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Abstract 
 

A concise literature review is done on the industrial and laboratory scale investigations of 
sludge formation in the Hall Héroult Process. Formation of sludge and consequently its 
transformation into resistive cathodic deposits has been one of the focal concerns of the 
aluminum producers. However, nowadays due to the profusion of production, especially by 
China, all the major producers of aluminum have increased their efforts towards sludge 
minimization and better understanding of the phenomena that lead to formation of such 
deposits. In this review article, first the sludge formation phenomenon and its detrimental effect 
in Hall-Héroult process is introduced. Later, the thermochemistry of the sludge is presented. 
Furthermore, four of the most important factors in sludge formation namely hydrodynamics, 
operational temperature (i.e. superheat level), alumina feeding and bath chemistry are reviewed. 

 
Keywords: Hall Héroult process, hydrodynamics, sludge formation, alumina feeding strategy, 
bath chemistry and operational temperature. 

 
1. Introduction 

 
Aluminum is a strategic metal in transportation, packaging, construction, electrical industry, 
consumer durables and machinery [1]. Furthermore, recent developments in the production of 
aluminum batteries has created yet another potential market for the consumption of aluminum in 
the future [2]. According to the world’s annual production of aluminum and its trend in recent 
years, China has become a formidable producer of aluminum in the last 6 years [3] and this has 
forced other producers of aluminum to try to reduce their production cost more and more by 
investing in research and development (R&D). 
 
In an ideal aluminum electrolysis process, according to Faraday’s law, 0.335573 kg of 
aluminum is produced with 1 kAh of electrical charge. However, in reality, a current efficiency 
of ≈ 95 – 96 % is observed [4]. Two major phenomena account for such a loss of current 
efficiency. The first reason is the back reaction of solubilized aluminum ions with CO2 gas and 
production of CO gas and dissolved Al2O3. The second major phenomenon is the formation of 
resistive deposits on the surface of the cathode. Such deposits not only create more resistivity 
against the electrical current and increase the required electrical energy, but also as it is 
mentioned in the following paragraphs (Section 2.), contributes to the four significant factors 
reducing the current efficiency. 
 
2. Sludge Formation and Its Drawbacks 
 
In an ideal scenario, upon the introduction of alumina onto the cryolitic bath surface, alumina 
particles easily dissolve and disperse evenly at interelectrode space (i.e. distance between anode 
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and upper surface of metal pad). Unfortunately, just like most of engineering cases, such ideal 
situation is hardly possible and when undissolved clumps of alumina sink to the bottom of the 
cell, beneath the metal pad, a dense and viscous phase called sludge is formed. According to 
Tabereaux and Peterson [4], the following steps are followed upon addition of 1 – 2 kg of 
alumina particles onto the surface of bath by point feeders. At first, the particles get wetted by 
the bath. Later the alumina particles absorb the sensible heat and their temperature increases 
from 100 C to 960 C. At this stage, the wetted undissolved particles form agglomerates and 
subsequent dissolution occurs around the alumina particles creating a supersaturated local bath. 
Gradually most of the alumina particles dissolve into the bath and distribute in the cell by the 
turbulence flow. Sludge is a paste-like viscous combination of alumina particles and alumina-
saturated bath. The average properties of a typical sludge sample is as follows: density of 
 2 400 kg/m3, alumina content of 20 - 50 %, AlF3 of 2 - 10 %, CaF2of 2 - 5 % [5, 6: p. 77]. 
 
Formation of sludge is not a favorable phenomenon due to the fact that, it contributes to the four 
significant factors reducing the current efficiency, namely operational temperature, bath 
chemistry, current density and the stability of the metal-bath interface. A typical sludge phase 
with the aforementioned characteristics has an electrical resistivity of 0.01 Ωm [7, 8], which is 
about twice the resistivity of bath and about 35 000 times greater than molten aluminum. Such 
electrical resistivity diverts the local current density and creates areas with higher current 
density and consequently higher cathode wear [9]. The sludge formation also consequently 
influences the carbide content, carbon particles dispersion, bath superheat and loss of current 
efficiency. Extensive sludge formation increases the occurrence of anode effect, during which 
the anode is poorly wetted by the electrolyte resulting in extensive carbon dusting. Presence of 
dispersed carbon particles in the bath not only increases the electrical resistivity of the bath (i.e. 
higher energy consumption) [10], but also by reaction with dissolved aluminum and formation 
of aluminum carbide, causes higher solubility of aluminum and loss of current efficiency [11, 
12].  
 
Besides, the sludge also tampers with the hydrodynamics of the cell. The higher electrical 
resistivity of the sludge-covered cathode area diverts the local current to flow horizontally 
towards the edges of the sludge. Such horizontal current flows perturb the dominant vertical 
current flows leading to additional instability of the metal-bath interface. The oscillation of 
metal-bath interface has a dramatic effect on the optimum operation of the cell considering the 
large aspect ratio of the cell and higher resistivity of the bath compared to metal pad [13]. 
Moreover, the shear amount of metal-bath interfacial stress leads to higher aluminum solubility 
(i.e. fogging effect), which consecutively accounts for higher back reaction and loss of current 
efficiency [14: p. 216-226]. In addition, such metal/bath instabilities results in an increase of 
anode-cathode distance (ACD), cathode voltage drop (CVD) and disturb heat balance which 
dramatically affect the current efficiency and energy consumption [15].         
 
3. Thermochemistry of Sludge Phase 
 
Thermodynamics of the metallurgical systems is of great importance since it can guide the 
scientists to not only find the optimum pressure, temperature and compositions but also it 
provides an in depth study of the interactions that happen between the cell’s fluids, linings, 
cathode materials and impurities. The review of such systems is way out of the scope of this 
concise review article but avid readers are referred to references such as Thonstad et al. [14] and 
Sorlie and Øye [16]. To our best of knowledge, the most exhaustive and specific 
thermodynamic study of the sludge in the aluminum electrolysis cells has been done partially by  
Liu [17] and more comprehensively by Allard et al. [5]. 
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The main points according to Liu [17] could be summarized as follows: first, the dissolution of 
the bottom crust also known as ridge is hindered due to its insulating effect. As it is mentioned, 
when the cell is heated up to dissolve the cathodic deposits, this process may take few days. The 
reason for the delay can be partly attributed to the high temperature gradient within the cathodic 
deposits (5 – 10 ºC), called insulating effect of the cathodic deposits. Second, the difference in 
liquidus temperatures of various sludge samples (950-964 C) is mostly due to the CaF2 content 
since excess AlF3 has little impact on liquidus curve in the range of 0-7%.  According to Allard 
et al. [5], the main chemical species of sludge samples found in industrial cells are Na3AlF6, 
Na5Al3F14, Na2Ca3Al2F14 and α-alumina. As long as the bath is not supersaturated with alumina, 
addition of alumina decreases the liquidus temperature. However, as the concentration of 
alumina goes beyond 7 %, the liquidus temperature starts to rise. The melting temperature of the 
solid solution phase (cryolite + CaF2 + AlF3) is highly influenced by alumina content as long as 
it is less than 7%, while at higher alumina content, an isothermal melting point of 933 C is 
noticed. The typical concentration of CaF2 in deposits is 2 - 5 %. Based on experimental results, 
most of the calcium content within the deposits comes from Na2Ca3Al2F14 and NaCaAlF6. 
NaCaAlF6 can form a solid solution in α/β-cryolite. High CaF2 content decreases the sludge 
solubility. Other solid calcium containing phases include Na2Ca3Al2F14 (formed at CaF2 % > 10 
%) and Na4Ca4Al7F33 (formed at high acidity). The sludge (typically containing 40 % alumina), 
may behave as a mixture of solid alumina in a liquid (at T > 933 C) or, if heat losses are high 
enough as a solid phase (at T < 933 C). In conclusion, the temperature of the cell’s bottom 
must be kept well above 951 C in order to keep the liquid fraction of the sludge around 70 % 
and enhance the possibility of the sludge dissolution. [5] 
 
4. Important Factors in Sludge Formation/Dissolution 
 
Formation/dissolution of sludge or resistive central cathodic deposits in aluminum electrolysis 
cells is correlated to several parameters such as cell’s hydrodynamics, operational temperature, 
bath chemistry, physicochemical characteristics of alumina and feeding strategies. 
 
4.1. Hydrodynamics  
 
One of the strongest source of agitation in the electrolysis cells is the magneto-hydrodynamics 
(MHD) force. Such a force is the result of the interaction between the high-amperage DC 
electrical current and the magnetic field created by this current. It has to be emphasized that the 
shearing stress at the interface of metal/bath leads to excessive dissolution of aluminum (i.e. 
fogging effect) and such aluminum species leads to excessive formation of carbide within the 
cells and further loss of current efficiency [14, p. 216-226]. In order to minimize the detrimental 
effect of MHD forces, a typical layer of 25 cm of molten aluminum is maintained during the 
operation [4].  
  
However, since the metal pad moves mostly under the influence of electromagnetic force field, 
such movements may also help the back-feeding of sludge. Sludge dissolution is a long and 
time consuming process since it is not in direct contact with the bulk bath. Thonstad, Johansen 
and Kristensen [18] mention that dissolution rate of sludge is approximately independent of 
agitation rate and diffusion controlled. On the other hand, comparing the dissolution rate of 
alumina particles in the industrial cells, it has been revealed that bubble induced agitation of the 
bath is also of great importance [14, p. 308]. As it is introduced in the alumina feeding strategies 
(Section 4.3), the diversion of anodic bubbles towards the feeding channel has enhanced the 
alumina dissolution. 
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4.2. Temperature 
 
Due to the multicomponent nature of the bath and its consequences on the phase diagram, 
operational temperature is also related to the superheat level of the bath. The operating 
temperature of the modern aluminum smelters depends on the acidity of the bath and superheat 
level (Figure 1). The dissolution reaction of alumina is an endothermic process, moreover the 
alumina feed is at room temperature. The summation of the dissolution energy and sensible heat 
is enough to decrease the temperature of the melt by 15 ˚C if 1 wt% of alumina (with respect to 
total mass of the bath) is introduced into the cell [15]. Such calculations show that heat transfer 
within the cell is crucial for proper dissolution of the alumina and further prevention of sludge 
formation. Moreover, Hove and Kvande [19] have shown that higher temperatures enhance the 
back-feeding of sludge. It has been well established that proper heat transfer to the alumina 
particles in the feeding zone is crucial for avoiding sludge formation. The preheating of the 
alumina particles (600 C) for compensation of the sensible heat, has been quite effective in 
increasing the dissolution rate of the alumina particles (+ 80 %) but, it has shown negative effect 
on dissolution rate of alumina agglomerates (- 30 %) [20]. It is claimed that the negative or 
negligible effect of preheating on dissolution rate of alumina agglomerates is related to the loss 
of moisture content [20]. The most effective parameter for the dissolution of the alumina 
agglomerates is the superheat level. It has been shown that a 20 C increase of superheat level 
from 10 C to 30 C may enhance the dissolution rate of the alumina agglomerates up to 50 % 
[20]. On the other side, lower superheat level can reduce the dissolution rate of the alumina 
agglomerates up to 35 - 50 % [21].  
 

 
Figure 1. The schematic influence of temperature and bath acidity on operation of the 

cells; adapted from Taylor and Welch [22] and Allard et al. [5]. 
 
Coulombe et al. [23] have investigated the influence of the heat transfer rate on sludge 
formation in laboratory scale setup. It has been shown that more sludge is formed at lower heat 
transfer rate from the walls of an experimental cell, when compared to tests with higher heat 
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transfer rate. They justify such results by claiming that for tests with higher heat transfer rate, 
more cryolite is precipitated and an extended ledge toe is formed. Such ledge toe extension links 
to the sludge and creates a less dense liquid (compared to aluminum) with lower liquidus 
temperature, which in turn helps the dissolution of the sludge. The influence of proper heat 
transfer in avoiding the formation of alumina agglomerate/sludge or enhancing its dissolution is 
linked to proper turbulence of the bath at feeding zone.   
 
4.3. Physico-chemical characteristics of alumina and alumina feeding strategy 
 
Tabereaux and Peterson [4] have summarized some of the most important characteristics of 
alumina feed. Such factors include angle of repose of 33 - 35 C, attrition index of 10 – 15 %, 
fines (≤ 45 μm) in fraction of 6 - 8%, superfines (≤ 20 μm) in fraction of 0.5 - 3 %, α-alumina 
content of 2 - 15 %, moisture content of 0.65 - 0.90, % loss on ignition, surface area (BET) 60 – 
80 m2/g, loose density of 0.96 g/cm3 and a vibrated bulk density of 1.1 g/cm3. Besides, the 
saturation concentration of alumina in the bath (i.e., NaF-AlF3-CaF2-alumina system) is around 
7 - 8 % depending on the acidity of the bath in the range of 6 - 16 % AlF3.  
 
As Grjotheim and Kvande [6: p 66-67] indicate, the normal grain size of the alumina feed is 20 - 
150 μm. Big particles do not dissolve properly within bath while fine particles create fume 
emission and difficulty in mechanical handling. Coarse particles (≥ 100 μm) fraction is usually 
< 15 % (preferably 2 - 7 %) whereas fine particles (≤ 45 μm) fraction is usually < 20 % 
(preferably 3 - 8 %). Superfine particles (≤ 20 μm) fraction is also very important and its 
preferential content is approximately 0.5 %. Finer particles create top crusts with shorter life 
time, yet the density of the crusts will be higher than the ones made from coarse particles [24]. 
Fine particles dissolve individually faster than coarse particles but the poor wetting properties of 
fine particles as bulk lead to a slower dissolution [25]. Due to such poor wetting properties, 
electrolyte cannot penetrate within the intergranular voids and instead, finer particles fill the 
voids between the coarser particles and the rafts float for a much longer time before dissolving 
[25]. Moreover, fine particles contain larger amount of α-alumina compared to the bulk of the 
feed alumina which also causes a hard-to-dissolve top-crust/raft/agglomerates [26]. On the other 
hand, it has been claimed that there is no correlation between the size of the alumina particles 
(or median size) and dissolution rate [27, 28]. Wang [29] has categorized some of the different 
results on the influence of alumina particle size on the dissolution rate.  
 
The porosity of primary alumina is in general around 75 % and it does not have any significant 
influence on the dissolution behaviour [6, p. 67]. As it is mentioned in section 4.2, the 
preheating of alumina to low temperatures (100 – 300 ºC) has a detrimental effect on the 
dissolution rate of alumina. This phenomenon is related to the loss on ignition (LOI) [20]. The 
volatile content of the alumina not only causes more turbulence by eruptive behaviour of 
evolved gases, but also reduces the flow funnel time of the alumina particles, leading to better 
dispersion and enhanced mass/heat transfer [15]. According to Wang [29], there are different 
research results pertaining to the effect of surface area on alumina particles’ dissolution rate. 
Some results indicate that higher surface area enhances the dissolution rate [27] whereas some 
other mention that surface area has negligible effect on the dissolution rate [30]. Nevertheless, 
there is a strong relationship between the LOI and the specific surface area of alumina particles 
[31]. Some of the researches show that higher α-alumina content and coarser particles tend to 
increase the dissolution rate while some other researches show that there is no correlation 
between the particle size distribution and the dissolution rate [29]. Such contradictory results 
may be due to the numerous factors that affect the alumina dissolution such as the physical, 
chemical, morphological and microstructural traits of fed alumina, as well as the dynamics of 
the feeding process, the chemistry of the electrolyte, and the superheat level of the bath [4]. 
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Smelting grade alumina (SGA) typically consists mostly of γ-alumina (also known as sandy 
alumina) with a 2 – 15 % of α-alumina (also known as floury alumina) [4]. The type point fed 
alumina is important since γ-alumina has a lower flow funnel time, higher surface area and 
higher dissolution rate which makes it more ideal for aluminum electrolysis cells. Upon addition 
to the melt, γ-alumina exothermally transforms into α-alumina, which is less soluble, and later, 
endothermally dissolves within the bath. γ-alumina transformation into α-alumina creates thin 
plates (approximately 0.5 µm) while thicker alumina plates (approximately 1.5 µm) are the 
initial feed α-alumina content that has precipitated without dissolution and act as building 
blocks of the agglomerates [14, p. 296]. Also it has to be emphasized that as time goes on and 
with the aid of heat loss, the alumina platelets within the sludge start to grow by crystallization 
of alumina-saturated interstitial bath of the agglomerates [32].  
 
According to Hove and Kvande [19], there is a direct relationship between the feeding strategy, 
anode effect and sludge formation. It means that the state of sludge formation is related to the 
volume of the batch of fed alumina, rate of the feeding and duration of feeding time. For 
example, in the worst case scenario, a huge volume of alumina fed at high rate and short 
duration of time may increase the sludge formation and leads to anode effect. One of the most 
significant inventions in the Hall-Héroult process was the introduction of point feeders in the 
1960s in USA [33]. Point feeders use 2 - 6 holes (punched by 6-10 cm rods) through the top-
crust to administer approximately 1 - 5 kg of alumina per each feeder pipe per one minute or so 
[33, 34]. Such an approach simultaneously minimizes the sludge formation and dusts/fluorides 
emission and has led to anode effect frequency of less than 0.02 per pot per day [22]. 
 
Nevertheless, point feeders have their own drawbacks. One of the drawbacks of push-feeding is 
the fluctuation of the alumina content as the crust breaker can’t introduce all the feed that 
hopper has added [20]. The crust breaker is used to push-feed the alumina into the bath when 
the feeding holes are closed by piled-up alumina [34]. The piled-up alumina is prone to get 
sintered into α-alumina and particles’ clotting [20], which not only hinder the alumina 
dissolution process but also increase the possibility of sludge formation. So, one of the most 
important factors in avoiding the formation of sludge is to keep the feeding holes open. In order 
to do so, one approach is to increase the bath turbulence and dissolution rate of the fed alumina 
by diverting the anodic gases towards the feeding zone [35]. Finally, some improvements of 
feeding pipe design and increasing the delivery height of the feed release has been practiced to 
not only reduce the feeding rate of the alumina but also increase the penetration depth of the 
alumina particles into the bath [36, 37]. 
 
4.4. Bath Chemistry     
 
The chemistry of the bath is a significant parameter in the normal operation of the electrolysis 
cells and as it is well established it is interlinked with the current efficiency and environmental 
issues [38]. Among the 10 most important breakthroughs and developments in industrial 
aluminium process, three distinct parameters are directly related to the chemistry of the bath, 
namely point feeding technology, computer controlling of the cell and higher AlF3 bath 
chemistry [33]. The point feeding technology tries to create a low level of alumina content (1-
5 %) while using the line amperage and cell’s resistivity as a method to monitor alumina 
content. Higher acidity of the bath was first tried in 1950s and when it showed potentials for 
improvement of current efficiency, it became a cornerstone of next generations of the cells [39].       
 
A typical electrolysis cell uses 9 - 11 % AlF3, 4 - 6 % CaF2, 1.5 - 4 % Al2O3 and in some cases 2 
- 4 % MgF2 or LiF [4]. The application of LiF and MgF2 is to reduce the aluminium solubility in 
the bath and hence increase the current efficiency [40]. It has been shown that with the addition 
of LiF (2 - 4 %) or AlF3 (10 %), no significant change in the pattern of bottom crust formation is 
noticed; however, industrial tests have shown that the usage of lithium fluoride or low cryolite 
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ratios exacerbates the bottom crust formation [41]. A summary of the effects of various 
additives on the physicochemical properties of the bath has been presented by Habashi [42]. 
Moreover, the influence of impurities such as silica and iron oxide is reviewed by other 
references [14, 43]. 
 
All of the common additives (i.e. LiF, NaF, CaF2, MgF2 and AlF3) reduce the liquidus 
temperature of the bath [44]. The reduction of liquidus temperature is a beneficial phenomenon 
since it reduces the operating temperature and enhances the current efficinency [40]. This is also 
beneficial since at constant operating temperature, lower liquidus temperature (i.e. higher 
superheat level), reduces the chance of sludge solidification. On the other hand, almost all the 
aforementioned common additives reduce the solubility of alumina which enhances the 
possibility of sludge formation. 
 
The chemistry of the bath also defines the viscosity and density of the bath which are among the 
parameters that affect the current efficiency [45]. Lower density of the bath consequently 
reduces the density of the alumina-bath agglomerates, hence hindering the sludge formation 
[46]. Since the density of aluminum pad (2300 kg/m3) does not change significantly with 
temperature within the range of 940 - 970 ˚C, most of the density difference is accounted for by 
the cryolitic melt. Preferably a density difference > 200 kg/m3 provides proper separation 
between the metalic and cryolitic melts [6: p. 53]. Besides, lower bath densities specially in the 
case of lithium containing systems can create carbon particles accumulation at the metal-bath 
interface (also known as carbonation) [47]. Presence of carbon particles in the system may lead 
to increased bath electrical resistivity and loss of current efficiency [43: p. 394]. In addition to 
density, viscosity of the electrolyte also affects the hydrodynamics of fluids influencing 
phenomena such as gas bubble detachment and precipitation of undissolved alumina 
agglomerates [44]. A high viscosity not only can reduce the transfer rate of dissolved aluminium 
leading to less back reaction and higher current efficiency [48], but also can reduce the terminal 
velocity of the alumina agglomerates.  
 
After alumina particles agglomerate and sink through the bath, there is yet another barrier (i.e. 
interface of metal/melt) to cross before they reach to the surface of the cathode block. All 
common additives increase the metal/melt interfacial tension. Lower cryolite ratio and higher 
alumina content also increase the interfacial tension while the bath is not saturated with alumina 
[14: p. 105-108]. In addition to the aforementioned factors, evaporation of volatile species also 
affects the chemistry of the bath. The most volatile species are the sodium and aluminum 
fluoride or the combination of these species as NaAlF4 [6: p. 57]. Evaporation of such chemicals 
changes the cryolite ratio and it is required to control the bath chemistry by introduction of fresh 
materials. High cryolite ratio increases the liquidus temperature and consequently the sludge 
finds more opportunity to transform into solid deposit [49]. 
 
4.5. Conclusion 
 
Hall-Héroult process has gone through numerous adjustments since its commercialization at the 
end of 19th century. Such adjustments include modification of the bath chemistry, sophisticated 
control and feeding systems, application of novel refractory materials, development of new 
cathode materials, magnetic field compensation, optimization of anode effect frequency, etc. 
Such adjustments all had one aim and it was to increase the current efficiency. According to 
Welch [38], each of the former adjustments have increased the current efficiency up to 2 % and 
nowadays a current efficiency of  96 % is practical [22]. But, if the aim of the aluminium 
industry is to reach current efficiency of 97 % by 2020 [50], better understanding of the 
phenomena that cause loss of current efficiency is necessary. Maybe one of the oldest and still 
existing problems of the aluminium smelters is the sludge formation. Presence of sludge 
dramatically reduces current efficiency by tampering with operational temperature, bath 
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chemistry, current density and stability of the metal-bath interface. This concise review article 
tries to provide a reminder on the existing problem of sludge formation (also known as muck) 
and hopes to motivate young scientists and engineers to pull the aluminum industry out of 
sludge! 
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