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An investigation of the thermal oxidation resistance of various carbon materials has been performed via thermal gravimetric
analysis (TGA). Experiments were conducted for general grade graphite, glassy, prebaked and pyrolytic compact solid-body
carbon samples. The loss of mass for each carbon sample was measured as a function of a temperature in the presence of
several flowing gases. An isothermal heating was also performed for each carbon sample, at 560°C, in flowing air. This work
is beneficial for the novel FFC (Fray-Farthing-Chen) — Cambridge electro-reduction process, in which carbon materials are
currently employed as anodes in a high temperature molten salt electrolytic cell. It is therefore desirable to establish the
inertness and resistance of such materials in the presence of anodically active oxygen. Such information is advantageous as it
may serve to minimise operating costs, increase cell efficiency, and ensure a lower contaminated cathodic product. The studies
prove that glassy and pyrolytic carbons are the most resistance to oxidation. However, it is not recommended that any of the
tested carbon-based materials should be used as anodes at temperatures in exceeding of 625°C. This is due to a significant
loss of mass attributed to high oxidation rates and the formation of carbon oxides (CO,).
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Przedstawiono wyniki badari utleniania elektrod weglowych wykorzystujac technike analizy termicznej (TGA). Badano
ubytek masy prébek w trakcie liniowego wzrostu temperatury, jak réwniez podczas izotermicznego ogrzewania (560°). Analizo-
wane elektrody weglowe majg zastosowanie w procesach redukcji FFC (Fray-Farthing-Chen) — Cambridge. Spetniaja role anod
w wysokotemperaturowym procesie elektrolitycznym. Istotne jest aby takie elektrody wykazywaly bierno$¢ i opér w obecnosci
tlenu. Dobér odpowiednich elektrod pozwala zmniejszy¢ koszty operacyjne procesu i mniejsze zanieczyszczenie produktu
katodowego. W niniejszej opracowaniu przedstawiono wybrane wyniki badari termograwimetrycznych i badar strukturalnych.

1. Introduction [2]. The anion is then discharged as oxygen gas on an

inert anode [3]. Various forms of carbons have been typ-

A novel molten salt process for producing metal (M)
directly from its metal oxides (MO) was discovered in
1997, by researchers at the University of Cambridge.
The process was named the FFC (Fray-Farthing-Chen)
— Cambridge process. It was proposed that metal oxides
or metal-oxygen solid solutions could be electrochemi-
cally reduced through a route termed electrodeoxidation
[1,2]. The mechanism involves the ionisation of oxygen
from a cathodically polarised metal oxide.

[O], + 2ne” = 0% %))

MO, +2ne” = MO,_, + nO*" 2)

The oxygen anion passes through a molten salt elec-
trolyte, usually CaCl, (melting point 762°C) at 900°C

*

ically used as the anode in this process to date. These
include general-grade graphite, glassy, prebaked and py-
rolytic carbons. The key factors influencing their selec-
tion as anodes include: their physical stability at the oper-
ating temperature (sublimes at 3500°C), their resistance
to molten salt attack, their low electrical resistivity, their
low cost; their ease of deployment; and their resistance
to thermal shock [4-6].

However, limited quantitative information is avail-
able into the thermal oxidation resistance of these par-
ticular carbons. It is therefore important to determine
the actual temperature threshold at which an unaccept-
able level of oxidation occurs for these forms of carbons,
and also which of these carbons has the highest oxida-
tion resistance relative to one another. This would serve
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to establish the maximum operating temperature of the
electrolytic cell (for each of the tested carbon materials),
so that any formation of carbon oxides (COy) and sub-
sequent mass loss is kept at an acceptable rate; and also
indicate which of the tested carbon materials is the most
suitable for use as an anode in the FFC-Cambridge pro-
cess. This work may ultimately result in: lower operating
costs; less labour time; reduced cell downtime since the
carbon anode would need less frequent replacing; higher
cell current efficiencies as potential back-reactions from
the formed carbon-oxides will be minimised; and higher
purity metallic product due to less carbon contamination
[7]. Also, environmental benefits may be obtained due to
reduced greenhouse gas emissions, since oxygen could
be generated in place of carbon oxides.

2. Materials and experiment

General-grade graphite, glassy, prebaked and py-
rolytic carbons have been commonly used as anodes at a
laboratory scale for the FFC-Cambridge process. These
carbons fall into a class of graphite-based allotropes, in
which layers of hexagonally arranged carbon atoms are
bound by sp2 orbitals, and are stacked in parallel through
delocalised r electron clouds [8]. The delocalised elec-
trons between each planar layer account for the conduc-
tivity of graphite-based carbons.

General-grade graphite is produced through graphi-
tisation of baked carbon, by heat treating the material
at temperatures between 2600-3300°C. This high tem-
perature causes the pre-ordered carbon structure to be-
come highly ordered over large areas. This results in
the cleavage of graphite being perfect in one direction.
General-grade graphite was obtained from Tokai Carbon
Europe, it was Tokai HK-40.

Glassy carbons or ,,amphorous” carbons are pro-
duced through pyrolysis of thermosetting resins (e.g.
phenol-formaldehyde) under a controlled heating rate to
high temperatures. They have a highly disordered struc-
ture and glass-like features, such as high hardness, be-
ing brittle, and a low permeability to gases [9]. Unlike
general-grade graphite, the carbon atom layers are not
distributed regularly over its area. This disordered struc-
ture prevents it from forming intercalation compounds,
which accounts for its very high resistance to corrosion
by acid or alkaline melts. Glassy carbon samples were
obtained from HTW GmbH.

Mixing produces prebaked carbons and compact-
ing ground calcined petroleum coke with petroleum
pitch. The petroleum pitch essentially binds the mix-
ture into the required shape. The resulting mass is then
furnace-baked over several weeks to a temperature of
1250°C. These results in the pitch being carbonised,

ensuring a solid bond is created between the calcined
petroleum coke particles [10]. Also, prebaked carbons
unlike the other selected carbons require no further heat-
ing, and are thus classified in a category of carbons
called mesomorphous.

Pyrolytic carbons are formed through the deposition
of successive carbon layers from hydrocarbon gases. The
characteristics of pyrolytic carbons are similar to glassy
carbons, including fragility, closed micro-porosity, and
very high resistance to chemical agents. It has a crys-
tal structure that is highly disordered over large areas.
Pyrolytic carbon samples of variant V25 were obtained
through Carbone Lorrainel8. This specific variant was
treated at a temperature of 2500°C.

Recording of TG and DTA curves for the samples
heated in the air or nitrogen were performed using TA
Instruments Universal Analysis 2000. The obtained ther-
moanalytical diagrams referred to the samples of 10 mg
to 20 mg masses. At first experiments a 5°C/min heating
rate was applied within the temperature range from 20
to 1000°C.

An isothermal oxidation test was also performed for
12 hours, in flowing air, at 560°C. The primary reason
for selecting this particular temperature is that it may be
possible to conduct electroreduction experiments, at this
working temperature in NaCl-CaCl, eutectic salt mix-
tures (melting point ~ 500°C at 50:50 mol%) {11]. It is
therefore worthwhile to investigate the inertness of the
various carbon samples in the presence of oxygen at this
reduced temperature (with a 60°C stability clearance).

3. Results and discussion

Fig.1 shows TG curves of oxidation of all carbon
materials in the air. It is noticeable that glassy and py-
rolytic carbons have the highest resistance to oxidation,
of the all carbon materials tested.
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Fig. 1. TG curves (loss of mass) for linear heating all carbons in the
air

Both these forms of carbon retain more than 99.0%
of their original mass, up to temperature of 700°C, when



a constant 5°C/minute heating-rate is applied. This tem-
perature is about 100°C higher than for general-grade
graphite, and more than 150°C higher than for prebaked
carbon, in which the same amount (99.0%) of the mate-
rial’s original mass is retained.
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Fig. 2. TG curves during isothermal oxidation all carbons in air for
12 hours

Glassy and pyrolytic carbons are also the best out
of the tested carbons at an isothermal temperature of
560°C as seen in Fig. 2. They both appear to be rela-
tively inert in the presence of flowing air at this tem-
perature, maintaining more than 97.0% of their orig-
inal weight up to 12 hours. Therefore it is benefi-
cial to use glassy and pyrolytic carbons as anodes for
FFC-Cambridge electro-reduction process, if the elec-
trolysis is carried out at the lower temperatures than
conventionally used. That may be possible by using eu-
tectic salt mixtures, as NaCl-CaCl,, which would al-
low a working cell temperature of 560°C. However,
such a reduced temperature could significantly lower an
electro-reduction rate. This disadvantage may be offset
by benefits such as reduced cathodic product contamina-
tion, and higher cell-efficiencies due to minimisation of
possible back-reactions involving salt and carbon oxides.
Cell downtime could be reduced as less frequent replace-
ment of anode electrodes is required. Furthermore, it
may even be possible that glassy and pyrolytic carbons
can anodically generate oxygen gas, due to their relative
inertness with oxygen at such relatively low tempera-
tures.

The studies confirmed that 700°C, is the Maximum
Advisable Temperature Limit (MATL) for glassy and
pyrolytic carbons. At the higher elevated temperatures
it is likely that these particular carbons would lose too
much their mass if exposed to oxygen for significant time
periods (i.e. > 24 hours). Therefore, further isothermal
tests must be conducted at the temperatures greater than
700°C to support this assumption. It should be noted that
the MATL of 700°C for glassy and pyrolytic carbons,
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would be lowered in the salt environments. This is due
to salt catalytic effects on the carbon-oxide formation,
and is relevant for the FFC-Cambridge process in which
molten salts are used.

Temperature, °C

Fig. 3. TG curves (loss of mass) for linear heating all carbons in the
nitrogen atmosphere

Fig. 3 shows TG of different carbon materials dur-
ing heating in the nitrogen. The carbon samples tested
were assumed to fully retain their original mass, with
elevating temperatures, in the presence of these ,.inert”
gases. This assumption was based on the fact that car-
bon does not react with nitrogen gas, until temperature
of at least 1700°C [12]. Therefore the loss of mass seen
in Fig. 3 is certainly attributed to the trace amounts of
oxygen, found in the nitrogen gas cylinders, supplied by
Air Products (1ppm).

Fig. 4. SEM pictures: a) general grade graphite; b) glassy carbon; ¢)
prebaked carbon; d) pyrolytic carbon. Each SEM image slide dimen-
sion corresponds to a length of 100um (JSM 5400LV-JEOL)

It is likely that apart from differences in crystal ar-
rangements, a reason for pyrolytic and glassy carbons
performing better than general-grade graphite and pre-
baked carbon may be due to differences in their surface
properties (Fig.4).
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It can be seen that glassy and pyrolytic carbons have
the least surface defects out of the four carbons tested.
Their smooth surface ensures that a relatively low sur-
face area is available for reaction with oxygen, unlike the
higher surface area exposed by prebaked carbon and to
a lesser extent general grade graphite. This could partly
explain the oxidation profiles of the tested carbons.

4. Conclusions

If any carbon-based anodes are really selected it is
recommended glassy and pyrolytic carbons to be used
for the FFC-Cambridge process. This recommendation is
based on the criterion that glassy and pyrolytic carbons
have the highest resistance to -oxidation of the all tested
carbons. They maintain the greatest part of their initial
mass at elevated temperatures, relative to general-grade
graphite and prebaked carbon. At temperatures in ex-
ceeding of 700°C, glassy and pyrolytic carbons become
highly reactive with oxygen. This is supported by TGA
experiments conducted in nitrogen gas, containing trace
amounts (ppm-level) of oxygen. Although that gas, if
pure, should not react with carbon, significant oxidation
and mass loss still occurred at 700°C for the select-
ed carbons. This mass loss was attributed to the car-
bon reacting with trace amounts of oxygen impurities in
the relevant inert gases, demonstrating how reactive car-
bon and oxygen are at such temperatures. It is therefore
highly unlikely that at 900°C, (the conventional oper-
ating temperature of the FFC-Cambridge process), any
carbon-based anodes will remain sufficiently inert, even
in the presence of small quantities of oxygen.

However, if eutectic electrolyte systems, such as
NaCl-CaCl, melts are used at operating temperatures
close to 560°C, in the FFC-Cambridge process, it is pos-
sible that glassy and pyrolytic carbons remain sufficiently
inert when used. This should result in minimised cathode
product contamination, higher current efficiencies (due
to less salt and carbon oxide reactions), and less cell
down-time in replacing consumed anodes. A significant
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level of oxygen synthesis may also be possible for car-
bons at such reduced temperatures, but this requires the
further exploratory work.
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