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Abstract

The quality of carbon anodes, consumed in electrolysis during the
primary aluminum production, has an important impact on the
electrolytic cell performance. Coke and pitch are the raw materials
used in anode manufacturing. The raw material properties and the
process parameters during production determine the anode
quality. A plant receives these materials from different sources,
and the variability in their properties is usually a major concern
during anode production. The interaction between coke and pitch
influences strongly the anode properties. Study of coke and pitch
individually as well as the interactions between them using
different techniques (spectroscopic, optical, etc.) such as XRD,
FTIR, XPS, and SEM help identify their compatibility. Each
technique gives information on different aspects of the raw
materials. In this article, the use of a number of these techniques
for studying coke, pitch, and their interactions will be discussed.
Results will be presented for a number of cases.

Introduction

The anodes supply the carbon required for the reduction of
alumina by electrolysis in the Hall-Héroult process. Though the
minimum theoretical carbon consumption is 0.334 kg C/kg Al, yet
due to cell current efficiency and various losses, the consumption
is typically over 0.4 kg C/kg Al. Carbon anodes are an important
part of the primary aluminum production costs [1]. The
minimization of excess consumption of anodes is one of the key
industrial goals. The anode quality is directly related to the
production costs, energy consumption, and emission of
greenhouse gases.

Anodes are produced mainly using calcined petroleum coke and
coal tar pitch as well as recycled green and baked anodes and
anode butts. Petroleum coke constitutes about 2 % of the overall
production of an oil refinery [2]. Thus, its quality is not
necessarily a major concern for the producers. Moreover, the
mechanical and physical properties of coke depend on the crude
oil, processes within the refineries, and coke -calcination
conditions. Coal tar pitch, which is a binder for the granular
material, has been described by the international committee for
characterization and terminology of carbon as a residue produced
by distillation or heat treatment of coal tar. Similar to coke, the
quality of this by-product is crucial for the anode quality. Thus,
the production of good quality anodes with the available raw
materials has become a challenge for the industry.

Understanding the coke-pitch interaction during the fabrication of
anodes will help improve the prebaked anode quality. Green
anodes are fabricated by mixing calcined coke with pitch at
elevated temperature (usually 50°C higher than the softening point
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of the pitch) and compacted using a press or a vibrocompactor.
The green anodes are baked at high temperatures during which the
carbonization of pitch takes place [3]. Carbonization helps in
binding coke particles together and, consequently, increases the
electrical conductivity.

Additional carbon losses occur due to air and carbon dioxide
reactivities. The air that reaches the anode surface by infiltrating
the alumina cover results in the combustion of carbon near the top
of the anode. The loss depends on the anode temperature at the
top (which is a function of the anode thermal conductivity),
impurities such as vanadium, porosity, etc. Carbon dioxide
reactivity occurs at the interface where anode is in contact with
the electrolyte in the bath. Again, the impurities, porosity,
wettability of anode by the electrolyte, etc. play an important role.
Also, one of the problems is the failure of the structural integrity
of an anode by the preferential reaction of the carbonized pitch
(preferential oxidation due to the differences in coke and
carbonized pitch reactivities). Particles of coke break apart from
the anode and fall into the bath; this is called dusting. Study of
coke-pitch interactions help understand all these phenomena.
According to literature, the difference between the crystalline
heights of petroleum coke and the carbonized pitch is important
for the reactivity [4].

It is also a common practice in industry to mix different sources of
coke or pitch to obtain desired final properties or to meet various
norms (such as maintaining sulfur emissions below a target
value). However, these mixtures of coke or pitch may not be
necessarily compatible. Thus, coke mixtures, pitch mixtures, and
the coke-pitch interaction of their mixtures need to be studied to
determine their compatibility.

Some of the characterization tests are carried out on either coke or
pitch. The interaction between coke and pitch could be chemical,
physical, or both. These interactions can also be studied using
various techniques. Difterent tests reveal different types of
information, some reinforcing one another and some
complementing each other.

Wettability of coke by pitch determines the quality of bonding
between these two components and thereby greatly affects the
final anode properties. Mirtchi et al. [5] observed that increase in
temperature can increase wetting. A number of researchers [3, 6-
10] have reported that increase in time also increases wetting of
coke by pitch. A systematic study is necessary to further
understand the wetting of coke by pitch.

Researchers have identified various properties of coke and pitch
that can control the coke-pitch interactions. Softening point,
coking value, chemical composition, surface tension, and



viscosity of pitch and particle size distribution, texture, surface
functional groups, and porosity of coke [8] are of chief interest.
Standard methods have been developed to measure some of the
properties (such as the softening point, crystalline height, and
pitch viscosity), however, other factors such as surface functional
groups are not easy to determine and usually require analyses at
the microscopic level. This work focuses on the application of
various tools to probe into the details of coke-pitch interactions
leading to the formation of a good quality anode.

Analysis Methods

As mentioned previously, the role of pitch is to bind the coke
particles together. The pitch not only fills the intra and inter-
granular pores of the coke particles, but also ensures the adhesion
to the surface and prevents phase separation during baking [11].
Thus, wetting of coke by pitch is a physico-chemical process.

The important physical properties which influence wetting are
surface roughness and porosity of coke and flow properties
(softening point and viscosity) of pitch. On the other hand, the
chemical interactions may be in the forms of acid-base, hydrogen
bonding [11], electrostatic and covalent interactions.

Different techniques can be used to analyze the coke-pitch
interaction.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an important tool to
visualize the surface texture of coke particles at nano-scale. SEM
makes it easy to identify the size of pores and visualize their inner
structural details in case of a small coke sample. It can also show
how a coke surface is wetted by pitch, but it has an inherent
limitation in sample size making it difficult to analyze large coke
surfaces. Sample preparation is also a tedious job.

Optical Microscopy

Optical microscopy can prove to be an efficient technique to
analyze larger surfaces compared to those used for SEM. By
mosaic technique, it is possible to analyze around 2cm x 2cm
surfaces. The utilization of polarized light and custom made
image analysis software for analyzing pores in coke [12-15] as
well as the distribution of pitch [16, 17] and pores or cracks [18]
in green anodes was reported in the literature.

Image Analysis

Image analysis can be used to carry out a quantitative analysis of
images taken with SEM or an optical microscope. This analysis
can give the surface composition (percentages of coke, pitch, and
pores) of an anode sample or a granular coke (percentages of coke
and pore) sample.

X-Ray Photon Spectroscopy (XPS)

As wetting of coke with pitch is mainly a surface phenomenon,
the knowledge on the distribution of the atoms and functional
groups on coke and pitch surfaces is necessary. XPS spectra are
obtained by irradiating a material with a beam of X-rays and
simultaneously measuring the kinetic energy and the number
of electrons that escape from the top 1 to 10 nm of the sample
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material. Thus XPS gives an idea about different atoms on the
surface, nature of bonds [19] and their electronic states based on
their binding energies. Chemical state analysis can identify and
quantify functional groups [20] like COOH, C=0, etc.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an important tool to identify the functional groups [21]
based on vibrational and rotational energies of the bonds. It can
identify different C-H bonds with different hybridizations of
carbon which are difficult to analyze using XPS. It can easily
distinguish aliphatic and aromatic hydrocarbons. The ratio of the
different peak heights can be used as indexes to compare the
activities of different samples. The aromaticity index, ortho
substitution index [22] are important in analyzing the chemical
characteristics of pitch and coke samples. Reflectance mode FTIR
can also be used to study the functional groups at the coke-pitch
interface.

X-Ray Diffraction (XRD)

Cokes used in fabrication of anodes are calcined at high
temperatures (about 1100 to 1300°C). The calcination condition
influences the degree of graphitization and change in surface
properties of coke (e.g. OH functional group). Thus the degree of
graphitization gives an insight into the coke -calcination
conditions. As graphite is crystalline in structure, change in the
degree of calcination will change the average crystallite height
which can be measured by XRD.

Extraction of Pitch Components using Different Solvents

Various solvents can selectively extract compounds having
specific functional groups. For example hexane can dissolve
aliphatic compounds and not aromatic compounds; on the other
hand, toluene is more selective towards aromatic compounds.
Quinoline cannot dissolve very high molecular-weight
compounds. Thus comparison of solubility in different solvents
with FTIR analysis of soluble phase and the residue can give an
indication of association of various functional groups with
aliphatic or aromatic skeletons and distribution of different
molecular weight compounds in a sample.

Wettability

Wettability is the measure of an extent of contact between solid
and liquid. It could be chemical (reaction at solid-liquid interface)
or physical due to intermolecular forces (adhesive and cohesive
forces). Wetting is characterized by the contact angle which is the
angle between the gas-liquid interface and solid-liquid interface.
The wettability increases with decreasing contact angle. The
contact angle decreases with increasing temperature and time.
Static or dynamic contact angles can be measured with the
infiltration method where the liquid is pushed through a solid bed
with a known force [23] or with the sessile-drop method where a
drop of liquid is placed on a solid bed. For coke-pitch pairs, the
sessile-drop method is generally used [5] since pushing pitch
through a coke bed composed of fine coke particles proves to be
difficult. An inert atmosphere is maintained inside the equipment.
The contact angle is determined from the image of the drop. This
experiment gives an idea of variation of wettability with time and
temperature as well as helps compare the wettability of different
coke-pitch systems under similar conditions.



Computed Tomography (CT)

SEM and optical microscopy are used to analyze the surfaces.
However, tomography can be used to study the whole volume of
an object from a series of 2D X-ray images. This nondestructive
method allows the investigation of the internal structure (cracks,
pores, etc.), homogeneity and density profile of anodes [24, 25].

Thus, SEM, optical microscopy and image analysis can analyze
physical texture and pores of a coke sample. XRD can give an
indication of the degree of calcination of coke which in turn can
give an idea of the physical and chemical modifications of the
coke surface. On the other hand, XPS and FTIR can give
information on atoms and functional groups in coke and pitch.
XPS and FTIR analysis results are complementary to each other.
XPS helps identify the surface functional groups whereas FTIR
analyzes the overall availability of different functional groups. All
this information helps determine the possibility of hydrogen
bonding (H attached to strongly electronegative atoms such as N,
O in one material and strongly electronegative atoms in another
material), electrostatic interaction (pi electron cloud of aromatic
ring of one material with positively charged center of other
material), covalent bonding (presence of electronegative atoms
such as O, N, S). Solvent extraction gives additional information
on molecular weights of different compounds and association of
different functional groups to aliphatic or aromatic structures in
pitch. If a material has a very high percentage of large molecules,
it can provide steric hindrance during bond formation which can
reduce coke-pitch interactions.

Experimental Details

A SEM (JEOL-JSM-6480LV) and optical microscope (Nicon
Eclipse ME 600P) were used to capture images of polished green
anode/coke surfaces for analysis. An image analysis software was
developed to determine different components (coke, pore) of coke
and anode (coke, pitch, pores/cracks) samples using the Matlab
image analysis toolbox. It is difficult to distinguish these
components using commercially available image analysis
software due to the similar coloration of the different components.
First the shadows were eliminated. Then the different phases
(pore/crack, pitch, and coke) were identified by applying different
threshold conditions. The different phases were finally marked by
different colors such as pore/crack by black, coke by red, and
pitch by green. The amount of each phase was calculated based on
the number of pixels of that phase in the picture. AXIS XPS
(Ultra XPS spectrometer, Kratos Analytical) analyses were carried
out at the Alberta Centre for Surface Engineering and Science
(ACSES) of the University of Alberta. FTIR (Perkin Elmer,
spectrum one) analysis was carried out using the reflectance
technique. Solvent extraction was performed by keeping a mixture
of a sample and a solvent in a container for two hours in an
ultrasonic bath vibrating at 20 kHz. The wetting experiments were
performed in a sessile-drop system. A drop of molten pitch was
dropped on a small coke bed and the change in geometry of the
drop was monitored using a digital video camera (APPRO, model
KC). From the images, the contact angle of the drop was
determined at different times using FTA32 software. A CT
scanner (Skyscan, 1172) was used to scan anode samples.

An extensive study was carried out on the effects of different
physical and chemical properties on coke-pitch interaction.
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Below, a number of examples are presented for the application of
the techniques discussed above.

Results and Discussion

Figure 1 shows the SEM picture of a coke sample. The presence
of cracks and pores on the coke surface is evident. The
dimensions of some pores are very small whereas some have
larger dimensions. The very small pores prevent the penetration of
pitch into coke particles [26]. Thus, the presence of small pores in
coke samples (<0.5 pm) in large quantity reduces the extent of
wetting and coke-pitch interaction.

Figure 1: SEM Image of Coke Surface

Figure 2 shows the application of an image analysis technique to
an optical microscope image of coke to identify the percentage of
pores/cracks on the coke surface.

(a) (b)
Figure 2: Optical Microscope Image of a Coke Surface (a)
Original, (b) Processed (red: coke; black: pore)

Image analysis technique can help the visualization of the
distribution of pitch and pores/cracks on an anode surface (see
Figures 3 and 4). The distribution and the thickness of the pitch
layer have an important impact on binding coke particles together
and consequently on crack formation as well as on electrical,
thermal, and mechanical properties of the anode.

Figure 3: Optical Microscope Image of a Green Anode Sample
with Pores (a) Original with Polarized Light (b) Processed (red:
coke; black: pore; green: pitch)



With the image analysis software developed, it is possible to
isolate and analyze any component (coke, pitch, pore/crack).
Figure 4(c) shows isolated coke particles (white) of an anode
sample.

@ ©

Figure 4: Optical Microscope Image of an Anode Sample with
Cracks (a) Original with Polarized Light, (b) Processed (red: coke;
black: pore and crack; green: pitch) (c¢) Isolated Coke Particles
(white)

Table 1 shows the XPS analysis of the coke sample shown in
Figure 2. Figure 5 shows the analysis of different functional
groups after deconvoluting C-1s binding energy information for
the coke illustrated in Figure 2 and a pitch sample. Thus, the XPS
study of coke and pitch reveals the presence of different
functional groups. In the example given in Figure 5, both coke
and pitch have O, N, and S containing functional groups which
can favor the formation of hydrogen bonding during the wetting
of coke by pitch and reinforce the carbon-pitch interaction.

Table 1: Results of the XPS Analysis of Coke (shown in Figure 2)

and Pitch
Atomic % Area % by deconvoluting C1s peak
C o] N S cC cc/ CN/ | CO C=0/ COOH
sp2 CH Ccs CS0,
Coke 935 3.6 0.9 2.1 16.5 68.4 7.5 6.6 0.00 0.9
Pitch 97.0 15 13 0.1 55 79.0 93 6.2 0.00 0.1
(a) ol (b) —

Figure 5: XPS Spectra of (a) the Coke Sample in Figure 2 and
(b) a Pitch Sample

Figure 6 shows the FTIR analysis of the same pitch and coke
samples as above. It also shows the formation of bonds at the
interface during coke and pitch contact. FTIR analysis shows the
presence of aliphatic (2850-3000 cm™) and aromatic (3000-3100
em™) C-H bonds, C-N/C-O (1200-1300 em™), C-O stretch for
ester/ether/alcohol (950-1150 cm™), substituted aromatic C-H
(700-900 cm™) in both coke and pitch. This shows the possibility
of formation of electrostatic as well as hydrogen bonds during
wetting. Before contact, the peaks appear more discrete which
suggests the presence of functional groups of specific range of
molecular weight. However, after contact, the discrete peaks
disappear and diffused peaks appear. This suggests the formation
of new bonds of different ranges of molecular weight. This may
take place between coke and pitch, and also, during heating, some
molecules may undergo modifications such as condensation, bond
cleavage, etc.
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Figure 6: FTIR Spectra of Coke (red) and Pitch (black) at Room
temperature and Their Mixture (blue) at Mixing Temperature

The average crystalline height, L., for the coke was measured
using XRD. The values depend on the calcination temperature of
coke. For a similar degree of calcination, this value is usually
similar for different cokes. As reported in the literature, reactivity,
and therefore, dusting decreases as the crystalline height of coke
decreases due to the reduction of the difference between the
reactivities of coke and pitch [4]. It is also reported in the
literature that the calcination temperature affects the wettability of
coke by pitch. It was found that with increasing calcination
temperature, the complete wetting temperature increases, thus, the
wettability of coke decreases [27]. Figure 7 illustrates the
determination of L, for a coke sample from XRD analysis.
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Fig 7: Determination of the Crystalline Height (L,) of Coke (the
line between the 26, and 2 6, is the full-width at the half-

maximum height of the peak, A is the wavelength, 6 is the angle of

diffraction)



Different solvents (quinoline, toluene, hexane, and methanol)
were used to analyze the extent of solubility of the pitch samples.
Table 2 gives an example for the solubility of one pitch in
different solvents as well as the types of chemical components
which are soluble in a particular solvent. Usually quinoline and
toluene insolubles are reported as pitch properties. Pitch contains
solid particles which are insoluble in quinoline (QI), a very strong
solvent. There are two types of quinoline insolubles. While
primary QI is beneficial (C/H>3.5), the secondary one
(mesophase, C/H<3) is either neutral or detrimental for coke-pitch
interactions. The difference between toluene insolubles (TI) and
QI is called p-resin which facilitates coke-pitch bonding [28].

Table 2: Solubility of Pitch in Different Solvents

Solubility

Solvent (%)

Remarks

It dissolves all but high molecular weight aromatic compounds. The
insoluble part (QI) can cause steric hindrance during wetting. On the
other hand, this high molecular weight fraction increases the extent
of carbonization during baking. The higher the QI, the higher is the
coking value

Quinoline 87.9

The lower the hexane solubles are, the lower the amount of aliphatic
chains is. As aliphatic chains have low C/H ratio, a high value of
hexane soluble is not preferred for wetting

Hexane 78

Methanol solubility gives an idea about the presence of polar groups
which are desirable for hydrogen bonding. But a high value of
methanol solubility also shows an increase in aliphatic chains which
is not desirable.

Methanol 8.2

Toluene solubility gives idea about aromatic compounds of medium
molecular weight range which is desirable for wetting.

Toluene 56.6

The sessile drop experiment results for two cokes with the same
pitch are shown in Figure 8. The wettability increases (contact
angle decreases) with time for both cokes. The Coke 2 is more
suitable for the pitch used since it has lower contact angles. These
data might also give an idea about the mixing time required for
the coke to be wetted as much as possible for a given system.

100
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-
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Figure 8: Contact angle vs. Time Data for Two Cokes with the
Same Pitch

The sessile-drop can be cut vertically for further analysis. Figure 9
shows the SEM image of a coke-pitch interface. It is possible to
see from this figure the extent of pitch penetration among the coke
particles. As seen from this figure, pitch entered between the coke
particles for this particular coke-pitch pair. This method can serve
to identify underpitching and overpitching problems.
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(a) (®
Figure 9: Image of the Coke-Pitch Interface of a Sessile-Drop

Using (a) Optical microscope and (b) SEM

Figure 10 presents two of the series of 2D images at the top and
the bottom of an anode sample taken with CT scanner. The cracks
and pores can clearly be seen from this figure. This technique
allows the visualization of the whole sample.

Figure 10: 2D X-ray Images of (a) Top (b) Bottom Surfaces of
Anode Sample

Conclusions

Coke-pitch interactions are one of the important factors affecting
the final anode properties. Different techniques (SEM, optical
microscopy, image analysis, XPS, XRD, solvent extraction,
wettability measurements, etc.) can be successfully used to obtain
information on these interactions, and, consequently, on the
compatibility of a given coke with a given pitch.
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