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Abstract 
 
Anode gas evolution, growth and flow behaviour during 
aluminium electrolysis have been investigated using various 
experimental techniques, including water modelling, X-ray 
visualization and direct observation. Video recordings of oxygen-
evolving anodes (SnO2, Cu, Cu-Ni) and carbon anodes were 
performed in laboratory electrolysis cells of various scales. The 
water model also investigated the effects of slotted anodes on the 
gas escape from beneath large anodes. Beneath large horizontal 
anodes, individual bubbles form and are then subsequently swept 
away by large sweeping bubbles flowing rapidly beneath the 
bottom surface. The gas behaviour on oxygen evolving anodes 
was very different from that with carbon, with the formation of 
very small bubbles that released very quickly from the anode due 
to improved wetting of the anode by the electrolyte. 
 

Introduction 
 
In the Hall-Héroult process, aluminium is produced by 
electrolysis of alumina at 960 °C. The cell contains normally 15 to 
20 cm of liquid aluminium which also acts as the cathode. Carbon 
anodes are suspended in the cryolite based electrolyte and 
separated from the aluminium pool by a distance of 4 to 5 cm. 
Modern cells with cell currents above 250 kA are capable of 
producing aluminium at 13-14 kWh/kg of aluminium and with a 
current efficiency of 95-97%. These cells represent major 
improvements in technology over the last two decades. These 
advancements are based on extensive theoretical and 
mathematical studies, laboratory and plant investigations, and 
plant operating experience. However, most of these investigations 
are based on indirect measurements since very little of what 
actually takes place within the cell can be observed. To “look” 
into the process, we have developed various techniques to 
visualize the gas evolution, including both wetting characteristics 
and flow behaviour beneath the anodes [1, 2]. 
 
The two main objectives of this work were to investigate the 
effect of slots in the anodes on the gas escape behaviour and to 
study the gas behaviour using inert anodes.  With the use of large 
anodes, the gas escape from beneath such large horizontal 
surfaces may lead to excessive electrolyte stirring as well as 
increased anode voltages due to the large surface coverage by gas 
bubbles. Slotted anodes have recently been introduced to allow 
easier gas escape. The use of inert anodes is likely to affect gas 
evolution and flow behaviour. One aim of the current work was to 
compare the gas behaviour between oxygen evolving and graphite 
anodes, and to characterize the bubble size and the bubble layer 
depth in the inter-electrode area. 

 
 
While various materials have already been patented for inert 
anode application, none is yet in commercial use [3]. This is 
mainly because the severe operating environment and the need of 
good electronic conductivity limit the number of suitable 
materials. Most recent research has concentrated on metals, oxide 
ceramics and cermets. In the present study, copper, copper-nickel 
alloy (wt% 75/25) and tin oxide materials were tested as oxygen-
evolving anodes, even if none of them is stable enough to totally 
resist to corrosion.  
 
Video recordings of electrolysis at various current densities (CD) 
were performed in laboratory cells, using direct observation from 
above, see-through cell and radiography techniques [4,5]. The 
influence of the alumina content in the electrolyte was studied for 
graphite and tin-oxide. A comparison of the wettability of the 
materials by the electrolyte was also carried out to try to explain 
the very different gas behaviour observed. 
 

Experimental Techniques 
 
The experimental techniques used include: Direct observations 
from above, Quartz see through cell, X-ray radiography, Hot-
thermocouple microscope, Hot-stage microscope and Water-
modelling. 
 
Direct Observations From Above  
 
Experiments were carried out in graphite crucibles with 1.5 kg of 
cryolite and placed inside an inconel container and heated inside a 
furnace (Fig. 1A). The voltage measurements were made directly 
from the stainless steel buss bars holding the anode and the 
cathode (crucible). Anode vertical positioning was achieved via a 
screw-driven linear movement device. The current and voltage 
signals were transmitted to isolated inputs of the data acquisition. 
The graphite (Union Carbide AGSR grade) used to make the 
anodes had a density of approx. 1.7 g/cm3.  
 
Quartz See Through Cell (Fig. 1B) 
 
Electrolysis was also carried out in transparent quartz tubes 
(∅=54 mm) placed in an electric furnace allowing lateral 
observations through a hole in the front panel, as described by 
Haupin et al. [6]. In this see-through cell, the cathode was a 
graphite cylinder (∅=43 mm, h=15 mm) located at the bottom of 
the tube, and the anode was a graphite or tin-oxide cylinder (∅=9 
mm, h=50 mm), vertically positioned 2 cm above the cathode. A 
new quartz tube was used for each experiment. 



Two different electrolyte compositions were used, based on a 
mixture of cryolite with AlF3 (11 wt%), CaF2 (5 wt%) and Al2O3. 
Weight fraction of alumina was either 2.5 wt% (electrolyte A) or 
9 wt% (electrolyte B), electrolyte B being saturated in alumina. 
The mix of powders was pre-melted at 1000°C in graphite 
crucibles, then cast, crushed and stored dry. 
 
X-ray Radiography (Fig. 1C) 
 
The experiments were carried out in graphite crucibles with inner 
diameters from 17 to 23 mm with 2 to 9 mm graphite or inert 
anodes. Images of the aluminium drop and the graphite anode 
immersed in the electrolyte were formed on a photographic film 
by a horizontal beam of X-rays. Gas bubbles appear white 
because they allow X-rays to pass through. More dense materials 
such as aluminium, appears darker. The experiments were 
recorded using a TV camera-monitor and a video recorder.  
 
Hot-thermocouple Microscope 
 
A hot-thermocouple method was employed in conjunction with a 
microscope and a video camera. A very small sample (0.5 g) of 
electrolyte was attached to and heated by passing current through 
a Pt/Pt-Rh thermocouple. A pair of platinum electrodes (0.3 mm 
dia.) was inserted in the sample after melting and electrolysis was 
initiated and observed using a microscope.  
 
Hot-stage Microscope 
 
A 'hot-stage microscope' was developed in order to allow for 
bigger samples than what could be achieved by the hot-
thermocouple method. A 1-3 g sample of cryolite was placed on a 
boat and heated by a platinum foil and contained in a gas-tight 
Pyrex container. A pair of graphite electrodes (1-1.3 mm dia.) and 
a thermocouple could be placed within the sample. A microscope 
was used to monitor the various phenomena taking place.  
 
Water-modelling 
 
The water model was constructed from acrylic plastic. The 
purpose of this technique was to study the gas behaviour beneath 
large horizontal, sloped and slotted anodes. The model represents 
half of an anode which is suspended inside a tank and can be 
moved relative to the cathode. Three independent chambers in the 
anode can be pressurized with gas to force bubbles to form on the 
face of the brass sheet. The entire model is situated on top of two 

scissor jacks which allows the angle of the cathode and anode to 
be adjusted.  
 
 

Bubbling at Graphite Anodes 
 
At current densities below 0.2 A/cm2, bubble birth occurrs on 
specific nucleation spots on the graphite anode. Increasing CD 
leads to a large number of nucleation sites. Round-shaped bubbles 
grow and coalesce until reaching 2-3 mm in diameter, then detach 
and escape vertically. As shown on Figure 2, the surface coverage 
of the anode is very high and the small bubbles appears stuck to 
the anode. 
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Figure 2: Observation from above - side bubbles on graphite 
anode [∅anode=5mm, CD=0.2 A.cm-2, T=960°C, 9%Al2O3] 

 
Tests in the quartz see-through cell were limited to less than 7 
minutes and CD up to 0.5 A/cm2, because streamers rapidly arose 
in the cell and lead to an opaque electrolyte. It was observed that 
the anode gas was released periodically. At small CDs (up to 
around 0.5 A/cm2), several bubbles form on the bottom surface of 
the anode, then grow and coalesce until a single large bubble 
covers the whole area and is finally released, leaving a clean 
surface free of gas. Figure 3 shows a bubble trapped under the 
anode just before release, during see-through cell electrolysis at 
0.2 A/cm2. 
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Figure 1: Schematics of the experimental conditions 

A: Observation from above   B: See-through cell   C: X-Ray furnace 
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Figure 3: Graphite anode during electrolysis in see-through cell 
[∅anode=9mm, CD=0.2 A/cm2, T=960°C, 9%Al2O3, ACD=2 cm] 

 
Generally, the bath tended to wet the graphite anode fairly poorly 
as compared to the cathode [2]. Gas was generated over the entire 
anode/electrolyte interface during electrolysis. The gas bubbles on 
the side of the anode varied in size up to about 3 mm and the gas 
bubble under the anode penetrated a maximum of 5 mm into the 
electrolyte. With increasing CD, the bubbles became smaller and 
were formed at a higher frequency. This may be due to the 
increased amount of gas formed, creating more agitation in the 
melt. 
 
At higher CDs, coalescence didn’t happen as much as at low CDs, 
and the bubbles escaped before covering the whole anode, as 
illustrated on Figure 4. The average bubble diameter before 
release, calculated as the mean diameter of 10 bubbles for each 
CD, is presented on Figure 5. The diameter decreases from around 
18 mm at 0.2 A/cm2 to 7 mm at 1.6 A/cm2. The alumina content 
in the electrolyte doesn’t have a major influence on the bubble 
size. The release frequency of the CO2 bubbles is strongly related 
with the current density.  
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Figure 4: Graphite anode during electrolysis in X-Ray furnace  

[∅anode=18mm, T=960°C, 2.5%Al2O3, ACD=2 cm] 
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Figure 5: Evolution of average bubble diameter before release 

under graphite anode  
[∅anode=18mm, T=960°C, ACD= 2cm] 

 
Using the X-ray technique it was observed that simultaneous with 
the occurrence of the anode effect, there was a sudden formation 
of a gas layer under the anode.  This sudden non- wetting 
occurred at the same time as the voltage increased. It was even 
possible to promote the anode effect using the crucible as the 
anode. When the anode effect occurred, the melt became 
separated from the crucible, and a gap of up to 1 mm was 
observed between the crucible bottom and the electrolyte. Using 
the hot-stage microscope, electrolysis was carried out with a 1 
mm diameter graphite anode. With 10 wt% alumina very fine 
bubbles form along the anode surface. When only 1 wt% alumina 
was used, slightly larger gas bubbles formed, and in pure technical 
cryolite, large bubbles form at the anode indicating poor wetting 
of the anode. After the anode effect was initiated, the anode 
became non-wetted and it was difficult to immerse the anode into 
the electrolyte. It was like pushing a finger into a blown-up rubber 
balloon with the electrolyte skin stretching around the tip of the 
anode.  
 
The water modeling study was used to investigate the gas bubble 
behaviour on a scale similar to that in industry and also to 
investigate slotted anodes. By the use of a water model, the effects 
of anode/cathode distance, cathode inclination, and anode gas 
evolution rate on the mixing rates of electrolyte in the cell could 
be investigated. The experiments were conducted by filling the 
tank with water so that the anode was immersed 1 to 15 cm. The 
gas flowrate, anode angle, and anode-cathode distance were set 
and blue dye was added at one end of the tank. Five optical 
sensors were used to measure the light intensity passing through 
the water from the back to the front of the tank. When the anode 
was slightly tilted(a fraction of a degree), large bubbles formed 
and flowed beneath the anode with a leading edge penetrating up 
to 2 cm into the electrolyte and a long tail as seen in Figure 6. 
This was also observed by Fortin et al [7] who explained this 
behaviour by variations in the hydrostatic pressure due to the 
motion of the bubble. The results are in general agreement with 
previous researchers [6-8].  
 
When a vertical slot was made in the anode, it was observed that 
for slots as narrow as 0.5 cm, the moving gas front entered the slot 
nearly 100%. The gas would flow along the horizontal anode and 
then up through the slot and leave the anode at its upper side. It 
was found that even when the slot was fully submersed in the 
water, as would be the case for anodes just before they have to be 



replaced, the gas would flow up into the slot, and then out along 
the side. For penetration into narrow slots, water and cryolite 
should behave very similar since the surface tension to density 
ratio is nearly the same for the two. 
 
Industrially, it is expected that with slotted anodes, gas splashing 
of cryolite will partly fill and block the upper section of the slots. 
However, this should not cause any problems since the gas will 
still be able to escape as seen in this study. Another issue is that 
the heat up of cold anodes will be more uneven with the center 
section heated the fastest and initially draw more current than the 
outer and colder section. On the other hand, for a fully heated 
anode the current profile through the anode will be more vertical, 
potentially improving the magnetics of the pot. The reduced gas 
coverage beneath the anode will lower the cell resistance slightly, 
but this may be counteracted by a slight increase in the total anode 
resistance. 
 

 
Figure 6: Gas bubble flow behaviour under carbon anode 

 
 

Bubbling at Inert Anodes 
 
Gas evolution is pretty much the same for tin-oxide, copper and 
copper-nickel anodes, but was found to be very different as 
compared to what was observed on the graphite anode. 
Observations of a tin-oxide anode from above showed tiny 
bubbles escaping continuously without much coalescence, 
forming a foam around the electrode, as illustrated in Figure 7. 
The bubble diameter, measured under the microscope was 
estimated to be around 0.1 mm, which is 10 to 30 times smaller 
than on graphite anodes. Some tests were run in see-through cells, 
but observations were difficult because the froth of bubbles hides 
the electrode even at small CDs (0.1 A/cm2). This resulted in poor 
contrast between the electrolyte and the gas.  
 

5 mm
 

Figure 7: Observation from above - side bubbles on tin-oxide 
anode [∅anode=5mm, CD=0.2 A/cm2, T=960°C, 9%Al2O3, ACD=2 

cm] 
 
Radiographic observation proved to be more adapted to the study 
of the gas evolution on oxygen evolving anodes. The anode 
appears in black and the bath in dark grey, while gas takes the 
form of a light grey halo around and under the electrode (Figure 
8). As almost no coalescence occurs between the tiny bubbles, gas 
release looks continuous, and the gas foam under the electrode 
keeps roughly a constant shape at fixed CD.  
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Figure 8: Tin-oxide anode during electrolysis in X-Ray furnace  

[∅anode=18mm, T=960°C, 9%Al2O3, ACD= 2 cm] 
 
The depth of the gas layer under the anode is plotted in Figure 9 
as a function of CD and material. The evolution is almost identical 
for the three oxygen-evolving electrodes: the bubble layer 
thickness grows regularly with CD until reaching 2-2.5 mm at 1 
A/cm2. Increasing CD over 1 A/cm2 doesn’t increase the 
penetration of the gas under the anode, maybe because the volume 
fraction of the gas in the bubble layer increases. However, the 
contrast of the X-ray images wasn’t good enough to observe 
noticeable changes in the brightness of the gas froth, as it could be 
expected with a higher gas density. Another possibility is that the 
release velocity of the bubbles increases, leading to a shorter 
residence time of the bubbles under the anode. 
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Figure 9: Influence of CD on bubble layer thickness under various 

anode materials [∅anode=18mm, T=960°C, ACD=2 cm] 
 

Test with electrolytes containing either 2.5% or 9% Al2O3 on tin-
oxide anode didn’t reveal any difference in the gas behaviour. The 
bubble layer under the graphite anode is slightly decreasing with 
CD from 5 mm to 4.2 mm, confirming both the values and the 
trend reported by Aaberg et al. [10]. At 1 A/cm2, gas penetration 
under the anode is roughly twice as deep with graphite as with 
oxygen-evolving anodes, which is important with regards to the 
anode-cathode optimum distance. 
 
Wetting experiments on graphite versus metallic and tin oxide 
substrate materials showed that on graphite the electrolyte gave 
contact angles of about 120-130o, indicating poor wetting. 
However, metallic substrates and tin oxide were completely 
wetted by the electrolytes forming contact angles of near 0o. This 
dramatic difference most likely is the reason for the dramatic 
difference in gas evolution behaviour on graphite versus metallic 
“inert” anodes. The bubbles formed on tin-oxide, copper and 
copper-nickel, all very well wetted by the electrolyte, will detach 
easily from their nucleation site, while bubbles formed on carbon 
are stuck and grow before detachment.  
 

Conclusions 
 
Video film showing various aspects of the Hall-Héroult process 
has been developed using X-ray radiography, hot-stage 
microscopy, direct observations from above the bath and water 
modeling techniques. During anode effects, the anode is non- 
wetted by the electrolyte with a thin film surrounding the anode.  

 
The characterization of the bubble layer under the anode showed 
many differences between graphite and metallic anodes. The 
study of three different oxygen-evolving anodes showed that a 
good wetting by the electrolyte leads to the formation of tiny 

bubbles. Contact angle measurements of the system electrolyte-
anode-oxygen might then allow predicting the gas evolution on 
other candidate as inert anodes materials without having recourse 
to heavy equipment like X-ray radiography. 
 
Water modelling of slotted anodes showed that they are effective 
in releasing gas bubbles from beneath large anodes. Even narrow 
slots of about 0.5 cm, allowed for rapid removal of gas as it swept 
across the surface of the anode. 
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Table I. Gas evolution summary 
Anodic Material 

 
Bubbling 

 
Bubble 

diameter 
 

Bubble layer 
depth 

 
Graphite 

 
Periodic release 
of large bubbles 

 

2-10 
mm 

~ 5 mm 
 

Oxygen-evolving Froth of tiny 
bubbles 

 

0.1 mm ~ 2 mm 
 


