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Abstract

Carbon anodes are an integral component of the molten salt electrolysis for primary
aluminium production. Raw materials for anode production are suffering a reduction in quality
and the aluminium world faces competition from lithium-ion batteries. The knowledge and
improved process control in anode manufacturing has increased, where now anodes are
manufactured to a better quality than 40 years ago. Despite the improved quality of the anodes,
the problem of carbon particles mixed into the electrolyte (also known as carbon dust) is still
prevalent. The usual recommendation in operations in smelters is: "Get better anodes and the
problem will take care of itself". This summary of PhD thesis aims to investigate carbon particles
and their distribution in industrial electrolyte taken from cells in the TRIMET Hamburg smelter.

An electrolyte sample containing carbon particles was analysed using STEM-EDS. The particles
have an increased sodium content on the surface, which indicates sodium intercalation. Analysing
the results of the industrial sampling at 600 positions, cells did not reveal fundamental patterns of
carbon distribution. Modelling using PCR was able to explain a maximum of 19.1 % variance in
the average carbon concentration. No mechanism was found to be acting on the distribution — in
contrasts to other components in the electrolyte.

The analysis of frozen electrolyte samples taken under newly changed anodes within eight hours
shows layered structures of the frozen bath. Many of the samples contained carbon particles. The
size of the particles depended on whether the anode change was carried out using a scoop to clean
the surface of the open electrolyte. Fine carbon particles remained in most cases. The formation
of spikes, which damage the process, could not be detected in any of the anode changes observed
within the first eight hours.

Overall, the methods and analysis conducted in this study did not show common particle patterns.
The carbon particle distribution can be random.

Keywords: Carbon dust, Microstructure, Carbon distribution in bath, PCR, STEM-EDS.
1. Introduction

The use of carbon anodes in the primary production of aluminium has been the status quo since
the inception of the process itself. While the overall demand for aluminium is growing, the
primary production is hampered by its direct and indirect CO; emissions, which are contrasting
the use in the green transformation. While today the CO; scope 2 footprint of aluminium ranges
between four and 16.5 t CO,-e/t Al [1-3], the reduction with green energy will only go so far. In
the end, the process of carbon oxidation in the production is still relevant, until the inert anode is
successfully integrated on a large scale, or an alternative process has been industrialized.
However, the oxidation and consumption of carbon is both intentional and - due to side reactions -
unintentional.
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1.1  Carbon Reactivity in Electrolysis Cells

Carbon particles can be found in the electrolyte. The definition of carbon dust was published by
the author elsewhere [4]:

“Carbon dust refers to small carbon particles, which are located in the electrolyte of an aluminium
reduction cell [5-7]. Older sources refer to carbon slough [8] or carbon foam [9], which refers to
a mixture of carbon particles of various sizes within the electrolyte in an aluminium reduction
cell.”

Carbon dusting can be considered unintentional carbon consumption. It occurs due to various
processes within the electrolysis process. The main ones are the reactivity of anodes with air or
CO.. Figure 1 shows an anode with the temperature zones and the areas of air and CO, reactivity.
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Figure 1. Anode sketch with zones of Oz and CO; reactivity. The temperature scale shows
the increasing temperature of the anode from top to bottom. Bottom surface profile of
anode is exaggerated. With a temperature between 550 — 600 °C air reactivity starts, when
air is available (arrow left of the word Air). This part can be, depending on the cell design,
operation and time in the anode cycle, above anode cover material, which is supposed to
seal the anode from air access. A: anode rod, B: Anode Cover Material, C: Bath Crust, D:
Electrolyte, E: CO; bubbles, F: Aluminium. Recreated from Fischer and Perruchoud [10].

The rate and amount of CO; reactivity are temperature dependent and influenced by the anode
properties [10-11]. Polished butts (used anodes) cores were investigated at 10x magnification.
Sadler et al. showed a higher rate of sub-surface carboxy attack on the sides of anodes, when
compared to the working surface [12]. Engvoll et al. supported the finding by analysing samples
over the height of an anode after use [13]. Both groups stated that CO, can move through porosity
for up to 50 mm and oxidize the binder phase of the anode. These “pre-reacted” parts are
consumed on the working surface, as protruding particles are consumed preferential [12-13]. The
importance of porosity as an indicator for anode quality was highlighted by Galisiu et al., who
proposed the ratio of large porosity (pore diameter > 7.5 um) by total porosity as a proxy for
anode quality. There was a strong correlation between the porosity ratio and anode performance
[14].
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The anode working bottom surface temperature is expected to be close to the cell temperature.
The anode lateral and top surface temperatures vary with anode geometry and thermal
conductivity of the anode [15]. These temperatures are also dependent on the thermal conductivity
of the yoke assembly and the internal heat generation in the anode [16]. The top temperature of
an anode reaches 550 °C after 42.5 hours according to [15]. Fischer and Perruchoud stated that
the airburn rate at that temperature can reach 1 mm/ hour and for temperature increases of 30 °C,
the rate doubles [10]. Engvoll found that gasification can occur as deep as 40 mm below the
anodes top surface and is therefore invisible for any operator [13].

Preventive measures to reduce CO, reactivity are rather limited, however airburn can be
effectively prevented with anode cover material and anode dressing practice [17]. Since the 1990s,
anodes are covered with a mixture of alumina and frozen electrolyte, which necessitated an
increase of base voltage due to a higher heat dissipation, when compared to pure alumina [18],
[19]. Bird et al. found 40 to 50 mm of anode cover material to be sufficient to prevent access of
ambient air at the anode [11]. The composition of anode cover material changes over the anode
cycle. At the beginning and at 520 °C, coarse material can wick heat away more efficiently than
fine material [20]. With an increase of temperature, components like chiolite start to melt [21].
At the end of the anode cycle, the cover material closest to the anode top surface contains mostly
alumina [22].

Lhussier et al. and others proposed the use of under-calcined coke to reduce the reactivity gradient
within an anode, as the coke would be co-calcined with the binder matrix. The co-calcining would
however necessitate a change in the baking furnace process to reach higher temperatures for
longer durations, hence a higher energy consumption and a lower throughput in the baking furnace
[23-24].

The standardized tests for air and carboxy reactivity include three quantitative figures, which are
a percentage of the original weight: residue, which is the residual sample after tumbling; dust,
which is the part of the material which has been tumbled out; and loss, which is the amount of
actual oxidation, and therefore carbon which has been removed by gasification (ISO 12988-1 and
ISO 12989-1). The process can take place during normal electrolysis. However, we can only find
the residue in different particle sizes or the dust in our electrolyte, while the loss has evaporated
as gas.

Sodium inclusions strongly correlate with high air and CO; reactivity [25]. Hume et al.
investigated the influence of sodium levels in butts. The study showed that an increase of
1.5 % Na could reduce the CO; reactivity residue (CRR) by 19 %. According to the study’s
findings, sulphur creates sulphur sodium complexes, which hinder the diffusion of sodium in the
anode structure [26].

According to Perruchoud et al., carbon dust generation per tonne can be assumed at 5 kg/t Al [27].
The skimmings contain between five and 32 % carbon, amassing 20 to 50 kg skimmings per tonne
of aluminium [28-29]. For the Hamburg smelter, the amount of skimmings disposed between
2020 to 2022 was between 3.44 and 4.52 kg/t Al at cost between 390.69 and 438.30 €/ t carbon
dust skimming to remove carbon material from the internal recycling loop. As some of the carbon
dust is recycled through anode cover recycling, the actual amount is to be expected higher.

1.2 Electrolyte Inclusions and Inhomogeneities
Inhomogeneities in the electrolyte composition within a single electrolysis cell are in stark

contrast to the assumed control mechanism of one specific resistance (R/mm) per cell, which is
used for process control [30]. The resistance is used both for beam movements and decision
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making in alumina feeding [31]. This chapter will only include alumina and carbon
inhomogeneities within the electrolyte.

1.2.1 Alumina Distribution

The field of alumina (Al,O3) distribution has been the center of several investigations. Tessier et
al. sampled on the AP 30 technology 12 positions on the side channel to find an average
concentration between 1.89 and 3.94 % Al;O3 on three cells. Individual ranges in the cell were
between 1.6 and 2.8 % ALOs, significantly higher than the average range. Bazhin et al samples
cells in two cell technologies. The range found for one technology was between 2.9 and 4.19 in
horizontal variation. They found even higher gradients for vertical direction [32]. Lavoie and
Taylor analysed the local and spatial alumina distribution due to feeding rates. Their results
showed large concentration gradients, which can lead to local anode effects [33].

Dando et al. reported the formation of alumina rafts, which are formed from alumina freezing the
electrolyte surface during feeding. The rafts are favoured by the use of clumpy alumina [34].
These rafts slow according to Gylver et al. the dissolution rate of alumina, as the rafts need to
remelt. Only then alumina can be dissolved and transported throughout the cell [35]. Bojarevics
and Dupuis named raft formation as a key issue for inhomogeneous alumina concentration [36].
In a model they showed that very different alumina concentrations were calculated within the
cells after eight feed cycles. The adaptation of feeding positions could produce a more uniform
alumina concentration [37]. However, the adaptation this would require a cell redesign. A
redesign study was conducted by Severo et al. They simulated the effect of constrictions and
changes in feeder position in order to achieve an improved alumina and bath flow. The simulation
was verified in actual cells and succeeded [38].

1.2.2 Carbon Particles as Inhomogeneities

The difference between carbon and alumina is the mechanism of addition. While alumina is fed
in controlled doses, carbon particles form within the cell and are transported by distribution forces
within the cell. A number of processes both inside and outside the aluminium electrolysis cell are
responsible for carbon dust formation. Grjotheim et al. highlighted the points 1 — 4, while Fischer
et al. and Sadler with Welch added the remaining points [39-41]:

1.  Aluminium oxidation by CO or CO, (back reaction) forming elemental carbon.

2. Selective oxidation of the anode on the sides and in the slots [23].
Erosion and cathodic dissolution of ramming paste, carbon lining and cathodes, formation
of aluminium carbide [42-43].
In Vertical Stud Soderberg: pitch leaking through cracks or stud holes in the bath.
Fragments of carbon separating from the anode (in the cell or during butts cleaning) [41].
Carbon collar stub protection.
Recycled carbon from anode cover material, settled dust from offgas or butt cleaning
facility [6], [44]
8. Recycled carbon in secondary alumina.

98]

Nowks

A part of these dust origins can be mitigated; however, others are inevitable due to the nature of
material recycling within an aluminium smelter.

The published data on carbon particle distribution or systematic measurements of carbon content
are scarce within the last 40 years. Bazhin et al. sampled RA 300 cells ranging from 0.69 to
8.19 % C, while OA-300M 1 ranged from 0.71 to 5.72 % C [32]. Polakov et al. reported for similar
cell technologies 0.17 to 5.09 % C [45]. Bugnion and Fischer evaluated the differences of several
parameters between dusty and non-dusty cells. Dusty cells showed a carbon concentration of
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0.11 % C, non-dusty cells of 0.07 % C [46]. Foosnaes et al. investigated the vertical distribution
of carbon concentration for cells from Soderberg and prebaked anode technologies. A gradient
was established with high concentrations close to the electrolyte surface and at the electrolyte-
metal interface. However, the variation in between the sampling was larger than the overall
variation of the averages per position [47].

Carbon particles have been described as dusty or fine and coarse. These different sized particles
behave differently due to their density relative to the electrolyte. Coarse particles with porosity
are lower in density, similar to anodes (1.45 - 1.6 g/cm®) [47-48] and have been reported to float
on top of the electrolyte, forming a foam. The smaller, fine particles are often only visible in cold
electrolyte samples and are likely as dense as graphite (2.25 g/cm?) or calcined petroleum coke
(1.92 — 2.08 g/cm®) [49]. These densities are similar to electrolyte (2.05 g/cm?) [50-51]. A
separation due to floatation would not occur. According to Foosnaes et al., the reason why certain
carbon particles float on top of the electrolyte while others sink is due to variations in density [47].

1.2.3 Electrolyte Movement and Particle Distribution

Electrolyte movement can be described by two components: the dragging of electrolyte by metal
movement initiated by magnetohydrodynamic (MHD) forces; and movement initiated by CO»
bubble evolution underneath the anodes [52-53]. Further factors can be neglected in movement
simulation according to Walker [54].

MHD forces describe metal velocities and the deformation of the metal-bath interface [55-56]. A
faster metal movement would be associated with a higher bath drag and therefore, increases
mixing. While smaller cells, like the Reynolds P19 cell design operated at TRIMET Hamburg,
have two asymmetric metal circulations, larger cells like the RA300 design by RUSAL can have
four or more asymmetric metal circulations [32][57]. Bilek et al. compared the effect of bath
movement between CO, bubbles and MHD induced movement. They found the effect of bubbles
far larger than the MHD effect and reflected on the dilemma with optimization of turbulence. By
reducing MHD induced metal movement and CO; bubble evolution, the mixing of the electrolyte
was reduced. This would lead to larger inhomogeneities. The use of slotted anodes can be helpful,
as they mirror longer, narrow anodes that stabilize the process [58][59]. Von Kaenel et al. found
slotted anodes and bubbles to have an increasing homogenization effect [60-61].

The evaluation of CO; bubbles and MHD effects only describe the indirect movement of particles
by drag and turbulence. The description of alumina rafts is also relying on drag. An actual
movement induced by an electrical field, which can be used in the process of electrophoresis, has
not yet been reported for aluminium smelting, but was mentioned by Polyakov et al. [45][62].

2. Research Approach

The literature review showed three areas of interest for further research. The following paragraphs
line out the areas of interest, the methods used for investigation and the relevant results.

2.1 Characterisation of Carbon Particles Found in Industrial Electrolyte

Due to the different carbon input streams, carbon particles found in the industrial electrolyte
samples can give us an indication of the origin and the formation of the particles. During the study
of the carbon particles varying sizes were found, which gave the impression of possibly different
origins, namely from the anode and cathode. A comparison of an industrial sample with an anode
and cathode samples was conducted. With the evaluation of different carbon lattice structures,
one could connect the carbon particles and their respective heat treatment. The heat treatment is
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considerably different between anode and cathode. Samples were taken in the Hamburg smelter
operated by TRIMET Aluminium SE.

2.2 Local and Global Effects of Carbon Particles in Cells

The mechanisms for carbon dust transport within a cell are not fully understood in the published
literature. From the data gathered from the analysis of industrial sampling, carbon concentrations
were mapped conducted to find a common distribution pattern. The assumption was made, that
carbon particles do not follow a common distribution pattern and are therefore randomly found
in the electrolyte. This would be expected, as sampling in the taphole and in other positions in the
cell made previously did not contain the same carbon content.

2.3 Time Dependency of Local Effects in Conjunction with Working Procedures

The literature named carbon dust and spike formation in relation to each other. The effect of the
working practice quality on the anode change and spike formation were investigated in a trial
series. A simple topography measurement was used to assess the area of frozen bath underneath
the anode. Frozen bath from the anode’s underside was sampled underneath the anodes for further
investigation.

3. Methods and Experiments

In order to investigate the three questions, screening experiments and different methods were used
to gain deeper insight into the effect and distribution of carbon dust. The methods are separated
into Data and sample acquisition (3.1), Experimental (3.2) and Data Analysis (3.3). For the
analytical methods, the analysis with STEM-EDS is presented exemplary.

3.1 Data and Sample Acquisition
3.1.1 ACD Measurement

To measure the ACD (anode cathode distance) in a cell, the distance from the anode’s underside
to the surface of the metal pad is measured. A metal dipstick is positioned flush underneath the
anode. Due to the different freezing temperatures of electrolyte and bath, the interface is visible
after 10-15 seconds and then measured with a ruler. The part submerged in metal has a thin profile
compared to the part in the electrolyte.

3.1.2 Bath Sampling

A sampling tongue with a removable lid is used for bath sampling. After preheating, the tongue
is submerged underneath the bath surface. There, the lid is opened and closed again via the handle.
The closing mechanism prevents the sample contamination with particles floating on top of the
electrolyte surface, which is important especially for cells enormous carbon dust.

3.1.3 Visual Pattern Analysis of Frozen Bath Layers
The frozen bath layers underneath freshly set anodes are measured by visual analysis. A picture
of the anode from the side with a reference is taken and then mapped with a grid in MS

PowerPoint. By measuring the surface and maximum height of the anode not on the hot anode,
the operational safety for the campaign is improved.
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3.1.4 Visual Carbon Dust Assessment

The carbon dust indexing method was published by Gudmundsson in 2011 [63]. It uses three
easily distinguishable levels for different assumed carbon dust levels within a cell and is
conducted during scheduled metal and bath level measurements. Level 1 has no visible carbon
dust; level 2 has some carbon dust floating on top, but the amount could be removed by one scoop;
level 3 has more than level 3.

3.2 Experimental
3.2.1 Short-Term Effect of Frozen Bath Underneath the Anode for Spike Formation

30 anodes were subjected to control after two, four or eight hours to measure the height of frozen
bath underneath the working surface. The 30 anodes were separated into experiments with
differences in relative height, work practice (cavity cleaning) and carbon dust index.

Height of newly set anode: If the newly set anode is set too high, it will not participate in the
reaction for a longer period; if set too low, the heat-up can be too quick, creating thermal stress,
which can lead to failure due to thermal shock, and the MHD field is disturbed [16][64-67].
Anodes in the experiments were set to their regular height or 20 mm lower.

Working quality of cavity cleaning: The use of cavity cleaning has been mentioned in literature
as a counter measure for spiking and reduction of carbon dust. According to the standard operation
procedure, the open anode hole has to be cleaned at least twice or until the grabber closes
completely. The anodes were set according to standard or with no cavity cleaning at all.

Carbon Dust Index: Cells were distributed in two groups: little to no dust (level 1 and 2) or dusty
(level 3).

The parameter combination can be found in Table 1. Anodes underneath the side risers cannot be
taken out after such a short time without risking the bending or failure of the bi-clad and therefore
were excluded. Earlier experiences in the smelter have shown that corner anodes were susceptible
to heavy freezing and were excluded as well. Any results from middle anodes would be
transferable to corner anodes, possibly even worse.

During checking of the anode, a photo was taken with a reference for further analysis (see 3.1.3).
A sample was taken from underneath for further chemical and visual analysis, similar to the
procedure published by Picard et al. [68-69].

3.2.2 Industrial Electrolyte Sampling and ACD Measurement Campaign

Electrolyte samples at ten positions along a cell were taken from 30 cells on two occasions (overall
60 observations at 10 positions). Bath sampling was performed as described in 3.1.2. Sampling
positions can be found in Figure 2. ACD measurements were performed simultaneously according
to 3.1.1.

In Figure 2, ten sampling positions (shown in circles) are equally spaced around the cell to allow
access for ACD measurement underneath each anode. The grey blocks represent the anode
positions. The sampling positions may vary slightly due to different side riser placement in potline
2 in Hamburg.
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Figure 2. Bath sampling and ACD measurement positions on the cells.
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3.3 Data Analysis

To establish a relation between carbon concentration found in the samples with other parameters,
a PCR (Principal component regression) was applied. Other statistical tools like linear regression
could not be applied due to the data available. The principal component regression uses the
principle for principal component analysis (PCA), where the data is scaled and transformed
linearly to a new coordinate system. The new coordinate system can describe the variation of the
input data with a smaller number of variables. PCA was applied before in aluminium smelting
data analysis. Tessier et al. and Majid et al. have published their analysis of process problems or
anode and spike detection [70-72]. In order to reduce the risk of overfitting the model, 75 % of
the data was used for model training and the rest for prediction and optimisation. The data analysis
was performed with statistical language package R [73].

3.4 STEM-EDS

STEM-EDS sample preparation and analytics for the three samples (anode, cathode and
electrolyte) was conducted by the Chair for Materials Chemistry at RWTH Aachen University.
Scanning Transmission Electron Microscope (STEM) is a method for microscopy of thin
specimens with a concentrated electron source. Samples must be able to conduct electrical current.
Samples without conductivity were embedded in a silver emulsion (Leitsilber, Plano GmbH),
which enables conductivity.

The specimens were prepared with the FIB (Focused Ion Beam) method, which is a precise
method for thinning samples [74]. Figure 3 shows the process of thinning of samples. First, a
protective layer of platinum is deposited on the sample region. Then the focused ion beam of
gallium ions is used to separate the area of interest.

Afterwards, several methods of detection can be used. In this work, figures with high- angle
annular dark field (HAADF) and bright field (BF) are presented. In the high-angle annular dark
field of the detector zone, objects with a low density have a dark colour, while high density show
a light colour. In the BF zone on the detector, the contrast is reversed.

Energy-dispersive X-Ray Spectroscopy (EDS) is a well-established method for elemental
analysis, that uses an electron source to excite atoms and detects the characteristic wavelengths
of elements. EDS was performed on the samples prepared as a line scan to show the distribution
of elements found on the sample surface.
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Figure 3. FIB-SEM of electrolyte sample. Process of sample extraction and thinning,
showing a typical electrolyte sample; A, Platinum is deposited on the sampling area to
protect the sample below; B, the sample is cut using a Gallium focused ion beam. To
provide sufficient access, trenches are cut; C, the sample has been separated on the left
side and will be separated further to retrieve the sample; D, sample has been retrieved and
positioned on the sample holder. The final sample thickness of ~80 nm is compatible with
electron microscopy.

4. Results
4.1 Frozen Bath Layer Formation

The experiments were conducted to find conditions favouring the development of a frozen bath
layer. Due to the large number of variable combinations, a screening was conducted.

The estimation of frozen bath layer height was conducted as described in chapter 3.1.3. The
thickness was ranging between zerocm and 15 cm. The individual combinations of the
parameters and their respective maximum frozen bath layer height are shown in Table 1. The
maximum heights were found for anodes, which had no proper cavity cleaning (no skimming).
The shape of the frozen bath underneath the anodes suggested that pieces from the cover material
of an adjacent or the former anode had fallen into the open surface and froze into the bath layer
from below. This observation was made for all amounts of carbon dust. The maximum height
reduced with the time since anode change. For all anodes checked eight hours after anode change
the frozen bath layer was gone. The effect of skimming is significant, as a proper working
procedure reduced the frozen bath height if all samples are considered as one group (p = 0.036).
The effect was not significant after separation into the groups of non-dusty (p = 0.173) or dusty
(p = 0.125) cells, as the range for the groups led to a large standard variation, especially with the
results from anodes after eight hours.
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Table 1. Parametrisation of frozen bath layer thickness. Odd numbers with little carbon
dust (CD 1 & 2), while even numbers with high dust (CD 3). In 1 — 4 skimming was
conducted as per SOP, while in 5 — 8 no skimming action was taken. 1 and 2 and 5 and 6
were set on the correct height, while 3, 4, 7 and 8 were set too low. Three scenarios were
expected to behave: spl: best case, sp2: best case with dust, sp8: worst case,

Chiffre Skimming | Setting Carbon Dust index 2h 4h 8h
Spl Correct CD1&2 6 7 0
Sp2 Regular height CD3 5 3 -
Sp3 skimming CD1&2 6 5 0
Spd Set too low CD 3 5 5 .
Sp5 Correct CD1&2 12 15 0
Spé No height CD 3 7 10 -
Sp7 skimming CD1&2 15 11 0
Sp8 Set too low CD 3 7 15 0

During the visual assessment of the collected bath layer samples, in a limited number of samples
aluminium nuggets were found with a maximum diameter of 15 mm. The frozen bath layer had a
maximum thickness of 10 cm, so the frozen part would reach at least four cm into the metal pad,
assuming a six cm ACD. The droplike shape suggests the metal was captured while the bath layer
was freezing.

From the 30 experiments, it was possible to collect 20 bath layer samples. From the 20 samples,
11 showed a layering behaviour (at least two layers), while nine samples included only one layer.
Figure 4A shows a worst-case trial with two visible layers with an overall sampled carbon content
of 1.25 % C. The upper layer (5.8 % C) includes many carbon particles with a maximum diameter
of three mm. The second layer (0.224 % C) appears to be mainly cryolite/electrolyte with its white
hue. Figure 4B shows a sample retrieved from best case parameter combinations. The sample
shows two layers. The top layers appear porous without carbon inclusions. The lower one shows
small carbon inclusions, and the porosity appears to be squeezed in the lower 15 mm. One can
find small carbon particles, which would be impossible to rake out with a grabber/ pacman used
in a smelter environment. The sample was analysed with 0.23 % C carbon inclusions. Figure 4C
shows the visual appearance of a frozen bath composite with layers. In the mid layer one can see
a layer of sintered alumina from the anode bath cover, which has dropped into the open bath
surface during anode change. The frozen bath sample contains 0.036 % C. Several authors have
reported the appearance of several layers, partially porous, either collected underneath the anode
[68-69], as part of the crust [75-76] or in a raft formed during alumina feeding [35]. The different
appearances have been attributed to cooling rates [75-76]

The effect of skimming during anode change can be shown with the sample in Figure 4D. The
sample (5.48 % C) contains several carbon particles with a diameter of up to 30 mm. These
particles cannot be evaluated as carbon dust, but rather broken pieces of anodes, which should be
taken out during anode hole skimming.
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Figure 4. Frozen bath layers collected from four different experiments. The orientation of
the samples is “as found” — above is the anode, below the metal ad. A: Frozen bath sample
for a worst case (sp8) with two distinct layers. B: Frozen bath sample for a best-case trial
(sp1) with large porosity. C: Frozen bath sample form sp7. D: Frozen bath sample from
sp7 with carbon particles trapped with a maximum diameter of 30 mm.

4.2 Carbon Distribution in Cells

The distribution of carbon in the cells was analysed in two steps. At first a descriptive data analysis
was conducted, then a model was created to predict future carbon concentrations. Three datasets
were prepared for the analysis. Dataset 1 (ds1) includes the bath sampling data analytics, bath
temperature and superheat measurement from the shift of the trial, and the sampling position
(1 —10, as visualised in Figure 2). It contains 600 rows of data. Dataset 2 (ds2) contains 1080
rows of data. Instead of the sampling position it contains the ACD measurement and the anode
position (1-18). Dataset 3 (ds3) contains 60 rows of data, as it contains the averages of all data
and removes the position of the sampling expect for the cell.

4.2.1 Spatial Distribution of Carbon and ACD in Cells

The carbon distribution is not normal distributed in its 600 samples. The median is at 0.085 % C,
the average is considerably higher at 0.25 % C. The IQR (interquartile range between 25 % and
75 % quartiles) is 0.195 % C and the standard deviation at 0.485 % C.

The individual results from the experiments vary. Figure 5 top shows the boxplots for experiment
one to 30, the plot in Figure 5 bottom for experiment 31 to 60. Experiment 1 has the lowest range
from 0.022 % C to 0.059 % C, while Experiment 59 shows a range from 0.05 % C to 4.65 % C.

The distribution of carbon concentration over the sampling positions has variations. Position four
(mean: 0.354 % C, median 0.148 % C), position one (mean: 0.034 % C, median: 0.109 % C) and
position two (mean 0.318 % C, median: 0.124 % C) show the highest concentrations. Position
two and four were located next to the side risers and therefore might experience inhomogeneous
magnetic fields resulting in increased carbon dust production. Due to the large sample size in the
group (n= 600> 30), one can assume the Central Limit Theorem and perform Analysis of
Variance (ANOVA) [77]. The results suggest that the carbon content in a measurement was more
dependent on the cell it was taken from (p = 8.08 E-14) and not the position in the cell (p = 0.169).

1499



TRAVAUX 53, Proceedings of the 42nd International ICSOBA Conference, Lyon, 27 - 31 October 2024

A similar result was found for the distribution of ACD values. The ANOVA showed that the ACD
is more reliant on the cell (p <2 E-16) than the position in the cell (p = 0.261).
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Figure 5. Carbon content distribution across 60 cells. Top: trial 1 to 30 histograms,
Boxplots of carbon distribution; x-axis: trial number, y-axis: C-content in wt.-%, trials 1-
30; n = 10 samples per trial; bottom: trial 31 to 60 histograms, Boxplot of carbon
distribution; x-axis: trial number, y-axis: C-content in wt.-%, trials 31-60; n = 10 samples
per trial.

The analysis of the measurements and sampling results shows no common pattern between
position in the cell and ACD or carbon content. The variation within individual cells is smaller
than the variation of spatial positions. The findings not supporting a hypothesis of common spatial
patterns for ACD distribution and carbon concentration in a cell. This is in contrast to anecdotal
evidence and experience of carbon dust accumulating in the corners of cells.

4.2.2 PCR Modelling — Towards a Digital Twin of Carbon Dust Production in Aluminium
Electrolysis Cells

To create a model and thus eventually a digital twin for carbon dust production during aluminium
electrolysis, carbon concentration within the electrolyte was modelled using the principal
component regression. The three datasets described earlier were split each into 75 % data for
model training and 25 % for optimisation and prediction.

For dataset ds1, the PCR model with two components can describe 69.55 % of input variance and
5.46 % of carbon concentration variance. Dataset ds2 describes 53.21 % of input variance and
3.55 % of carbon concentration variance. The model computed for dataset ds3 with one principal
component can describe 19.08 % of carbon concentration variance and 39.43 % of input variance.
These three models cannot explain more than 20 % of the output variance. This leads to the
assumption, that the carbon concentration cannot be predicted with the collected input data as
variables. The models do not account for anode and sampling position.

4.3  Origin of Carbon Dust in Aluminium Electrolysis Cell Electrolyte

Three samples (anode, cathode and electrolyte) were prepared for STEM to gain a granular insight
into particles and the structures. The overview sample of the anode (see Figure 6A) shows the
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anode carbon with its sponge-like texture. Sponge coke is often used for anode production and
micrographs have been published [78-79]. The thinned sample shows porosity within the anode
(see Figure 6B). Figure 6C shows inclusions with particle sizes between 12 and 40 nm with a
higher density than carbon. The cathode sample in Figure 6D is less uniform and shows particle
inclusions in the top right corner. The lower right corner has a sponge coke like appearance. Figure
6E shows the inclusions from 6D at a larger magnification. The particle sizes range from 32.38
to 768.8 nm.

Figure 6. Electron microscopy of anode, cathode, and industrial electrolyte samples. A:
SEM visualisation of anode reveals a sponge coke structure within the anode’s matrix. B:
STEM visualisation of the anode sample reveals large porosity in the anode structure. C:

STEM of anode sample reveals micro porosity. D: STEM of cathode sample shows various
interfaces of microstructures and inclusions in the top right corner. E: Higher
magnification STEM showing the inclusions in the top right corner of D. F: SEM of
electrolyte sample shows carbon particles in the electrolyte.

Figure 7 shows the electrolyte sample with its Al,O3 and carbon inclusions. The three visible
carbon particles are marked with asterisks, while the alumina inclusions are marked with white
arrows. The alumina particles range between 50 and 200 nm in size, while the carbon particles
are significantly larger starting at 1.2 pm.

1501



TRAVAUX 53, Proceedings of the 42nd International ICSOBA Conference, Lyon, 27 - 31 October 2024

fﬁ' 5/6/2022 | dwell HV HFW et 1 11| Re—
7 | 2:46:15PM | 30 ps | 30.00 kV | 16.6 pm MCh RWTH Aachen

Figure 7. STEM representation of an electrolyte sample, detected by high-angle annular
dark-field HAADF. High density particles are white. The sample shows dark grey carbon
particles of 1.2-5 pm marked by white asterisks. Bright white alumina particles ranging
from 50 to 200 nm are marked by white arrows.

Figure 8 shows the EDX line scan of the electrolyte sample revealing a cryolite matrix with carbon
and alumina inclusions. Especially next to the carbon particles, sodium can be found suggesting
an impregnation of carbon particles with sodium.

CK
0K
FK
Na K
AlK
Brim
Bsk
Bk

Field of View

Figure 8. Line Scan EDX of an electrolyte sample. The line scan represents 300
measurements conducted in a series of traverses over the sample. The analysis shows a
cryolite (Na3AlFs) matrix with carbon and alumina inclusions. The carbon particle on the
lower right shows an increased sodium level for the first 0.85 pm suggesting sodium
penetration.

The anode sample presented showed a pore structure on a nanolevel, possibly a point of reaction
during air or carboxy reactivity. The pores could be the result of thermal desulphurisation [80].
The electrolyte sample showed alumina particles not yet dissolved and carbon particles embedded
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within a cryolite matrix. The carbon particles appear to be impregnated on the surface by sodium.
The process of sodium impregnation is well known in carbon materials [8§1-83]. Best practice
reports suggest that carbon not participating should be removed as quickly as possible to hinder
the effect of penetration, especially on recycled butts [39]. Carbon particles detaching from
anodes — due to reactivity in the binder matrix - could be subjected to intercalation immediately
after detachment [19].

S. Scientific Assessment
5.1 Frozen Bath Layer Formation.

The visual analysis of the frozen bath layers revealed carbon particles with diameters ranging
between dust in pm or nm size and 30 mm. The formation of layers was observed. These layers
could occur during different times due to cooling rates. The first layer freezes during anode
insertion, while further layers freeze from further heat loss and can include pieces of sintered
anode cover material [68-69]. Fine carbon particles are too small to be collected with a grabber.
For that, operators have reported to use alumina powder or floor sweepings to remove floating
particles. These agglomerates trap carbon and float on top of the electrolyte, like the rafts during
alumina feeding [35].

Spikes are often found after three to six days according to reports published and to the author’s
experience [84-86]. In this study, no spikes or initial behaviour for spike formation was found and
after eight hours, all frozen bath was remolten or dragged elsewhere.

5.2 Carbon Distribution in Cells

The objective of the industrial sampling was to find a distribution pattern for carbon content
within the cells, as this would be in line with anecdotal evidence. A preliminary trial series
suggested higher contents in corner positions and opposite of the two side risers [28].

The distribution found in the 60 cells varies. Positions right next to the side risers had the highest
carbon concentration, which is in contrast with the preliminary trial series. It indicates that carbon
concentration is not following a common pattern in the positions investigated. The analysis of
variance (ANOVA) revealed that the carbon concentration would depend more on the cell the
sample was taken form and not the position in the cell.

The data acquired were computed to find a dependency of cell parameters on the carbon
concentration within the samples. The models created by principal component regression showed
a low explanation of input variance (39.43 to 69.55 %) and response variable (between 3.55 %
and 19.08 %) — here carbon concentration. Categorical parameters like anode position or sampling
position had to be taken out due to the nature of Principal Component regression. Each expression
of categorical parameter is changed to a binary variable. With the inclusion of the anode position,
18 parameters would be added. The results from the models suggest that the data acquired in the
experiments cannot explain the carbon concentration variation within a cell.

5.3  Origin Analysis of Carbon Dust in Aluminium Electrolysis Electrolyte
The STEM analysis of the electrolyte showed a first visual representation of carbon in an
electrolyte matrix to the best knowledge of the author The line scan chemical analysis revealed a

higher concentration of sodium on the surface of carbon particles, indicating an intercalation. The
intercalation is established for cathode materials [81].
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The penetration of sodium into the carbon particles could be one of the explanations, why not all
carbon particles float on the electrolyte surface. Capillary forces could increase the relative
density and keep carbon particles floating within the electrolyte. Foosnaes et al. described the
different densities in carbon particles (coke, anode or graphite) with their porosities and suggested
some should float and others sink due to the relative difference in density to the electrolyte [47].

Senanu et al. investigated the electrolyte wettability of carbon materials without and with current
applied. With an applied current the carbon materials showed a higher wettability and the weight
of the carbon materials increased. The authors concluded that the wettability acts like a meniscus,
dragging the electrodes into the electrolyte [87].

The micrographs allowed the measurement of carbon particles with diameters of 1.2 um. These
particles cannot be taken out of the cells mechanically unless they agglomerate. Therefore, one
can expect to find carbon particles in industrial electrolyte samples at any time.

5.4 Mechanism of Carbon Dusting

Figure 9 shows a best- and worst-case behaviour and its influences. The pathways show the
individual quality and process indicators within an anode production and the use in an electrolysis
cell. The model shows the complexity of parameters within every step and is one of the reasons,
why there is no easy solution to fix a dusting problem. The best-case shows no effect of the little
dust produced and creates a safe work environment.

- Rodding

Anode Raw ROang quality

Material Quality design

2 b ¢ Large Chunks of

baelfir::i(; ABp | Heat Top anode anode floating

S 2 dissipation temperature on top
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Figure 9. Mechanism of carbon dusting and carbon dust removal. Best case shown on
yellow background (upper part), worst case shown on blue background (lower part).

For an improvement in the process, the options to regain control and access the best scenario track
after an excursion in the worst case is often costly, but necessary. For instance, the reduction of
anode rota time or use of other anodes (third party anodes) will help preventing dusting to
propagate over many generations of anode cycles. To resolve a crisis on an operational level is
necessary to increase the safety of workers. Procedures implied by a dusting crisis like manual
skimming of carbon dust or removing broken or fallen anodes from cells are risky working
procedures, even if all safety precautions are taken.
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The cost of a carbon dusting crisis is estimated at 80 $ per tonne aluminium [46]. At 14 MWh per
tonne, the EBITDA per tonne could calculate to 140 — 800 $ [88]. These numbers show the
financial urgency to resolve a dusting crisis.

6. Summary

The presented work set out to investigate the origin and distribution of carbon particles in
industrial aluminium reduction cells.

- The carbon particles found in the samples ranged from 2 pum to 30 mm, revealing the
range of the problem. While larger particles can be removed with cavity cleaning, fine
particles have to agglomerate before attempting removal.

- It was not possible to distinguish the origin of carbon particles (anode or cathode carbon)
with the applied methods and the limited number of samples. However, it was possible
to visualise carbon and alumina particles within a cryolite matrix.

- The fundamental transporting mechanism for the particles has not been found and no
underlying distribution pattern could be found. The models could only explain up to
19.08 % of the variation.

- The theoretical mechanism of sodium intercalation and wettability were combined with
the particle sizes found to identify particles, which float in the electrolyte or rise to the
surface due to relative density.

With todays published knowledge, the use of carbon anodes will likely continue for at least 15
years, even if the inert anode research has been pushed by projects like ELYSIS or Arctus
Aluminium [89-90]. Anode problems can still hinder progress and capacity creep, even in modern
smelters [91-92]. Today, carbon consumption is the biggest contributor of direct carbon emissions
from our industry. To fulfill prosperity and a green transition in the energy sector, demand for
aluminium will only grow in the coming years [93-94].

Creating a common understanding for processes and materials instead of playing a blame game
between carbon plants and electrolysis departments can help to mitigate the effects of non-optimal
anodes in a smelter without heading into a crisis.
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