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Appendix A 

 

Fundamental properties of CTP samples 

Table A1.1 Determination of SP 

Sample identity SP 1 (°C) SP 2 (°C) Average SP (°C) 

CTP 1 122.1 121.7 121.2 

CTP 2 81.8 81.9 81.9 

CTP 3 66.6 66.4 66.5 

CTP 4 93.9 94.1 94.0 

CTP 5 94.1 95.0 94.6 

CTP 6 66.6 64.5 65.6 

CTP 7 82.3 82.8 82.6 

CTP 8 134.8 133.5 134.2 

CTP 9 83.7 82.4 83.1 

CTP 10 93.5 94.1 93.8 

CTP 11 64.4 66.3 65.4 

CTP 12 85.0 84.9 85.5 
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Table A1.2 Determination of coking value (CV) 

Sample  Mass of 

crucible (g) 

Mass of crucible  

+ sample (g) 

Mass of sample 

(g) 

Mass of crucible + 

residue(g) 

Mass of residue 

(g) 

% Coking value 

CTP 1 20.3149 23.3155 3.0006 22.0235 1.7086 56.9 

CTP 2 17.0878 20.0891 3.0013 18.2019 1.1141 37.1 

CTP 3 20.8260 23.8270 3.0010 21.9431 1.1171 37.2 

CTP 4 17.1349 20.1361 3.0012 18.5390 1.4041 46.7 

CTP 5 20.8259 23.8263 3.0004 22.2503 1.4244 47.4 

CTP 6 20.3154 23.3156 3.0002 21.5603 1.2449 41.5 

CTP 7 17.6597 20.6607 3.0010 19.0876 1.4279 47.5 

CTP 8 21.1928 24.1950 3.0022 23.0029 1.8101 60.3 

CTP 9 21.1929 24.1949 3.0020 22.4827 1.2898 42.9 

CTP 10 17.0876 20.0885 3.0009 18.5837 1.4961 50.0 

CTP 11 17.6589 20.6600 3.0011 19.0580 1.3991 46.6 

CTP 12 20.8400 23.8417 3.0017 22.3021 1.4621 48.7 

 

 

 



125 
 

Table A1. 3 Determination of quinoline insolubles (QI) 

 

Sample 

identity  

Mass of sample 

(g) 

Mass of celite 

powder (g) 

Mass of crucible + 

celite powder (g) 

Mass of crucible 

+ residue (g) 

Mass of residue (g) % Quinoline 

insoluble 

CTP 1 0.5021 0.50004 67.9754 65.5088 0.5334 6.6 

CTP 2 1.0026 0.50002 66.8613 67.3977 0.5364 3.6 

CTP 3 1.0038 0.50004 69.3638 69.9010 0.5372 3.7 

CTP 4 1.0017 0.50004 69.2093 69.7544 0.5451 4.5 

CTP 5 1.0003 0.50002 67.9076 68.4540 0.5464 4.6 

CTP 6 1.0049 0.50008 66.7560 67.2952 0.5392 3.8 

CTP 7 1.0030 0.5012 69.1722 69.7279 0.5557 5.4 

CTP 8 0.5006 0.5012 68.7735 69.3136 0.5401 7.0 

CTP 9 1.0011 0.5015 68.2286 68.7590 0.5304 2.9 

CTP 10 1.0020 0.5008 66.9588 67.5179 0.5591 5.8 

CTP 11 1.0009 0.5009 69.2419 69.8158 0.5739 7.3 

CTP 12 1.0017 0.5003 69.5343 70.1068 0.5725 7.2 
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Table A1. 4 Determination of toluene insolubles (TI) 

Sample 

identity  

Mass of sample 

(g) 

Mass of alundum 

thimble (g) 

Mass of alundum 

thimble + residue(g) 

Mass of + residue (g) Toluene insoluble 

(%) 

CTP 1 1.0013 26.6194 26.8828 0.2634 26.3 

CTP 2 1.5005 28.2084 28.4480 0.2396 16.0 

CTP 3 1.5011 27.2206 27.4648 0.2442 16.2 

CTP 4 1.5011 27.0585 27.3580 0.2995 20.0 

CTP 5 1.5012 27.3787 27.6649 0.2862 19.1 

CTP 6 1.5010 33.8062 34.1058 0.2996 20.0 

CTP 7 1.5008 29.0319 29.3918 0.3599 24.0 

CTP 8 1.0006 26.9936 27.3393 0.3457 34.6 

CTP 9 1.5002 27.7310 27.7310 0.3558 23.7 

CTP 10 1.5016 33.7911 34.0651 0.2740 18.2 

CTP 11 1.5016 26.9899 27.3266 0.3367 22.2 

CTP 12 1.5004 29.0229 29.3709 0.3480 23.2 
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Characterisation of raw CTP 

NMR analysis of raw CTP 

 

Figure A2.1 Typical CP MAS spectra of as-received CTP samples 
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Figure A2.2 Typical CP MAS spectra of as-received CTP samples 
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 FT-IR analysis of raw CTP 

 

Figure A2.3 FT-IR spectra of raw (as-received) CTP 
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Figure A2.4 FT-IR spectra of raw (as-received) CTP 
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XRD analysis of raw CTP 

 

Figure A2.5 XRD diffractograms of raw (as-received) CTP 
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Figure A2.6 XRD diffractograms of raw (as-received) CTP 
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Thermal treatment of CTP

 
Figure A3.1 Dimensional change patterns of CTP samples pre-treated at 450 °C 
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Figure A3.2 TMA behaviour of CTP 2 during three thermal cycles 
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Figure A3.3 TMA behaviour of CTP 3 during three thermal cycles 
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Figure A3.4 TMA behaviour of CTP 5 during three thermal cycles 
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Figure A3.5 TMA behaviour of CTP 6 during three thermal cycles 
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Figure A3.6 TMA behaviour of CTP 8 during three thermal cycles 
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Figure A3.7 TMA behaviour of CTP 10 during three thermal cycles 
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Characterisation of thermally treated CTP

 

Figure A4.1 FT-IR spectra of CTP thermally pre-treated at 475 °C 
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Figure A4.2 FT-IR spectra of CTP thermally treated at 700 °C 
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Figure A4.3 FT-IR spectra of CTP thermally treated at 1000 °C 

0

20

40

60

80

100

120

650 1150 1650 2150 2650 3150 3650

%
 T

ra
n
si

m
it

ta
n
ce

 

Wave number (cm-1) 

CTP 1_1000 CTP 2_1000 CTP 3_1000 CTP 5_1000

CTP 7_1000 CTP 8_1000 CTP 9_1000



143 
 

 

Figure A4.4 FT-IR spectra of CTP thermally treated at 1300 °C 
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Figure A4.5 XRD diffractograms of CTP thermally treated at 475 °C 
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Figure A4.6 XRD diffractograms of CTP thermally treated at 1300 °C 
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a b s t r a c t

Continuous self-baking electrodes, i.e. Söderberg electrodes, are commonly employed in the industrial
operation of submerged arc furnaces to conduct electrical energy from a transformer(s) to the smelting
zone inside the furnace. Söderberg electrodes are formed from Söderberg electrode paste consisting of
two components, i.e. a binder that is mostly a coal tar pitch and a solid filler that can be either coke or
calcined anthracite. In this paper it is demonstrated how thermomechanical analysis can be used to char-
acterise the thermal dimensional behaviours of Söderberg electrode paste raw materials. Two case study
coal tar pitches, three anthracites and a pre-baked graphite electrode sample were characterised. Results
indicated that the method applied can be used to determine the baking isotherm temperature more accu-
rately than previously. Enhanced knowledge of the baking isotherm temperature is critical to ensure safe,
profitable and continues furnace operation. The results also indicated that the coal tar pitches shrunk
approximately 12% if exposed to temperatures above the baking isotherm temperature up to 1300 �C,
while the anthracites calcined at 1400 �C expanded 0.6–1.0% in the same temperature range. The magni-
tude differences in thermal dimensional behaviour and difference in motion (shrinkage vs. expansion)
indicates the vulnerability of a Söderberg electrode baked for the first time at temperatures exceeding
the baking isotherm temperature. In contrast to the calcined anthracites, the uncalcined anthracite sam-
ples shrunk 6–8% if exposed to temperatures up to 1300 �C. This stresses the importance of the efficiency
of the calcination process of the anthracite prior to Söderberg electrode paste production to enhance
dimensional stability of the Söderberg electrode paste. The results also indicated that the method
detailed in this paper can be used by Söderberg electrode paste producers to optimise the selection of
raw materials and to do quality control on calcined anthracite.

� 2013 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the operation of submerged arc furnaces (SAFs) electrodes
conduct electrical energy from a transformer(s) to the smelting
zone inside the furnace. Generally two types of electrodes systems
are used in industrial smelting applications, i.e. pre-baked elec-
trodes and continuous self-baking electrodes (Söderberg elec-
trodes). The Söderberg electrode system is quite commonly
applied since Söderberg electrodes are less expensive than pre-
baked electrodes, Söderberg electrodes with larger diameters than
pre-baked electrodes can be made and the Söderberg electrode
system does not require furnace shutdowns to extend the elec-
trodes (Innvær, 1992; Arnesen et al., 1979).

In Fig. 1 a simplified representation of a typical Söderberg elec-
trode is presented. A Söderberg electrode consists of a cylindrical

steel casing extending from a platform located above the furnace
down into the furnace (Asphaug and Innvær, 1997; Innvær,
1992; Toromanoff and Habashi, 1989; Arnesen et al., 1979). The
electrode casing serves as a mould for the electrode paste that con-
sists of a coal tar pitch binder mixed with a solid filler such as cal-
cined anthracite or coke (Innvær, 1992, 1989, 1983; Toromanoff
and Habashi, 1989). Heat from the furnace together with electrical
current passing through the casing and casing fins melt the elec-
trode paste (Asphaug and Innvær, 1997; Ord et al., 1995; Innvær,
1992; Innvær et al., 1986; Toromanoff and Habashi, 1989). The so-
lid electrode paste that is added to the top of the electrode casing
melts and fills the entire diameter of the electrode casing when it
reaches a temperature of approximately 50–100 �C (Wilkinson
et al., 2001; Asphaug and Innvær, 1997; Ord et al., 1995; Innvær,
1992; Innvær and Olsen, 1980; Arnesen et al., 1979), depending
on the softening temperature of the electrode paste utilised. At a
temperature of approximately 400–500 �C the electrode paste is
baked into a solid carbonaceous electrode (McDougall et al.,
2004; Andersen et al., 2001; Asphaug and Innvær, 1997; Ord
et al., 1995; Fitt and Aitchison, 1993; Innvær, 1992; Innvær et al.,

0892-6875/$ - see front matter � 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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1986, 1984; Innvær and Olsen, 1980; Arnesen et al., 1979). This
temperature is commonly referred to as the baking isotherm tem-
perature. The mechanical strength and electrical conductivity of
the electrode increase as the baking process progresses. During
the early stages of the electrode baking process, i.e. when the elec-
trode paste is still soft, electrical energy is conducted mainly by the
steel electrode casing and the casing fins. At a temperature of 800–
1000 �C, the baked carbon electrode is able to conduct the full elec-
trical current (Asphaug and Innvær, 1997; Innvær et al., 1986).

In order to ensure safe, profitable and continues operations
many aspects have to be managed in a Söderberg electrode system.
These aspects are collectively referred to as electrode manage-

ment. Notwithstanding the importance of electrode management,
relatively little information has been published in the peer re-
viewed public domain on this topic during the last decade. This
sometimes leads to out of date information from literature being
utilised in papers. As an example, in a relatively recent paper (Mey-
jes et al., 2010) a model was introduced to predict some opera-
tional aspects of a Söderberg electrode. The thermal expansion
data of the electrode paste utilised in this model was based on re-
search published in McDougall et al. (2004), who in turn referred to
Innvær et al. (1984) that published the thermal expansion data of a
Söderberg electrode paste originating from a single producer.
Internationally the raw materials utilised in Söderberg electrode
paste production vary significantly, due to the availability of suit-
able coal tar pitches and solid filler materials. In order to stimulate
research focussing on Söderberg electrode management and more
specifically electrode paste production, a novel technique utilising
thermomechanical analysis (TMA) was developed to determine the
thermal dimensional behaviours of Söderberg electrode paste raw
materials. In this paper it is demonstrated how this technique can
be used to gain insight into important electrode management
parameters, and in what manner this technique can be used by
Söderberg electrode paste producers to improve the quality of
paste produced.

2. Materials and methods

2.1. Materials

As mentioned, Söderberg electrode paste consists of two com-
ponents, i.e. a binder that is mostly a coal tar pitch and a solid filler,
which can be either coke or calcined anthracite (Innvær, 1992,
1989, 1983; Toromanoff and Habashi, 1989). Two coal tar pitch
samples were received from the only commercial supplier of coal
tar pitch used for the production of Söderberg electrode paste in
South Africa. The first sample was a low softening point (LSP) coal
tar pitch, while the second sample was a high softening point (HSP)
coal tar pitch. Three uncalcined anthracite samples were also ob-
tained from different anthracite mines in South Africa. These spe-
cific anthracites are calcined and used in the production of
Söderberg electrode paste at one of the largest Söderberg electrode
paste producers in South Africa.

Although the focus of this paper was on the raw materials uti-
lised in Söderberg electrode paste production, i.e. coal tar pitch
and calcined anthracite, a pre-baked electrode graphite sample
was also obtained from the only manufacturer of pre-baked elec-
trodes in South Africa. This facilitated the comparison of measured
thermal dimensional behaviours of the Söderberg electrode paste
raw materials with a completely baked graphite electrode.

None of the raw material suppliers wanted to be identified.
Therefore, the coal tar pitch, anthracite and pre-baked electrode
graphite samples were denoted as LSP and HSP coal tar pitch,
anthracite A1, A2 and A3, and pre-baked electrode graphite,
respectively.

2.2. Methods

2.2.1. Anthracite and coal tar pitch characterisation
In order to characterise the coal tar pitch and anthracite sam-

ples received, proximate analyses were conducted with SANS
5925:2007, SANS 131:2011 and SANS 50:2011 methods in order
to quantify the moisture, ash and volatile contents, respectively,
while the fixed carbon content was determined by difference. Ulti-
mate analyses were also performed to determine the carbon and
hydrogen contents with ASTM D5373, the nitrogen content with

Fig. 1. Simplified representation of a Söderberg electrode, adapted from Arnesen
et al. (1979). The main figure at the bottom indicates a side sectional view of the
electrode, while the top image indicates the top sectional view of the casing only.
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ASTM D3179, the sulphur content with ASTM D4239 and the oxy-
gen content by difference.

In addition to the above-mentioned proximate and ultimate
analyses, the fundamental properties such as the softening point,
coking value, as well as quinoline and toluene insoluble contents
of the coal tar pitch samples were determined. The softening points
were measured on a Mettler FP 80 HT softening point measure-
ment instrument.

In order to determine the coking value the coal tar pitch sam-
ples were crushed to less than 212 lm. 3 ± 0.0005 g of a crushed
sample was then weighed and pyrolysed at 900 �C in an inert
atmosphere for 30 min in a fit-for-purpose instrumental set-up.
The remaining residue was weighed and the percentage coking va-
lue calculated.

In the quinoline insoluble analysis, 1 ± 0.0005 g of a crushed
(<212 lm) coal tar pitch sample was digested and extracted with
65 ml hot quinoline. Thereafter the residue was filtered off and
dried in an oven at 105 ± 5 �C for 60 min. The dried samples were
then cooled in a desiccator, weighed and the quinoline insoluble
content calculated.

The toluene insoluble content of a coal tar pitch sample was
determined by digestion and extraction of 1.5 ± 0.0005 g crushed
sample (<212 lm) with 60 ml hot toluene in an alundum thimble
for 24 h. The remaining residue was dried at 105 ± 5 �C in an oven
for 60 min, after which it was cooled in a desiccator and weighed.

2.2.2. Anthracite calcination
Since calcined anthracite is used as a solid filler in the produc-

tion of Söderberg electrode paste, the received uncalcined anthra-
cite samples had to be calcined. Boat crucibles (CoorsTek AD-998
99.8% pure aluminium oxide) were filled with 25 g anthracite,
which were then heated to maximum temperatures of 1200,
1300 or 1400 �C in an Elite TSH15 tube furnace fitted with a
programmable temperature controller. Ceramic heat shields were
inserted at both ends of the tube (CoorsTek AD-998 99.8% pure
aluminium oxide) to improve the tube length in which a stable
working temperature could be achieved. Stainless steel caps that
were fitted onto both sides of the ceramic tube to seal the ends
were protected from excessive heat by the afore-mentioned cera-
mic heat shields. The stainless steel caps had a gas inlet on the
one side and an outlet on the other. Calcination was conducted
under an inert atmosphere of nitrogen (N2), flowing through
the tube furnace at a flow rate of 1.2 NL/min. The furnace was
heated for an hour to the required maximum temperature
(i.e. 1200, 1300 or 1400 �C) and was held constant at this

temperature for another 2 h. Thereafter the furnace was switched
off and the samples allowed to cool down inside the furnace,
while the N2 flow was maintained in order to prevent oxidation
of the samples.

2.2.3. Sample preparation for TMA
In order to facilitate TMA measurements, cylindrical coal tar

pitch and anthracite pellets were produced from the various sam-
ples. A procedure similar to procedures described previously
(Neizel et al., 2013; Kleynhans et al., 2012; Nel et al., 2011)
was used.

Coal tar pitches have relatively low melting points, typically in
the range of 50–135 �C, depending on the composition of the coal
tar pitch (Shoko et al., 2013). After melting, a coal tar pitch remains
a viscous liquid, until carbonisation takes place due to increased
temperature. In order to prevent the coal tar pitch samples from
softening in the TMA instrument the coal tar pitch samples were
thermally pre-treated prior to pelletisation. The lowest thermal
pre-treatment temperature that produced a pellet that did not
soften in the TMA was determined by heating different coal tar
pitch batches of the same sample to maximum temperatures rang-
ing from 400 to 500 �C, in steps of 25 �C, under an inert atmo-
sphere. This was performed in the same equipment and inert
gaseous conditions described in Section 2.2.2. After cooling down,
the thermally pre-treated coal tar pitches were pulverised using a
Siebtechnik pulverizer, until approximately 75% of the particles
were smaller than 75 lm. The pulverised coal tar pitch was then
pressed into cylindrical pellets in a Specac PT No. 3000 10 mm
die set, with an LRX Plus strength testing machine (Ametek Lloyd
Instruments) equipped with a 5 kN load cell. For each pellet,
0.8 g pulverised coal tar pitch was placed in the die set and com-
pressed at a rate of 10 mm/min until a load of 2 kN was reached,
where after this load was held for 20 s.

Calcined (Section 2.2.2) and uncalcined anthracite samples
were pulverised and pelletised in a similar fashion as described
above. The only differences in the procedure were that the maxi-
mum pressure during pellet pressing was increased to 4.5 kN for
60 s and two droplets of milli-Q water (resistivity 18.2 MX cm)
were added to the 0.8 g of pulverised material prior to pressing
the pellet. This ensured that the anthracite pellets had sufficient
strength for handling and subsequent TMA analyses.

Pre-baked electrode graphite pellets of 9 mm in diameter were
drilled from rectangular blocks by means of a core drill. The thick-
ness of the rectangular blocks was the same, which ensured each
core-drilled pellet had the same height of 10 mm.

Table 1
Proximate and ultimate analyses of the coal tar pitch and anthracite, as well as fundamental properties of the coal tar pitch samples utilised.

Inherent moisture (%) Ash content (%) Volatile matter (%) Fixed carbon (%)

Proximate analysis of the coal tar pitch and anthracite on an air dried basis
LSP coal tar pitch 0.1 0.5 60.7 38.7
HSP coal tar pitch 0.1 0.5 58.1 41.3
Anthracite A1 2.2 8.1 4.9 84.8
Anthracite A2 3.2 18.6 9.5 68.7
Anthracite A3 1.3 16.2 5.2 77.3

Sulphur (%) Hydrogen (%) Nitrogen (%) Carbon (%) Oxygen (%)

Ultimate analysis of the coal tar pitch and anthracite on a dry ash free basis
LSP coal tar pitch 0.50 4.2 1.2 91.0 3.1
HSP coal tar pitch 0.53 3.9 1.2 91.1 3.4
Anthracite A1 1.13 2.6 1.9 83.2 1.0
Anthracite A2 0.69 3.1 1.6 71.6 1.2
Anthracite A2 1.20 2.2 1.5 75.0 2.5

Softening point (�C) Coking value (%) Quinoline insoluble (%) Toluene insoluble (%)

Fundamental properties of the coal tar pitch samples
LSP coal tar pitch 65.4 46.6 7.3 22.2
HSP coal tar pitch 85.0 48.7 7.2 23.2
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2.2.4. TMA measurements
The thermal dimensional behaviour of the thermally pre-trea-

ted coal tar pitch, the calcined and uncalcined anthracite and the
electrode graphite pellets were monitored with an Exstar SS6300
TMA. A constant N2 flow rate of 1.2 NL/min was maintained
through the TMA instrument to prevent oxidation, which could
have an impact on the thermal dimensional behaviours. Each sam-
ple was exposed to three consecutive heating and cooling cycles
before being removed from the TMA. During the first heating cycle
the pellet was heated from room temperature to 1300 �C at a heat-
ing rate of 10 �C/min. The sample was then allowed to cool to
approximately 100 �C, which was facilitated by the continuous
N2 flow. Thereafter the next heating cycle commenced, utilising
the same experimental conditions.

2.2.5. Statistical handling of the TMA data
Each TMA result presented was calculated from the average of

three separate TMA analysis of a specific material. All data process-
ing and figures compiled from this data were conducted with a fit-
for-purpose Matlab (Mathworks, 2013) program set.

3. Results and discussion

3.1. Raw material characterisation

The proximate and ultimate analyses of the coal tar pitch and
anthracite samples, as well as the fundamental properties (i.e. soft-
ening point, coking value, quinoline insoluble content and toluene
insoluble content) of the coal tar pitch samples utilised as case
study materials in this paper are presented in Table 1. These mate-
rial properties are indicative of the raw materials currently being
utilised during the production of Söderberg electrode paste in

South Africa. However, the properties of materials utilised in
Söderberg electrode paste production can differ from the case
study materials utilised. As an example, Shoko et al. (2013) evalu-
ated 12 different coal tar pitches, utilised in Söderberg electrode
paste production internationally. These authors (Shoko et al.,
2013) reported softening points in the range 65–135 �C, while
the case study LSP and HSP coal tar pitches had softening points
of 65.4 and 85 �C, respectively. The case study materials utilised
in this study should therefore be considered as typical, but do
not represent all possible compositions.

3.2. TMA analysis

3.2.1. Softening behaviour of thermally pre-treated coal tar pitch
The dimensional behaviour of the LSP coal tar pitch sample ther-

mally pre-treated at different maximum temperatures is presented
in Fig. 2. Although the dimensional behaviour results of the HSP coal
tar pitch sample are not shown, it behaved similarly. Pellets pre-
pared from coal tar pitch thermally pre-treated at 400 �C indicated
sudden shrinkage if heated above 400 �C, which coincided with
melting of the coal tar pitch. Pellets prepared from coal tar pitch
thermally pre-treated at 450 �C expanded rapidly at temperatures
exceeding the pre-treatment temperature. Although an expansion
was observed, this expansion correlated to melting of the core of
the pellet that subsequently sagged out at the bottom of the pellet.
The TMA probe only maintains a very small force on a sample pellet
being measured. The liquid sagging out at the bottom of the pellet
raised the entire pellet, which was therefore recorded as an expan-
sion. In contrast, coal tar pitch pellets prepared from samples ther-
mally pre-treated at 475 and 500 �C indicated gradual dimensional
changes, indicating that no melting occurred.

The above-mentioned minimum pre-treatment temperature,
which did not result in subsequent melting of the thermally

Fig. 2. The dimensional behaviour of LSP coal tar pitch pellets thermally pre-treated at 400, 450, 475 and 500 �C, respectively. TMA measurements were conducted at a
constant heating rate of 10 �C/min. The temperature profile is indicated by the secondary figure, below the main figure.
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pre-treated coal tar pitch in the TMA is of great industrial signifi-
cance. The baking isotherm temperature (Fig. 1) is an important
parameter during Söderberg electrode management. This temper-
ature indicates the minimum temperature that must be achieved
during the in situ baking process before a Söderberg electrode
can support itself. At this temperature the coal tar pitch serving
as binder in the electrode paste has transformed from a liquid to
a solid carbonaceous material. Current literature indicates the bak-
ing isotherm temperature to be in the range of 400–500 �C
(McDougall et al., 2004; Andersen et al., 2001; Asphaug and Inn-
vær, 1997; Ord et al., 1995; Fitt and Aitchison, 1993; Innvær,
1992; Innvær et al., 1986, 1984; Innvær and Olsen, 1980; Arnesen
et al., 1979). However, more accurate determination of the baking
isotherm temperature of a particular coal tar pitch binder of the
electrode paste at a specific smelting operation will substantially
enhance electrode management at that facility. It is acknowledged
that the melting behaviour of electrode paste, which is a mixture of
the coal tar pitch binder and solid filler (e.g. calcined anthracite or
coke) may differ from the behaviour of the coal tar pitch alone.
However, the melting behaviour of electrode paste will mainly de-
pend on the binder and not on the solid filler. The temperature at
which the coal tar pitch binder transforms from a liquid to a solid
carbonaceous material should therefore be a good approximation
of the baking isotherm temperature of a Söderberg electrode pro-
duced from an electrode paste containing that particular coal tar
pitch binder. The baking isotherm temperature was established
to be between 450 and 475 �C for the two case study coal tar pitch
samples utilised in this study, since the coal tar pitch samples
melted in the TMA if thermal pre-treatment was below 450 �C,
while samples did not melt if the pre-treatment temperature was

475 �C. These results do not imply that all coal tar pitches utilised
in Söderberg electrode paste production would have a baking iso-
therm temperature in this temperature range. It does, however,
indicate that the measurement technique developed can be used
to determine this important transitional temperature more accu-
rately than previously possible. This newly developed method is
currently being applied by Shoko et al. (2013), who have investi-
gated the differences in the baking isotherm temperature of twelve
coal tar pitch samples obtained from most of the internationally
well-known Söderberg electrode paste producers.

3.2.2. TMA of coal tar pitch thermally pre-treated above the baking
isotherm temperature

Since it was established in the previous section (Section 3.2.1)
that the case study coal tar pitch samples had to be thermally
pre-treated at 475 �C to avoid the pellets from melting in the
TMA, all subsequent coal tar pitch pellets were prepared from coal
tar pitch thermally pre-treated at 475 �C in an inert atmosphere
(Section 2.2.3). The dimensional behaviours (TMA measurements)
of the LSP and HSP coal tar pitch pellets prepared from thermally
pre-treated samples are presented in Fig. 3.

As is evident from the results, both the LSP and HSP coal tar
pitches thermally pre-treated at 475 �C behaved similar during
all three thermal cycles. However, the dimensional behaviours of
both the pitches were significantly different in the first thermal cy-
cle (0 to �250 min), than in the second and third thermal cycles
(250 min onwards), which were similar.

During the first thermal cycle, a small expansion occurred when
the pellet was heated from room temperature to approximately
475 �C. This initial expansion was caused by the thermal expansion

Fig. 3. The thermal dimensional behaviour of LSP and HSP coal tar pitch samples thermally pre-treated at 475 �C. The temperature was cycled three times from room
temperature to 1300 �C in the TMA, utilising a constant heating rate of 10 �C/min. These thermal cycles are indicated by the secondary figure, below the main figure.
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of the coal tar pitch pellet that acted similarly to a solid material
thermally expanding, since the coal tar pitches were already ther-
mally pre-treated up to 475 �C prior to the TMA analysis. However,
the dimensional behavioural data during the first heating cycle up
to this temperature (475 �C) gives little insight into the fundamen-
tal properties of the material, since thermal dimensional changes
of the pitches could not be measured in the temperature range
where the coal tar pitches were soft (6475 �C). In the previous sec-
tion (Section 3.2.1) the lowest pre-treatment temperature where
softening and melting of the coal tar pitches did not occur, i.e. cor-
relating to the baking isotherm temperature, was determined.
However, no detailed dimensional data was obtained below
475 �C. At temperatures above 475 �C the pre-treated coal tar pitch
pellets shrunk, which continued up to the maximum temperature
investigated (1300 �C). For both the case study coal tar pitches the
total shrinkages were approximately 12% during the first thermal
cycle, after the initial thermal expansion of the pellets.

In contrast to the first thermal cycle the amplitudes of thermal
expansion and contraction during the second and third TMA ther-
mal cycles were relatively small, i.e. approximately 2%.

The difference in the magnitude of the dimensional changes be-
tween the first and subsequent thermal cycles can be attributed to
structural reordering of the carbonaceous material that took place
during the first thermal cycle in the TMA. During the first thermal
cycle the coal tar pitches were heated up to 1300 �C for the first
time. During the second and third TMA thermal cycles, the coal
tar pitches had already been exposed to a maximum temperature
of 1300 �C, hence little additional structural reordering took place.

Application of the above-mentioned method to quantify the
dimensional behaviour of coal tar pitch binders utilised in Söderberg

electrode paste production could provide valuable information with
regard to electrode management. In particular for the area just be-
low the contact shoes (Fig. 1), i.e. from the baking isotherm further
down into the furnace zone. The large shrinkage (approximately
12% for both the LSP and HSP tar pitch binders), which occurred dur-
ing the first heating cycle, indicates that the electrode is most vul-
nerable to failure during the initial baking process. During this
baking process the electrode becomes increasingly stable with re-
gard to thermal dimensional changes, as structural reordering of
the carbonaceous binder takes place. This was confirmed by the sec-
ond and third thermal cycles of the LSP and HSP tar pitches, during
which the dimensional changes that occurred were approximately
2%. To put these results into perspective, it can be stated that the
dimensional changes of the case study coal tar pitch binders during
the first TMA thermal cycle were approximately six fold more than
the dimensional changes that occurred in subsequent thermal cy-
cles. It cannot be stated with certainty that all coal tar pitch binders
used for Söderberg electrode paste production will react similarly
than the case study materials utilised in this study. However, the re-
sults clearly indicate how TMA can be used to quantify the dimen-
sional behaviour of a specific coal tar pitch binder utilised in
Söderberg electrode paste production.

3.2.3. TMA of calcined anthracite
Since calcined anthracite is used as a filler in the production of

Söderberg electrode paste (Innvær, 1992, 1989, 1983; Toromanoff
and Habashi, 1989), the thermal dimensional behaviours of cal-
cined anthracites were also considered. The behaviour of uncal-
cined anthracites will be discussed in the next section
(Section 3.2.4).

Fig. 4. The thermal dimensional behaviour of pellets prepared from the three case study anthracites samples calcined at 1400 �C. The temperature was cycled three times
from room temperature to 1300 �C in the TMA, utilising a constant heating rate of 10 �C/min. These thermal cycles are indicated by the secondary figure, below the main
figure.

172 J.P. Beukes et al. / Minerals Engineering 46–47 (2013) 167–176



The dimensional behaviours of pellets made from the three case
study anthracites calcined at 1400 �C are presented in Fig. 4. It is
evident that the amplitudes of dimensional changes for all three
calcined anthracites were in the order of 0.6–1.0%. Also, the ther-
mal dimensional behaviour did not change significantly between
the three TMA thermal cycles. The relatively small dimensional
changes and relatively consistent behaviours during all three ther-
mal cycles were expected, since the anthracite pellets were pre-
pared from anthracites calcined (Section 2.2.2) at 1400 �C. Due to
this prior thermal treatment (calcination at 1400 �C) no significant
additional structural reordering had taken place during these TMA
thermal cycles.

The influence of calcination temperature on the thermal dimen-
sional behaviours of the pellets made from the case study calcined
anthracites are illustrated in Fig. 5, which presents data for anthra-
cite 3 as an example. It is evident from the first TMA thermal cycle
(0–250 min) that higher calcination temperatures resulted in smal-
ler dimensional changes.

All the above-mentioned results related to the thermal dimen-
sional behaviour of calcined anthracites have significant indus-
trial relevance and demonstrate the usefulness of the methods
discussed in this paper. During the initial baking of a Söderberg
electrode, the conductivity of the electrode is largely dependent
on the steel casing and fins (Fig. 1), since the unbaked electrode
paste is not very conductive. The calcined anthracite filler that is
part of the electrode paste is calcined prior to paste production
in order to improve the initial conductivity of the Söderberg elec-
trode paste. The conductivity of carbon increases as the structure
approaches the structure of graphite (Asphaug and Innvær,

1997). Other reasons for calcining the anthracite prior to elec-
trode paste production are to drive off the volatile organic com-
pounds and to stabilise the anthracite dimensionally (Asphaug
and Innvær, 1997; Stanko, 1972). Results obtained for all three
case study calcined anthracite samples indicated thermal dimen-
sional changes of less than 1%. The anthracite samples calcined at
the higher experimental calcination temperatures (1400 �C) prior
to TMA analysis, had the smallest dimensional changes. This
proved that higher calcination temperatures indeed result in a
higher level of structural ordering and dimensional stability.
The efficiency of the calcination process of the anthracite prior
to Söderberg electrode paste production is therefore extremely
important in order to produce dimensionally stable electrodes.
The method discussed in this paper can be used by producers
of Söderberg electrode pastes to ensure the efficiency of their cal-
cination processes to yield the required quality calcined anthra-
cite. Additionally, if the calcined anthracite thermal dimensional
results are considered in context of the results obtained for the
coal tar pitches thermally pre-treated at 475 �C (Section 3.2.2),
the importance of the initial baking of a Söderberg electrode at
temperatures exceeding the baking isotherm temperature is
again stressed. During this initial electrode baking process, the
dimensional behaviours of the tar pitch binder and the calcined
anthracite differ dramatically – the tar pitch binder undergoes
shrinkage of approximately 12%, while the calcined anthracite
expands up to 1%. This difference in magnitude of thermal
dimensional behaviour (12% vs. 61%) and difference in motion
(shrinkage vs. expansion) can result in thermal stress building
up in the electrode.

Fig. 5. The thermal dimensional behaviour of pellets prepared from anthracite 3, calcined at 1200, 1300 and 1400 �C, respectively. The temperature was cycled three times
from room temperature to 1300 �C in the TMA, utilising a constant heating rate of 10 �C/min. These thermal cycles are indicated by the secondary figure, below the main
figure.
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3.2.4. TMA of uncalcined anthracite
The dimensional behaviours measured with TMA of pellets pre-

pared from the three case study uncalcined anthracite samples are
presented in Fig. 6.

In contrast to the relatively small thermal dimensional changes
observed for the calcined anthracite samples (Section 3.2.3), the
dimensional changes of the uncalcined samples during the first
TMA thermal cycle were significantly larger, which ranged from
6–8%. Again, these results stress the importance of the efficiency
of the calcination process of the anthracite prior to Söderberg elec-
trode paste production as explained in Section 3.2.3. Incomplete
calcination of anthracite prior to introducing it as the solid filler
in Söderberg electrode paste will result in additional thermal
dimensional changes occurring during the initial baking of the
Söderberg electrode, resulting in added thermal stress build-up
in the electrode.

3.2.5. TMA of pre-baked electrode graphite
The main objective of this paper was to demonstrate the effi-

ciency of using TMA to characterise the thermal dimensional
behaviours of Söderberg electrode paste raw materials. Electrode
graphite is not a Söderberg electrode paste raw material, but can
rather be considered as the end product of the thermal reordering
process during the in situ baking of a Söderberg electrode in a SAF.
Characterisation of the thermal dimensional behaviour of typical
electrode graphite will therefore contextualise the thermal dimen-
sional results of the electrode past raw materials presented in this
paper.

The thermal dimensional behaviours of pellets produced from
the pre-baked electrode graphite are demonstrated in Fig. 7. Since

these samples were taken from actual electrode graphite that was
pre-baked at temperatures in the order of 3000 �C (temperature
provided by pre-baked electrode producer), it can be stated with
confidence that the carbon structure of these samples had been
converted to maximum structural ordering, i.e. graphite. It was
therefore not surprising that the dimensional changes of the elec-
trode graphite samples were relatively small (�0.5%). In addition,
no significant differences were observed between the three TMA
thermal cycles.

Considering all the results presented in this paper in context of
the electrode graphite results, it is evident that although the com-
pletely baked Söderberg graphite electrode exhibit relatively small
thermal dimensional changes (�0.5%), the thermal dimensional
changes of the Söderberg electrode paste raw materials are much
more significant, i.e. up to 1% for the calcined anthracite and
approximately 12% for the coal tar pitch binder. Combined these
results indicate that a completely baked Söderberg electrode, i.e.
graphite, will be very resilient to electrode breaks due to thermal
shock (e.g. furnace downtime and subsequent start-up). However,
Söderberg electrodes baked up to the phase where the differences
in thermal dimensional behaviours of the coal tar pitch binder and
the calcined anthracite filler of the paste impart thermal stress in
the electrode will be much more susceptible to electrode breaks.
This is especially true for the area of the electrode just below the
baking isotherm temperature (Fig. 1). Although these risks are rel-
atively well known within the SAF smelting industry, according to
the authors this is the first time that a relatively comprehensive
study of thermal dimensional behaviours of the Söderberg elec-
trode paste raw materials has been quantified and the risk scientif-
ically described.

Fig. 6. The thermal dimensional behaviour of pellets prepared from the three case study uncalcined anthracites. The temperature was cycled three times from room
temperature to 1300 �C in the TMA, utilising a constant heating rate of 10 �C/min. These thermal cycles are indicated by the secondary figure, below the main figure.
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4. Conclusions

The TMA method to determine the baking isotherm tempera-
ture of a coal tar pitch described in this paper can be used to deter-
mine this important temperature more accurately than before.
Better knowledge of the baking isotherm temperature will be ben-
eficial for all aspects of electrode management at smelters using a
specific electrode paste for which the coal tar pitch binder was
characterised.

Other results clearly indicated the conflicting nature in the
dimensional behaviour of the case study coal tar pitch binders that
shrunk approximately 12% during the first thermal cycle at tem-
peratures above the baking isotherm temperature and the case
study anthracites calcined at 1400 �C that expanded 0.6–1.0%. This
indicates the vulnerability of a Söderberg electrode baked for the
first time at temperatures exceeding the baking isotherm temper-
ature. Additionally the importance of the efficiency of the calcina-
tion process of the anthracite prior to Söderberg electrode paste
production was demonstrated by TMA measurements that indi-
cated that the case study uncalcined anthracites shrunk 6–8% dur-
ing the first thermal exposure cycle. These results indicated that
the developed TMA method can be used by Söderberg electrode
paste producers to do quality control on calcined anthracite, before
it is introduced into the Söderberg electrode paste. The method can
also be used to evaluate and compare Söderberg electrode paste
raw materials, which will enable producers to choose raw materi-
als that will be most compatible in terms of thermal dimensional
behaviours.

Comparison of the Söderberg electrode paste thermal dimen-
sional results with that of pre-baked electrode graphite gave a sci-
entific explanation why a partially baked Söderberg electrode (not

yet graphite) is so susceptible to breakage caused by thermal
shocks.
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a b s t r a c t

One of the most commonly employed electrode systems in industrial metal smelting applications is con-
tinuous self-baking electrodes, i.e. the Söderberg electrode system. In this system, the temperature at
which transition from a liquid/soft paste to a solid carbonaceous electrode takes place is termed the bak-
ing isotherm temperature. This temperature is extremely important within the context of electrode man-
agement. In this paper, thermo mechanical analysis (TMA) was used to measure the dimensional changes
that take place in coal tar pitch in the temperature range relevant to the determination of the baking iso-
therm temperature. It was found that the baking isotherm temperature of coal tar pitches was between
450 and 475 �C, irrespective of the initial chemical composition and physical characteristics of the coal tar
pitch. Subsequent Fourier Transform Infra-Red (FTIR) analyses indicated that all coal tar pitches under-
went similar compositional changes during the transition from a molten/liquid coal tar pitch to a solid
carbonaceous material.

� 2013 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the operation of submerged arc furnaces, electrodes conduct
electrical energy from a transformer(s) to the smelting zone inside
the furnace. For the past century one of the most commonly em-
ployed electrode systems in industrial metal smelting applications
has been continuous self-baking electrodes, i.e. the Söderberg elec-
trode system (Innvaer et al., 1984). Fig. 1 shows a diagrammatical
presentation of the cross-sectional view of a typical Söderberg
electrode column.

In the Söderberg electrode system the continuous arcing of the
electrode tips results in the consumption thereof. In order to en-
able the growth of the electrodes in situ, solid electrode paste cyl-
inders or blocks are loaded into the metal electrode casings
(Nelson and Prins, 2004). Electrode paste is a mixture of coal tar
pitch (binder) and filler (e.g. coke or calcined anthracite) (Sem,
1954; Mason, 1970; Innvaer, 1989; Nelson and Prins, 2004). As
the paste moves downward in the electrode column, it is heated
by the electrical current passing through the contact shoes into
the metal electrode casing, as well as heat conducted up the elec-
trode column from the furnace. When the electrode paste is heated
to above its softening temperature, it fills the entire electrode col-

umn with liquid/soft electrode paste (Fitt and Aitchison, 1993).
Continued baking, via the two afore-mentioned mechanisms re-
sults in the formation of a solid carbonaceous electrode. The tem-
perature at which transition from a liquid/soft paste to a solid
carbonaceous electrode takes place is termed the baking isotherm
temperature (Innvaer et al., 1984).

The Söderberg electrode baking isotherm is an extremely
important temperature in electrode management. If the electrode
is grown (extended) so that the baking isotherm is below the con-
tact shoes, it could have disastrous consequences. The electrode is
extremely vulnerable to breakage if the baking isotherm is below
the contact shoes, since the liquid/soft electrode paste does not
contribute to the mechanical strength of the electrode column.
Furthermore, if a hole is arced into the metal casing, liquid/soft
paste could run into the furnace. This is usually termed a green
electrode break. A green electrode break could result in an explo-
sion, due to the liquid/soft electrode paste being exposed to the
very high temperatures inside the furnace. It is therefore vital for
continuous, safe and profitable operation that the Söderberg elec-
trode baking isotherm is kept above the contact shoe level under
normal furnace operational conditions. Under circumstances when
the electrode is grown beyond the Söderberg electrode baking iso-
therm, special precautions need to be taken, e.g. cutting back on
the current being passed through the electrode to avoid arcing
holes into the metal casing and not tapping/draining the furnace
to limit mechanical forces acting on the electrode column.

According to literature, the baking isotherm of Söderberg elec-
trodes lies in the temperature range of between 400 and 500 �C
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(Innvaer and Olsen, 1980; Walker, 1986; McDougall et al., 2004;
Meyjes et al., 2010). Considering the importance of this isotherm
temperature, there is a need to determine this temperature more
accurately. It was recently indicated how thermomechanical
analysis (TMA) could be used to determine the characteristics
of Söderberg electrode paste raw materials, as well as electrode
graphite (Beukes et al., 2013; Roos, 2011). In this paper, the TMA
method developed by Beukes et al. (2013) is used to determine
the Söderberg electrode baking isotherm temperature of 12 coal
tar pitch (CTP) samples with a wide spread of chemical compo-
sitions and properties. Fourier Transform Infra-Red (FTIR) spec-
troscopy analysis was also used to determine how the
composition of the organic compounds (in term of the functional
groups) present in the CTP changed during the transition
from the liquid to the solid paste at the baking isotherm
temperature.

2. Materials and methods

2.1. Materials

Twelve CTP samples were obtained from various producers
throughout the world that supply CTPs to Söderberg electrode
paste producers. Most of these CTP suppliers requested to remain
anonymous; therefore the CTP samples were denoted as CTP 1 to
CTP 12 only.

2.2. Methods

2.2.1. Coal tar pitch characterization
In order to characterise the CTP samples, the proximate and

ultimate analyses were determined, in addition to fundamental
properties such as the softening point (SP), coking value (CV), as
well as quinoline insoluble (QI) and toluene insoluble (TI) contents.
These CTP characteristics are the most widely considered proper-
ties in the CTP processing industry (Monge et al., 2001).

During the ultimate analyses, the carbon and hydrogen contents
were determined using a method based on ASTM D5373, nitrogen
based on ASTM D3179, sulphur based on ASTM D4239 and oxygen
by difference. For proximate analysis, the moisture was analysed
with SANS 5925, volatiles with ISO 562, and ash and fixed carbon
were determined using ISO 1171.

The SPs of the CTP samples were measured on a Mettler FP 80
HT softening point measurement instrument. The SP measure-
ments were recorded to the nearest 0.1 �C and performed in dupli-
cate. The reported results were calculated as the average of the two
separate readings.

For the CV determinations, CTP samples were crushed to a par-
ticle size smaller than 212 lm. 3 ± 0.0005 g of this crushed sample
was weighed and pyrolysed at 900 �C in an inert environment for
30 min in a fit-for-purpose instrumental set-up for determining
CV at the quality control laboratory of a South African graphite
electrode producer. The remaining residue was weighed and the
percentage CV calculated.

Fig. 1. A diagrammatical presentation of a cross section of a typical Söderberg electrode column.
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In the QI analysis, 1 ± 0.0005 g of a crushed CTP sample was
digested and extracted with 65 ml hot quinoline. Thereafter,
the residue was filtered off and dried in an oven at 105 ± 5 �C
for 60 min, after which the dried samples were cooled in a des-
iccator and weighed. The QI contents were expressed as
percentages.

The TI content of a CTP sample was determined through the
digestion and extraction of 1.5 ± 0.0005 g crushed sample with
60 ml hot toluene in an alundum thimble for 24 h. The remaining
residue was dried at 105 ± 5 �C in an oven for 60 min, after which
it was cooled in a desiccator and weighed.

2.2.2. Sample preparation prior to TMA analysis
As-received CTP samples could not be analysed in the TMA

instrument utilised in this study, as the TMA probe resting on
top of the CTP sample in the TMA instrument protruded into the
CTP if the sample was heated above the SP of the specific CTP (Beu-
kes et al., 2013). It was therefore required to thermally pre-treat
the CTP samples to ensure that the sample would not soften inside
the TMA during an analysis.

During thermal pre-treatment a Coorstek ceramic crucible
(99.8% pure aluminium oxide) was filled with 25 g of CTP sam-
ple. The crucible with the sample was then placed in an Elite
THS 15 tube furnace equipped with a programmable tempera-
ture control. Ceramic heat shields were inserted at both ends
of the tube furnace to minimise heat loss and to improve the
tube length in which a stable working temperature could be
achieved. These heat shields also protected the stainless steel
caps, which were fitted onto both sides of the ceramic tube to
seal the ends. The stainless steel caps had a gas inlet on the
one side and an outlet on the other. During all CTP thermal
pre-treatments an inert gaseous atmosphere was maintained
by a constant flow of 1 NL/min of N2 through the furnace. Before
any CTP pre-treatment experiment commenced, the furnace
loaded with the CTP sample was flushed with N2 at a flow rate
of 1 NL/min for 3 min. This ensured that no oxidation of the CTP
sample occurred during the thermal pre-treatment. The furnace
was programmed to ramp up from room temperature to the de-
sired maximum temperature in 60 min; where after a holding
time of 120 min was maintained. The furnace was then switched
off and the heated CTP sample allowed to cool down in the fur-
nace, under the inert atmosphere. Thereafter, the thermally pre-
treated CTP sample was removed from the furnace and stored in
a sealed container.

After the above-mentioned thermal pre-treatment, the CTP
samples had to be reshaped into a form that could be utilised
in subsequent TMA analyses. For this purpose, the thermal pre-
treated CTP samples were pulverised and pressed into cylindrical
pellets, similar to the procedures described previously (Neizel
et al., 2013; Kleynhans et al., 2012; Nel et al., 2011). The pulver-
isation was performed on a Sibetechnik laboratory disc mill with
a tungsten carbide grinding chamber. Approximately 20 g of pre-
treated sample was pulverised for 30 s. 0.65 ± 0.1 g of pulverised
pre-treated CTP sample was then weighed and transferred into a
Specac PT No. 3000 cylindrical 10 mm diameter die set. The
powdered CTP pre-treated sample was then compressed into a
pellet with an LRX Plus material strength testing machine (Ame-
tek Lloyd Instruments) fitted with a 5 kN load cell. The compres-
sion arm was lowered at a speed of 10 mm/min until a load of
3.5 kN was reached, where after it was held for 30 s. Although
it was somewhat time consuming to produce pellets in this
manner, this produce ensured pellets with consistent density,
form and size (10 mm diameter and 8 mm height), which al-
lowed for the subsequent monovariance investigation of the
pelletised thermally pre-treated CTP samples.

2.2.3. TMA analysis
A single thermally pre-treated CTP pellet (prepared according to

Section 2.2.2) was placed in a Seiko Instruments Inc. TMA/SS 6100,
interfaced with SII EXSTAR 6000. With this instrument, the dimen-
sional changes of the pellet could be measured as a function of
temperature. The TMA was programmed to heat the pellet from
room temperature up to 800 �C at a rate of 10 �C/min, under a con-
stant N2 flow of 1.7 NL/min. An inert atmosphere was maintained,
as the oxidation of the pre-treated CTP sample had to be prevented.
This procedure was repeated three times for each sample pre-
treatment at a specific temperature. Each TMA curve presented
in this paper is the average determined from these repetitions.

2.2.4. FTIR spectroscopy analysis
The qualitative investigations of the different functional groups

in the as-received CTP, as well as the CTP samples thermally pre-
treated, were performed using a Perkin Elmer Spectrum 400 FT-
IR/FT-NIR equipped with a universal attenuated total reflectance
(ATR) sampling accessory. The FTIR spectra for all raw and thermal
treated samples were recorded in the range of 4000–650 cm�1.

3. Results and discussion

3.1. As-received CTP sample characterisation

The proximate and ultimate analyses, as well as the fundamen-
tal properties of the as-received CTP samples are summarised in
Tables 1 and 2, respectively. As can be seen, the characteristics of
the obtained CTP samples varied considerably, e.g. volatiles:
51.4–69.8%, FC: 29.1–48.2%, SP: 65.4–134.2 �C, CV: 37.1–60.3%,
QI: 2.9–7.3% and TI: 16.0–34.6%. This spread in characteristics is
larger than reported in most previous studies related to CTP (Diaz
and Blanco, 2003; Guillen et al., 1996; Panaitescu and Predeanu,
2007; Machnikowski et al., 1997). CTP samples with such different
characteristics were obtained intentionally from the various sup-
pliers, as it was the intention to test the hypothesis put forward
in the paper by evaluating CTP samples that differ as much as
possible.

3.2. Determination of the baking isotherm temperature of Söderberg
electrodes

In order to investigate the baking isotherm temperature, the
CTP samples were thermally pre-treated (as described in Sec-
tion 2.2.2) at temperatures ranging from 400 to 500 �C, with incre-
ments of 25 �C. The measured dimensional changes of these
thermally pre-treated CTP pellets indicated that pellets prepared
from all the CTP samples softened during the TMA analysis, if the
thermal pre-treatment temperatures 6450 �C. This softening was
indicated by a sudden change in the dimensional behaviour of
the thermally pre-treated pelletised CTP samples during TMA anal-
ysis as the temperature increased. Typical examples (CTP 1–6) of
this softening behaviour observed during the TMA are indicated
in Fig. 2. As can be seen from the data presented in Fig. 2, sample
softening was indicated by a sudden decrease in dimension for
some samples. However, other samples expanded due to softening.
This was due to the core of the pellet melting and running out the
bottom of the pellet, thereby causing the TMA instrument to mea-
sure an increase in size. All of these softening behaviours were,
however, characterised by a very sudden change in pellet dimen-
sion. CTP samples 6–12 reacted similarly, but are not shown in
Fig. 2 to prevent the figure from becoming too crowded.

In contrast to the above-mentioned results, none of the pelle-
tised thermally pre-treated CTP samples indicated any softening
behaviour, when the pre-treatment temperature was P475 �C.
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Typical TMA curves of samples pre-treated at 475 �C are indicated
in Fig. 3. Again, only six samples (CTP 1–6) were selected for illus-
tration purposes, since the other samples reacted similarly. In con-
trast to the pre-treated samples that indicated softening
behaviours, which was indicated by sudden dimensional changes,
these samples exhibited gradual dimensional changes.

The fact that none of the pelletised pre-treated CTP samples
softened when the thermal pre-treatment temperature was
475 �C, indicates that solid carbonaceous material is formed be-
tween 450 and 475 �C. By comparing the TMA thermal behaviour
of the pellets prepared from CTP thermally pre-treated at maxi-
mum temperatures in the range of 400 to 450 �C and those that
were pre-treated at a maximum temperature of 475 �C, it can be

deduced that the baking isotherm temperature of CTP used as a
binder in Söderberg electrodes lies between 450 and 475 �C. It is
acknowledged that the thermal behaviour of the mixture of filler
(e.g. calcined anthracite or coke) and binder (CTP) in Söderberg
electrode paste might differ from the characteristics of the CTP
used as a binder, but the softening behaviour of the paste is likely
to be linked to the CTP rather than the filler.

Beukes et al. (2013), who developed the TMA method employed
in this study, also reported the baking isotherm temperature of two
CTP samples to be between 450 and 475 �C. However, since these
authors (Beukes et al., 2013) only considered two case study CTP
samples, they could not deduce with certainty that this would be
valid for other CTPs. Considering the vast differences in the chem-
ical composition (Table 1) and fundamental properties (Table 2) of
the CTP samples considered in this paper, it was somewhat surpris-
ing to find that the baking isotherm temperatures of all the CTP
samples evaluated were between 450 and 475 �C. However, the re-
sults led the authors to believe that although there might be differ-
ences in the chemical composition and fundamental properties of
the untreated CTP samples (Tables 1 and 2), the inert atmosphere
heat treatment led to the loss of organic compound with similar
functional groups from all the CTP samples, resulting in the forma-
tion of a solid carbonaceous matrix not including some of these or-
ganic compound functional groups. This implies that the
temperature of the Söderberg electrode paste baking isotherm is
independent of the initial chemical composition and the funda-
mental properties of the CTP (Table 1). In order to prove/disprove
this hypothesis, FTIR analyses of the as-received CTP samples, as

Table 1
Proximate and ultimate analyses of the as received CTP samples.

Sample Proximate analysis Ultimate analysis

Moisture (%) Volatiles (%) Ash (%) FC (%) C (%) H (%) N (%) S (%) O (%)

CTP 1 0.2 55.6 0.4 43.8 90.80 4.16 1.15 0.49 3.40
CTP 2 0.6 69.8 0.5 29.1 91.54 4.13 1.17 0.49 2.67
CTP 3 0.7 65.2 0.7 33.4 91.98 4.03 1.13 0.53 2.33
CTP 4 0.2 63.6 0.4 35.8 90.72 4.23 1.19 0.53 3.33
CTP 5 0.3 63.4 0.5 35.8 91.27 4.36 1.17 0.53 2.67
CTP 6 1.0 62.8 0.9 35.3 90.32 4.33 1.25 0.55 3.55
CTP 7 0.6 69.0 0.8 29.6 91.43 4.12 1.15 0.50 2.80
CTP 8 0.2 51.4 0.2 48.2 93.38 3.23 1.15 0.50 1.74
CTP 9 0.2 64.3 0.3 34.9 91.38 4.35 1.14 0.50 2.63
CTP 10 0.2 59.5 0.6 39.7 91.23 3.89 1.16 0.49 3.23
CTP 11 0.1 60.7 0.5 38.7 91.01 4.19 1.18 0.50 3.12
CTP 12 0.1 58.1 0.5 41.3 91.06 3.85 1.17 0.53 3.39

Table 2
Fundamental properties of the as received CTP samples.

Sample SP (�C) CV (%) QI (%) TI (%)

CTP 1 121.2 56.9 6.6 26.3
CTP 2 81.9 37.1 3.6 16.0
CTP 3 66.5 37.2 3.7 16.2
CTP 4 94.1 46.8 4.5 20.0
CTP 5 94.6 47.5 4.6 19.1
CTP 6 95.6 41.5 3.8 20.0
CTP 7 82.6 47.6 5.4 24.0
CTP 8 134.2 60.3 7.0 34.6
CTP 9 83.1 43 2.9 23.7
CTP 10 93.8 50.0 5.8 18.2
CTP 11 65.4 46.6 7.3 22.2
CTP 12 85.0 48.7 7.2 23.2

Fig. 2. Typical softening behaviour observed during TMA for CTP samples thermally pre-treated at 6450 �C.
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well as the CTP samples pre-treated at 475 �C, were conducted to
determine the organic functional groups present in the samples.

3.3. FTIR analysis

FTIR analysis determines the different functional groups in a
sample by considering the characteristic bands of the CAH struc-
ture. In this study, FTIR analysis was performed on all 12 raw
(as-received) CTP samples. Fig. 4 indicates the FTIR spectra of
CTP 1–6, respectively. The FTIR spectra of the remaining six CTP
samples exhibited peaks at the same wave numbers with the only
difference being the intensities of the different peaks. This FTIR
data implies that all the raw CTP samples contained organic com-
pounds with similar functional groups (indicated by similar wave
numbers of the peaks/bands), with the only difference being the
fractional distribution of these compounds in the different CTP
samples (indicated by the peak intensities).

Although it is very difficult to quantify the occurrence of differ-
ent functional group compounds occurring in the CTP samples
from the FTIR spectra, a qualitative explanation of the observed
bands can be provided. The FTIR band at 3412 cm�1 is an indication
of the presence of NAH and OAH groups; 3040 cm�1 confirms the
existence of aromatic bands showing some unsaturation. Peaks at
2970–2850 cm�1 confirm the presence of alicyclic and aliphatic
CH3, CH2 and CH. The 1699 cm�1 peak is characteristic of C@O
and aromatic C@C. Peaks at 1436 cm�1 are due to CH3 asymmetric
deformations and CH2 groups in bridges, which may be due to aro-

matic C@C and strongly bonded OH. The band in the region of 880–
750 cm�1 is an aromatic stretch (Guillen et al., 1995; Prauchner
et al., 2001, Guillen et al., 1992).

Since the baking isotherm temperatures of all 12 CTP samples
considered were found to be between 450 and 475 �C, the FTIR
spectra of all CTP samples thermally pre-treated at 475 �C were
also recorded. Fig. 5 presents the FTIR spectra of CTP 1 to CTP 6 that
have been thermally pre-treated at 475 �C, respectively. Again,
only the FTIR spectra of the first six CTP samples were shown, to
avoid overcrowding of the figure.

From Fig. 5 it is evident that the FTIR spectra obtained for the
various samples thermally pre-treated at 475 �C are similar. These
spectra are also typical of carbonaceous materials (Guillen et al.,
1995). If the spectra of these thermally pre-treated CTP samples
are compared to the FTIR spectra of the raw CTP samples (Fig. 4),
it is clear that a reduction in some functional groups occurred, as
well as the formation of new groups characterised by significant
peaks in the region 2400–1900 cm�1. The compounds in this band
could not be identified, as the authors were unable to find litera-
ture indicating the possible nature of functional groups with peaks
in this region. The bands in the region of 3896–3442 cm�1 could be
assigned to NAH stretching (Guillen et al., 1992, 1995). 3050 cm�1

and the weak peak at 2923 cm�1 could be assigned to aromatic and
aliphatic CAH stretching (Strydom et al., 2011). Bands in the region
ranging from 700 to 900 cm�1 were assigned to out-of-plane
aromatic compounds (Papole et al., 2012). Peaks at 1436 cm�1

are due to CH3 and CH2 linkages (Guillen et al., 1992, 1995). Peaks

Fig. 3. Dimensional behaviour during TMA for CTP samples thermally pre-treated at 475 �C.

Fig. 4. FT-IR spectra of raw coal tar pitch samples.
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at 1597 cm�1 are due to carbonyl compounds, as well as aromatic
C@C. The peak at 1253 cm�1 is due to aryl ethers, aryl oxygen
(Ibara et al., 1989), with bands at 1173 and 1065 cm�1 being as-
signed to clay minerals. During the thermal treatment of coal tar
pitch, polymerisations and thermal degradation reactions take
place. This leads to a loss of some functional groups as they are
converted into volatile components, which are released during
thermal treatment (Yue and Watkinson, 1998). Therefore, a reduc-
tion in the peak intensities of some identified functional groups in
thermal treated pitch samples takes place.

In order to visualise the differences between the FTIR spectra of
the raw and thermally pre-treated CTP samples at 475 �C, the FTIR
spectra of a raw and 475 �C pre-treated CTP sample are shown in
Fig. 6. These specific samples were chosen since the peak intensi-
ties at approximately 3000 cm�1 were almost the same, which
helps to identify significant differences.

4. Conclusion

The data presented in this paper confirms that TMA is a useful
tool to assess the dimensional behaviour of CTP samples. Thermal
pre-treatment and subsequent TMA analysis indicated that the
baking isotherm temperature of CTP used in Söderberg electrodes
lies between 450 and 475 �C. It was found that this temperature

is independent of the initial physical and chemical composition
of the CTP. As far as the authors could assess, this is a novel finding,
which could help operational personnel at smelters utilising Söder-
berg electrode systems to manage their electrodes better. A better
defined temperature range for the baking isotherm temperature
will allow more precise electrode management; and therefore lead
to improved operational stability and reduced safety risks. These
findings also provide researchers with new questions that need
to be answered to better understand these complex systems.

Although FTIR analysis could not be used to quantify the differ-
ent functional groups in the CTP samples, it indicated that the raw
CTP samples were similar in composition, only differing in terms of
the fractional composition of the various functional group com-
pounds. The 475 �C pre-treated CTP samples also had similar FTIR
spectra, but these spectra differ somewhat from that of the raw
CTP samples. This indicates that the organic functional groups
present in the CTP samples changed as a result of the thermal
pre-treatment. This also implies that similar functional group com-
pounds are lost and new ones formed during the transition of a
molten CTP to a solid carbonaceous material, irrespective of the
initial composition of the CTP.

As a future perspective, more research into this field should be
encouraged, especially to quantify the chemical differences be-
tween raw CTP and CTP that have been transformed into solid car-
bonaceous material due to thermal treatment.

Fig. 5. FTIR spectra of coal tar pitch samples pre-treated at 475 �C.

Fig. 6. Comparison of FTIR spectra of raw and thermally pre-treated CTP samples.
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