-Waddington 
equation [25]. This amount represents physical carbon 
losses and is similar to values quoted for laboratory 
and industrial cells [26]. Therefore, since the anode 
carbon consumption via electrolysis in LTE 5 cannot 
be considered excessive, there may have been addi- 
tional dusting from the unprotected graphite inner 
liner of the cell. Certainly, it has been reported [6] 
that graphite above the electrolyte level is attacked, 
perhaps by NaA1F4 vapour. 

4. Conclusions 

Aluminium has been successfully smelted in a labora- 
tory-scale cell from cryolite-based electrolytes operat- 
ing as low as 850 °C. Current efficiencies up to 95% 
were normally obtained from electrolytes containing 
high concentrations of aluminium fluoride with BRs 
as low as 0.75. Under constant current conditions, 
anode effects were observed at critical alumina con- 
centrations comparable with values usually obtained 
in industrial cells. Compared with conventional elec- 
trolytes, increases in cell voltage and resistance were 
obtained with decreasing BR and temperature. 

The dominant bubble frequency, in general, was 
dependent on BR, with up to a threefold increase in 
frequency over the BR range studied for LTE 1. Little 
change in gas hold-up is anticipated in this electrolyte 
as BR is reduced. No dependence of mean bubble 
radius on BR or on dominant bubble frequency was 
found in compositions LTE 2 and LTE 3, and this 
could suggest an increase in gas hold-up with decreas- 
ing BR in these two compositions. 

The form of the aluminium deposit obtained was 

strongly dependent upon BR and alumina concen- 
tration. The aluminium film broke into globules at 
low BR (~<0.92) and high alumina concentrations 
(~>3wt%), and this phenomenon was sometimes 
linked with a decrease in CE. Therefore, the successful 
application of cryolite-based LTEs to industrial cells 
incorporating wettable cathodes may depend upon 
the physical stability of the aluminium surface, parti- 
cularly at high alumina concentrations. Since any 
localized increase in alumina concentration may cause 
metal film instability, feed control will be a major 
operational consideration. 
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