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Abstract 

 

This study examines anode bubble dynamics and their role in the anode effect during aluminium 

chloride electrolysis (ACE) using a high-temperature transparent cell. Experiments were 

conducted in a NaCl-LiCl-AlCl3 molten salt system at 750°C with graphite electrodes. Bubble 

behaviour was analysed under current densities ranging from 0.4 to 2.0 A/cm2. Results show that 

bubble nucleation, growth, coalescence, and detachment follow a consistent pattern. Higher 

current densities accelerate bubble formation and reduce detachment intervals, while increasing 

bubble size and gas film thickness. The anode effect is characterized by a voltage surge to about 

30 V and prolonged bubble release intervals (1.4–4.5 s). Before the anode effect, bubbles detach 

frequently (0.07–0.6 s), but during the anode effect, a stable gas film with a "big head, small tail" 

morphology is formed, disrupting the current flow. These findings highlight the critical link 

between bubble dynamics and cell stability, offering insights for optimizing ACE to minimize 

energy losses. The study advances understanding of ACE as a sustainable alternative to 

conventional aluminium production. 

 

Keywords: Aluminium chloride electrolysis, Bubble dynamics, Anode effect, Transparent 

electrolytic cell, Current density. 

 

1. Introduction 

 

Aluminium chloride electrolysis (ACE), proposed as a promising technical alternative to the Hall-

Héroult process [1–6], has received considerable attention since its announcement by Alcoa in 

1973 [7]. Meanwhile, in 1976, Alcoa established a pilot plant with an annual capacity of 15 kt/y. 

The ACE process offers many advantages, including excellent energy efficiency across the entire 

production line. The electrolysis is conducted in a closed system, thereby minimizing pollution. 

It operates at a low temperature (around 700–800 °C), featuring a high current density (0.8–

2.3 A/cm2), and a very small cathode-anode distance can be maintained. Chlorine (Cl2) is the only 

anode product, as shown in Equation (1), and can be recycled and used for the chlorination of 

bauxite or alumina to prepare aluminium chloride. Therefore, the carbon anode as a non-

consumable anode does not generate greenhouse gases emissions [8]. Moreover, the anode- 

cathode distance (ACD) can be maintained lower than in the present Hall-Héroult cell, and a 

bipolar stacked electrode is used, which significantly improves the voltage utilization efficiency 

and demonstrates remarkable potential for energy conservation.  

 

 2AlCl3 (diss) → 2Al (l) + 3Cl2 (g) (1) 

 

The bipolar electrolytic cell, due to the characteristics of the electrode arrangement, effectively 

prevents the molten aluminium from accumulating on the cathode surface. This feature not only 
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maintains a stable ACD but also eliminates the influence of metal movement caused by a strong 

magnetic field. 

 

Hauksson and Foulkes [7] investigated voltage and current efficiency in a lab-scale electrolytic 

cell using graphite electrodes in the NaCl-LiCl-AlCl3 molten salt at 700 °C. They systematically 

examined how AlCl3 concentration, forced convection, electrode spacing, and current density 

affect current efficiency. Forced convection minimally impacted cathode polarization when AlCl3 

exceeded 2 wt.% but reduced diffusion control and concentration polarization at lower 

concentrations. Current efficiency increases sharply below 0.8 A/cm2 but stabilizes at 80–90 % 

above this level. Factors such as forced convection, increased ACD, and rapid chlorine gas escape 

improve efficiency.  

 

The behaviour of anode bubbles during the electrolysis process and the deposition characteristics 

of metallic aluminium on the graphite electrode are critical factors for ensuring stable operation 

of AlCl3 electrolysis. Currently, there is a scarcity of studies focusing on the bubble dynamics 

during the aluminium chloride electrolysis process. Hence, in this study, the behaviour of anode 

bubbles was investigated using a transparent electrolysis cell and numerical simulations to 

elucidate the influence of current density on anode bubble dynamics and cell voltage. 

 

2. Experimental and Mathematical Model 

 

In this study, high-purity reagents were employed to ensure the reliability and reproducibility of 

the experimental results. The electrolyte used in the experiments was a mixture of NaCl 

(63.3 wt.%), LiCl (31.7 wt.%) and AlCl3 (5 wt.%), which has a liquidus temperature of 650.2 ℃. 

Electrolysis temperature is maintained at 750 ℃. Sodium chloride (NaCl, 99 % purity), lithium 

chloride (LiCl, 99 % purity) and aluminium chloride (AlCl3, 99 % purity) were fully dried to 

remove adsorbed moisture prior to use. The total mass of the electrolyte utilized in the electrolysis 

experiments was approximately 600 grams. The graphite anodes and cathodes were prepared 

using high-purity graphite (99 % purity) by Kejin Graphite Ltd, Shenyang, China.  

 

A high-temperature transparent aluminium electrolysis cell (TAEC) [9], Figure 1 (a), was 

employed for studying the behaviour of anode bubbles in the melt. Figure 1 (b) shows the design 

of the side-observation transparent electrolysis cell, which consists of a two-chamber quartz 

crucible. The left chamber served as the anodic compartment with a dimension of 75 × 65 × 

100 mm, while the right chamber functioned as the cathodic compartment with a dimension of 35 

× 65 × 100 mm. The two chambers were connected by a 2-mm gap at the bottom of the middle 

wall, which allowed the current to flow from the anode compartment to the cathode compartment. 

The graphite anode had dimensions of 40 × 20 × 70 mm and featured an inclined angle of 5°. The 

anode was shielded by a boron nitride sleeve (as shown in Figure 1 (d)), resulting in a working 

anode surface area of 8.03 cm2. The graphite cathode measured 30 × 15 × 70 mm (Figure 1 (c)). 

The electrolyte had a depth of 60 mm. Both the anode and the cathode were vertically immersed 

in the electrolyte, with depths of 40 and 30 mm, respectively.  

 

The bubble behaviour was recorded at a speed of 60 frames per second (FPS) through a side 

window of the cell using a full-frame camera (Sony, Alpha7M2) equipped with a zoom lens 

(TAMRON, 70-300 mm F/4.5-6.3 Di Ⅲ RXD). At another window of the electrolytic cell, a LED 

light source was utilized to capture higher-quality images. A DC power supply (IT6722A) was 

used to apply a constant DC current between the anode and the cathode. This power supply had a 

maximum power of 600 W and could simultaneously collect the cell voltage and the actual 

operating current. A K-type thermocouple was placed in the anode chamber to simultaneously 

monitor the temperature of the molten salt close to the anode, as shown in Figure 1 (b). 
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The experiments were conducted in the following sequence of anodic apparent current densities 

Ja: 0.8, 1.6, 1.0, 0.4, 1.7, and 2.0 A/cm2. Each anodic current density (Ja) underwent three 

electrolysis experiments. After approximately 80 seconds of normal electrolysis, the power source 

was turned off and the cell voltage was stabilized before proceeding with the subsequent 

experiment. During the process, bubble morphology, cell voltage, and cell current were recorded 

simultaneously for the correlations between bubble behaviours and cell voltage drop. 

 

 
Figure 1. Experimental set-up, schematic diagram of the (a) high-temperature transparent 

aluminium electrolytic cell, (b) core electrolysis compartment with electrodes and DC 

power supply, (c) cathode, (d) anode. 

 

3. Results and Discussion 

 

3.1 Characteristics of Cell Voltage and Current under Different Current Densities 

 

Figure 2 illustrates the relationships between cell voltage, current, current density, and electrolysis 

duration. Figure 2 (a) denotes the apparent current density, which is the ratio of the actual current 

to the anode surface area (8.03 cm2). During the experiments, six different current densities were 

systematically applied to the anode: 0.4 A/cm2, 0.8 A/cm2, 1.0 A/cm2, 1.6 A/cm2, 1.7 A/cm2, and 

2.0 A/cm2. When the current density was set at 0.4 A/cm2, the cell voltage was 4.95 V, while the 

cell voltage reached 12.0 V when the current density was 2.0 A/cm2. This relatively high cell 

voltage is primarily attributed to the unique characteristics of the crucible used in the experiment. 

The current is constrained to flow from the anode into the electrolyte through a narrow 2 mm gap 

at the bottom of the crucible.  

 

A thorough analysis of Figure 2 reveals a significant correlation between cell voltage and current 

density. It is noteworthy that under applied current densities of 0.8 A/cm2 and 1.6 A/cm2 (the first 

electrolysis experiment in figure 2 (c)), the electrolysis process proceeded normally in each case, 

with both the cell voltage and operating current remaining relatively stable throughout. However, 

when the current density was set to 1.0 A/cm2, 1.6 A/cm2 (the second and third electrolysis 

experiments), or 1.7 A/cm2, the cell voltage increased sharply to 30 V shortly after the onset of 

electrolysis (as detailed in Figure 2 (c)). Subsequently, the current transitioned from a stable to an 

unstable state, followed by a rapid decline, indicating the onset of an anode effect. The anode 
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effect is a common phenomenon in both cryolite-alumina-based aluminium electrolysis processes 

[9–11] and rare earth molten salt electrolysis [12–14].  

 

When the apparent current density was 2.0 A/cm2, the maximum detectable voltage was 

approximately 12 V, as illustrated in Figure 2 (c). This limitation arises due to the power constraint 

of the DC power supply, which necessitates a reduction in the maximum supply voltage to deliver 

a higher operating current. However, as shown in Figures 2(a) and 2(b), the operating current 

quickly dropped from 16.1 A and then fluctuated within a certain range after several seconds of 

electrolysis, indicating that an anode effect occurred. This behaviour was consistently observed 

in all three trials.  

 

Initially, when the current density was set at 1.6 A/cm2 (the first electrolysis), no anode effect was 

detected. However, electrodes that had previously undergone the anode effect twice, reducing the 

current density to 1.0 A/cm2 resulted in the reappearance of the anode effect in all three 

experimental trials. This suggests that even at relatively low current densities, electrodes with 

prior exposure to the anode effect remain more susceptible to re-triggering the phenomenon. 

Furthermore, when the current density was decreased to 0.4 A/cm2, the experiment proceeded 

normally without any occurrence of an anode effect, likely due to the fact that the current density 

had not reached the critical threshold value required for its initiation. During the occurrence of 

the anode effect, as it could not self-terminate, the power supply was manually turned off after a 

defined duration to kill the anode effect. 

 
Figure 2. Variation of electrolysis parameters as a function of electrolysis time, (a) 

apparent current density, (b) current, and (c) cell voltage with graphite anodes at different 

anode current densities ranging from 0.4 to 2.0 A/cm2. 

 

3.2 The Bubble Behaviour and Characteristic Bubble Morphologies 

 

In this study, the behaviour and morphology of bubbles at the anode bottom were systematically 

analysed under three current densities: 0.4, 0.8 and 1.6 A/cm2. 

 

Figure 3 illustrates the development and appearance of the bubbles on the shielded anode bottom. 

Upon the initiation of electrolysis, gas molecules are progressively generated. Simultaneously, 

larger bubbles are observed near the cathode-end region (Figure 3 (a-2), (b-2), and (c-2)), 

attributed to the higher local current density in this area. According to Faraday's law, the rate of 
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gas molecule generation is faster in regions with higher current densities. During the continuous 

growth of the bubbles, coalescence of smaller bubbles into larger ones was observed (as depicted 

in Figure 3 (a-2)-(a-3), (b-2)-(b-3), and (c-2)-(c-3)).  

 

Following coalescence, the bubbles ascend along the anode surface under the combined influence 

of gravity, buoyancy, and surface tension, while continuously merging and growing with other 

bubbles during their upward motion. As shown in Figure 3, it is evident that the small bubbles 

exhibit quasi-spherical or ellipsoidal shapes.  

 

When the growing bubbles are able to overcome the combined effects of gravity and surface 

tension (at t = 1.933 s, 0.867 s, and 0.55 s, respectively), they will detach from the side of the BN 

sidewall and exhibit behaviour analogous to that of large spherical bubbles, as illustrated in Figure 

3 (a-5), (b-5), and (c-5). Following detachment, the large bubbles initially ascend along the side 

and subsequently begin further detachment at t = 2.017 s, 0.933 s, and 0.617 s, respectively. At 

this stage, the large bubbles adopt a "hat-like" morphology, as shown in Figure 3 (a-6), (b-6), and 

(c-6)). Subsequently, the bubble rises rapidly and reaches the surface of the electrolyte. It is worth 

noting that during the escape process of the large bubbles from the BN sidewall, the small bubbles 

at the anode bottom continue to follow similar patterns, including the gas formation, bubble 

nucleation, bubble growth, sliding, coalescence, and release.  

 

In the experiments conducted at current densities of 0.4, 0.8 and 1.6 A/cm2, a consistent 

mechanism for bubble nucleation and growth was observed. Specifically, at Ja = 0.4 A/cm2 the 

first large bubble began to detach from the BN sidewall at t = 1.933 s (Figure 3 (a-5)), whereas 

for Ja = 0.8 and 1.6 A/cm2 the detachment time decreased to 0.867 s and 0.55 s as depicted in 

Figure 3 (b-5) and (c-5). As the current density doubles, the time for the maximum bubble 

formation and detachment from the anode is halved approximately as well.  

 

 
Figure 3. Anode bubbles behavior at the graphite anode bottom at different current 

densities of 0.4, 0.8, and 1.6 A/cm2. 

 

When the current densities Ja were set to 0.4, 0.8, and 1.6 A/cm2, the maximum thicknesses of the 

bubble layer were measured as 3.42 mm, 3.68 mm, and 4.18 mm, respectively, as marked with 

blue dashed lines in Figure 3 (a-6), (b-6), and(c-6). It is evident that at Ja = 1.6 A/cm2 the thickness 

of the bubble layer at the anode bottom was thicker compared to that of lower current densities. 

This can be attributed to the higher current density, which facilitated the rapid formation and 

growth of bubbles. Furthermore, some exceptionally large bubbles migrated to the front side, 

resulting in the release of certain bubbles from the sidewall in the frontal view at the current 

density of Ja = 1.6 A/cm2. 
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3.3 The Anode Effect in Aluminium Chloride Electrolysis 

 

The images in Figure 4 depict the anode effect process observed at the graphite carbon anode 

under test conditions. Figure 4 (1)-(14) illustrates the state immediately preceding the onset of the 

anode effect, with the anode operating at 1.6 A/cm2 during the second electrolysis in Figure 2 (b).  

 

As shown in Figure 4, according to the differences in the release frequency of large bubbles, the 

whole process can be briefly divided into three stages: the normal electrolysis stage, the transition 

stage, and the anode effect stage.  

 

During normal electrolysis, the large bubble release intervals range from 0.07 seconds to 0.6 

seconds. Especially, the bubble release interval is about 0.5 s prior to the anode effect, as shown 

in Figure 4 (1)-(6).  

 

During the transition stage, the release frequency of large bubbles decreases significantly. The 

intervals between consecutive large bubble detachments range from 1.38 to 4.45 s (Figure 4 (8)-

(14)). This phenomenon is closely associated with the abrupt decrease in current (Figure 2 (b)), 

which reduces the amount of gas generated.  

 

Upon initiation of the anode effect, a continuous film of large gas bubbles forms at the anode 

bottom. The thickness of the bubble film reached 3.83 mm. These large bubbles consistently 

covered the anode bottom, exhibiting a distinctive morphology characterized by a larger head and 

smaller tail, and maintaining this morphological configuration until the power supply was turned 

off. 

 

 
Figure 4. Anode bubbles profiles at the graphite anode working at an anode current 

density of 1.6 A/cm2, where Δt represents the time difference between the large bubble and 

the preceding one. 

 

In the Hall-Héroult electrolytic cells, it is widely recognized that an anode effect is triggered when 

the concentration of dissolved oxygen-containing ions becomes too low to sustain normal 

electrolysis. During the electrolysis of aluminium chloride, the anodic reaction involves the 

oxidation of chloride ions to produce gaseous chlorine, as illustrated in reaction (1) in Table 1. 

Notably, even under conditions of low aluminium chloride concentration, sufficient amounts of 

chloride ions or chloride-containing species are present in the molten electrolyte. Therefore, the 

occurrence of the anode effect cannot be attributed to a reduction of the chloride ion concentration, 

which contrasts with the mechanism observed in the conventional Hall-Héroult process.  
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Table 1 lists the main chemical reactions that may occur in the NaCl-LiCl-AlCl3 molten salt 

system and their theoretical decomposition voltages. From the table, the theoretical 

decomposition voltage required to decompose AlCl3 into gaseous chlorine (Cl2) at 750 °C is 

1.74 V, while the decomposition voltages required for the decomposition of NaCl and LiCl to 

generate Cl2 are 1.54 V and 1.66 V higher than that of AlCl3, respectively. In addition, as shown 

in Figure 2 (c), when the current density reached Ja = 1.6 A/cm2, the cell voltage rose significantly 

from about 10.5 V during the anode effect. The abrupt rise in voltage is not attributable to a 

deficiency of aluminium ions at the cathode, which would otherwise lead to the reduction of 

sodium or lithium ions. Rather, it remains closely associated with alterations in the surface 

condition of the anode. A possible reason is that under high current density conditions, excessive 

amounts of chlorine gas bubbles are formed on the anode surface, resulting in a significant 

increase in the cell voltage and accompanied by the phenomenon of current "cut-off", that is, 

anode passivation. It was also found in the experiment that the anode effect cannot extinguish 

itself, which may be closely related to the generation kinetics of this type of "high-resistivity 

substance". The underlying mechanism of the anode effect still needs to be further explored in 

future research. 

 

Table 1. Gibbs free energy of reaction and theoretical decomposition voltages for common 

reactions at 750 °C as solved by HSC chemistry 6.0 

Reaction 

number 

Chemical reaction equation Gibbs free 

energy, ΔG 

(kJ/mol) 

Electron 

transfer, n 

Theoretical 

decomposition 

voltage, E0 (V) 

(1) 2AlCl3 = 2Al + 3Cl2(g) 1007.172 6 1.740 

(2) 2AlCl3 + 1.5C = 2Al + 1.5CCl4(g) 1075.381 6 1.858 

(3) 2AlCl3 + 2C = 2Al + C2Cl6(g) 1150.838 6 1.988 

(4) 6NaCl = 6Na + 3Cl2(g) 1900.593 6 3.283 

(5) 6NaCl + 1.5C = 6Na + 1.5CCl4(g) 1968.802 6 3.401 

(6) 6LiCl = 6Li + 3Cl2(g) 1968.877 6 3.402 

(7) 6LiCl + 1.5C = 6Li + 1.5CCl4(g) 2037.086 6 3.519 

(8) 6NaCl + 2C = 6Na + C2Cl6(g) 2044.259 6 3.531 

(9) 6LiCl + 2C = 6Li + C2Cl6(g) 2112.542 6 3.649 

 

As can be seen from Figure 2 (b) and (c), when the apparent current density reached Ja = 1.0 

A/cm², an anode effect was observed. Figure 5 shows the simulation results of the current density 

at the anode bottom for Ja = 1.0 A/cm². In Figure 5, the current density range of the four edges at 

the anode bottom is 2.0–6.3 A/cm², significantly higher than the 0.39–0.8 A/cm² values in the 

central region of anode. The maximum current density appears at the two rightmost corners of the 

anode, reaching as high as 14.1 A/cm². In contrast, the current density of the anode at the far-

cathode end is substantially lower than that near the close-cathode end regions. This phenomenon 

can be verified by the characteristics of the more bubbles and larger bubbles generated on the 

right side of the anode in Figure 3 (a-2), (b-2), and (c-2). In addition, Figure 5 shows that the 

average current density on the close-cathode end of the anode is approximately 4.0 A/cm². This 

value of current density can be referred to the critical current density for inducing the anode effect.  
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Figure 5.  Simulated current density of the anode bottom surface, with an apparent 

current density Ja = 1.0 A/cm2. 

 

4. Conclusions 

 

In this study, a high-temperature transparent electrolytic cell was utilized to directly observe 

bubble dynamics during the electrolysis process of AlCl3 in NaCl-LiCl melts. Furthermore, the 

relationships between current density, bubble behaviour, and anode effects were systematically 

investigated. The main conclusions are as follows:  

1) Under varying current density conditions, the behaviour of the bubbles at the anode bottom 

demonstrates consistency, including nucleation, growth, mutual coalescence, upward sliding 

along the inclined anode surface, further coalescence with other bubbles, and eventual 

detachment from the anode bottom.  

2) The time interval between the detachment of large bubbles from the anode bottom is 

inversely proportional to the current density. Additionally, both the bubble size and the 

thickness of the gas film layer increase slightly with increasing anode current density.  

3) During the anode effect, the cell voltage rapidly increases to approximately 30 V, 

accompanied by significant decline in the current. Prior to the onset of the anode effect, the 

release intervals for large bubbles range from 0.07 to 0.6 s; however, upon initiation of the 

anode effect, the intervals extend to 1.4 to 4.5 s. Numerical simulation shows the average 

current density at which the anode effect occurs is estimated to be approximately 4.0 A/cm². 

4) Throughout the anode effect, large bubbles exhibit a distinctive morphological feature 

characterized by a "big head and small tail," which persist throughout the entire process. 
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