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Abstract: Anodic electrochemical behavior was studied on graphite anode at 1000 °C in cryolite-alumina molten salt by means of
cyclic voltammetry. The high current peak in a typical cyclic voltammogram was discussed. It is considered that a type of
oxyfluoroaliminate complex anions reacts with carbon to form a high-resistance CF film on the anode surface at a high potential. The
passivation potential is 3.28 V in 0.5% alumina-containing electrolyte, and the passivation potential increases with alumina content
increasing which indicates that the alumina content determines the anodic process in the cryolite-alumina molten salt system.
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1 Introduction

In the primary aluminum production by the
Hall-Héroult process, a departure from normal cell
operation known as the anode effect (AE) results in the
generation of the perfluorocarbons (PFCs) CF, and C,Fg
[1]. Especially, the anode effect not only produces high
potential greenhouse effect gas, PFCs, but also consumes
a number of energy for the higher cell voltage.
Furthermore, the pressure of reducing emission of
greenhouse gases, such as perfluorocarbons (PFCs) CF,
and C,F¢ forces the smelters to search for the new
solutions to reduce anode effect frequency in aluminium
plants, and this project has consequently become an
important research and development for the aluminium
industry.

Though the studies on anode effect mechanism have
been done for decades, the mechanism of PFCs
generation is still uncertain yet. In summary, three
opinions are advocated towards the mechanism of PFCs
generation. One of those is described as F~ discharges
and forms F,, which directly reacts with carbon anode
and produces two species of fluorine compound gas, CF,
and C,Fs. Another view is that an intermediate

compound COF, generated on anode surface during the
anode effect passivates the anode, and then the COF,
decomposes into CF,, C,F¢ and CO,. OYGARD et al [2]
believed that the reaction 2COF,+C=CO,+CF, occurs
during the anode effect according to a fact that molar
ratio of CF4 to CO, in anode effect gas is close to 1.
Besides, AMPHLETT et al [3] proved that the reaction
2COF,+C=CO,+CF, could happen at 1200 °C [3]. But,
the third view of the mechanism is that F~ discharges on
anode surface and reacts with carbon to form a low
surface energy species, graphite fluoride (CF,),, which
covers on anode surface and makes the anode passivate.
On the point of this view, CF, and C,F4 come from the
decomposition of graphite fluoride at a high temperature.

Though the exact mechanism of the anode effect is
not completely understood as yet due to the complexity
of the electrochemistry of the
simultaneity of all the phenomena

system and the
involved, F~
discharging under low alumina concentration is a real
fact. However, when a massive discharge takes place, a
passivation layer is formed on the anode surface, or the
anode is no longer able to evacuate the products and the
reaction is no longer able to continue. Therefore, the
nature of this layer has been a matter of discussion for a
long time. And some possibilities could be summarized
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as: 1) poor wettability of the anode which causes the CO,
bubbles to adhere under the anode [4]; 2) an electrically
insulating CF, film [5,6]; 3) an adsorbed layer of gas
under the anode [7] or 4) a combination of these causes
[8]. Nevertheless, ZHANG et al [9] advanced a different
mechanism of anode effect. When the alumina content in
electrolyte is less than 2%, the anode effect results from
F discharge; and when the alumina content is over 2%,
the anode effect occurs because of the gas film adhering
to and blocking anode surface. However, the dominant
reason for anode effect in cell should be the alumina
content under the low limit.

This study aims to investigate the electrochemical
process of graphite anode in various alumina content
cryolite molten salt by cyclic voltammetry, and to
understand the real anodic electrochemical reactions. On
the basis of these data, more reliable mechanism of
anode effect will be ascertained.

2 Experimental

Analytical reagent cryolite (>99%) and aluminum
fluoride (>99%) came from Xiya Reagent Company,
Chengdu, while the aluminum oxide (>99%) came from
Sinopharm Chemical Reagent Co., Ltd. Before
experiment, aluminium oxide and cryolite were dried at
400 °C under argon atmosphere for about 3 h to remove
the moisture. And the aluminum fluoride was purified by
sublimation in a vacuum system at 1050 °C. The
cryolite—alumina melt was placed in a graphite crucible
which was held inside a stainless steel crucible, as shown
in Fig. 1.

The cyclic voltammetry technique was used in the
studies, and the electroanalytical chemistry instrument was
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Fig. 1 Electrochemical experiment setup

AUTOLAB PGSTAT30 (made in Netherland). All the
experiments were conducted in a three-electrode system
with a graphite bar (d2 mm, active surface area 0.45 cm?)
wrapped with boron nitride tube as a work electrode
(WE), Al/AIF; as a reference electrode (RE) and graphite
served as an counter electrode (CE). The electrolyte
composition containing different molar ratios of NaF to
AlF; was used, and the alumina contents were 0.5%,
1.5%, 2.5% and 4.5%, respectively. The cyclic
voltammetry scan rates were between 50 mV/s and 1000
mV/s. All the experiments were performed at 1000 °C in
high purity argon atmosphere.

3 Results and discussion

During the course of experiment of CV scans, the
open circuit potential lay at 0.35 V—0.40 V at the initial
state. After each scan, enough time was provided for the
open circuit potential recovery.

A typical cyclic voltammogram is shown in Fig. 2.
Two anodic peaks are distinguishable in the
positive-going, arising at potentials of 3.28 V and 4.50 V,
approximately. And all features of the voltammograms
are reproducible on the reverse scan due to the high
irreversibility of the graphite electrode system in
cryolite-alumina molten salt. In Fig. 2, it is to be noted
that the current curve seriously fluctuates when the
applied potential is more than 2.17 V. And the fluctuation
is more serious with the sweep potential going forward.
The current falls sharply when the sweep potential
reaches 3.28 V (point A). And it is supposed that the
anode surface is passivated and covered with some kind
of fluorocarbon film which insulates the electronics
transfer rather than poor mass transport [5]. GROULT et
al [10] suggested that the formation of a CF film will
inhibit the electrode process and contribute to anode
effect in an analogous system, molten KF—2HF. Besides,
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Fig. 2 Cyclic voltammogram for anodic oxidation processes at
graphite electrode in 54.8%NaF—44.7%AlF;—0.5%Al1,0;
molten salt (CR=2.45, sweep rate 75 mV/s)
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the weak current peak B at 4.50 V is considered F,
formed, but this peak was not discussed usually in some
papers because there is no F, detected in industry cell
due to hydrogen existing in electrolyte [11]. ZHU and
SADOWAY [12] also found the weak current peak at
430 V in the voltammograms on graphite electrode
although they did not further discuss this weak peak.

Some studies [13—17] about the electrochemical
behavior of carbon anode during the anode effect have
been done, but their results are various and difficult to
reproduce because of the complex anode electrochemical
behaviors related to solid phase, liquid phase, and
gaseous phase in cryolite-alumina molten salt.
CALANDRA et al [16] studied the kinetics of carbon
anode in cryolite-alumina molten salt at Al,O; content of
0.05%—1.5% with various sweep rate of 0.04—600 V/s.
They observed four current peaks at 1.10, 1.75, 2.38 and
3.60 V, and three of the four peaks were attributed to the
formation of CO,, COF,, and CF,, respectively, while the
fourth peak at 3.60 V was not discussed. However, only
two peaks (points 4 and B in Fig. 2) were observed in
this experiment on front scan process, and the peak at
3.28 V (point A) is complicated a little bit. The current
peak at point 4 should not be considered a single
reaction of the discharge by O*~ or F~, but the result of O
and F from two types of oxyfluoroaliminate complexes
ions discharging together. It is supposed that this current
peak is superimposed by discharge of O and F in
oxyfluoroaliminate complexes ions respectively, as
shown in Fig. 3. The phenomena of peaks superimposing
by two ions discharging were also described by ZHANG
and QIU [17]. The first current peak in cyclic
voltammogram shown in Fig. 2 is very significant for
anode effect because its value is treated as the critical
value (commonly called critical current density, CCD) of
anode effect. It is considered the consequence of
increasing coverage of electrode by bubbles film and CF
film.

7
Fig. 3 Sketch of current superimposed [18]: J,—Discharge by

O in oxyfluoroaliminate complexes ions; J,,—Discharge by F

in oxyfluoroaliminate complexes ions

Factually, the alumina content in aluminum cell is
significant for cell operation, since the anode effect
occurs easily with decreasing the content of alumina. In
the laboratory cell, the cyclic voltammograms at graphite
electrode with various alumina contents were measured,
as shown in Fig. 4.

It is clearly observed that the alumina content has an
obvious influence on critical current densities and
passivation potential in Fig. 4. Not only the CCD
increases with the increase of alumina content, but also
the applied potential, where the anode effect occurs,
increases accordingly. But in this completely irreversible
system, there is nonlinear relation between current peak
value and alumina content (see Fig. 5) in the range of
0.5%—4.5% alumina content.

In aluminum cell, usually, the overall cell reaction is
as follows:

2A1,0;+3C=4A1+3CO, (D

And the anodic overvoltage (7) of the anodic
reaction C+0O* —2e=CO, can be obtained by the Tafel
equation:

n=at+blgJ 2)

where a and b are Tafel coefficients, and J is the current
density.

The anodic overvoltage versus the logarithm of
current density is shown in Fig. 6. It is observed that the
overvoltage of graphite anode corresponds with Tafel
equation in the current density range of 0.1-1 A/cm?, and
the Tafel equation is shown as equation (3):

7=0.219+0.2021g] 3)

So, the number of transfer electrons (#) is about 2
according to equation (4) based on the Tafel slop . In
equation (4), the apparent transfer coefficient o is 0.62
that is obtained from chronopotentiometry. Moreover,
the exchange current density J° is 0.082 A/cm® using
extrapolation.

_ 2.303RT
anF

b 4
where b is Tafel slop; « is apparent transfer coefficient; n
is exchange number of electron; ' is Faraday constant; R
is molar gas constant.

In the range of 0.1-1 A/em?® of current density (the
overvoltage is. 0.05-0.25 V), CO, is formed. While CO
is generated at a low current density (<0.1 A/em?) [13].
In general, it is difficult to obtain good data at low
current densities because the rate of gas generation is low.
There is another linear relationship between # and lgJ
when the current densities exceed 1.3 A/em?® (point 4 in
Fig. 6), as /, shown in Fig. 6. It is supposed that F in
oxyfluoroaliminate complexes ions involves in electrode
reaction at higher current densities. And the high slop of
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Fig. 4 Cyclic voltammograms for anodic oxidation processes at graphite electrode with various alumina contents (sweep rate
200 mV/s): (a) 52%NaF—47.5%Al1F;—0.5%A1,0;; (b) 51.6%NaF—46.9%AIF;—1.5%A1,05; (c) 51%NaF-46.5%Al1F;—2.5%A1,0;;

(d) 50%NaF—45.5%AIF;—4.5%A1,0;
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Fig. 5 Relationship between CCD and alumina content

(temperature 1000 °C; sweep rate 200 mV/s)

/, indicates that the number of transfer electrons of the
reaction is small.

In cryolite-alumina molten salt, Raman data show
that the ions AIF*, AIFs>, AIFs, and F~ exist together
with the oxyanions [ALOF¢]* and [ALO,F,J*" [19].
Furthermore, [A120F6]2_ forms at a low alumina content,
while [A1202F4]27 forms at a higher alumina content [20].
Consequently, according to the theory provided by
ZHANG and QIU [17] and FENG [21], the anion
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Fig. 6 Anodic overvoltage of graphite electrode at 1000 °C in
52%NaF—47.5%Al1F;—0.5%A1,05; molten salt

[A1202F4]27 discharges on carbon electrode in the current
densities no more than 1 A/cm’ at an enough high
alumina content, in the following way:

0” (complex)—2e—0(ad) (3)
O(ad)+xC—C,0O(ad) 6)
C,O(ad)+ O* (complex)—2e—C,0-O(surface) @)
C.O-O(surface)—CO,(ad)+(x—1)C(surface) ®)
CO,(ad)—CO,T ©)
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The overall reaction equation is

20% (complex)+C—4e—CO,1 (10)

Usually, the single-step anode reaction by four
transfer electrons is considerably impossible, because the
first oxygen needs less energy releasing from [ALO,F,]*
than the second one or from [ALOFe* which was
reported in Ref. [21]. In those step reactions, therefore,
the four electrons are transferred averagely through two
steps respectively, corresponding to the previous
calculated value by equation (4).

Besides, the complex fluorine ions involve in
discharge on graphite electrode surface under the
condition of high current densities or potential. Although
the CF film is not yet obtained, thus, it is still supposed
that a high resistance passivation film, graphite fluoride
((CE,),), is formed on the electrode surface. And then,
the graphite fluoride decomposes into amorphous carbon

and tetrafluoromethane (CF,) or hexafluoroethane (C,Fy).

The possible reaction process is as follows:

nxF (complex)+nC—nxe—(CF,), (11)
4(CF,),—nxCF41+(4n—nx)C(amorphous) (12)
6(CF,),—nxC,F¢1+(6n—2nx)C(amorphous) (13)

4 Conclusions

1) In the cryolite—alumina molten salt, the cyclic
voltammograms at graphite electrode is high
irreversibility and bad reproducibility. The high current
peak in cyclic voltammogram is attributed to
superimposition of O and F in oxyfluoroaliminate
complexes ions discharging. What is more, the CCD is
determined by alumina content and nonlinearly increases
with alumina content increasing.

2) In the experiment, CO, is generated at the current
densities between 0.1 A/cm® and 1 A/cm® in 0.5%
alumina-containing electrolyte. And the electron transfer
is finished in two steps (two electrons transferred every
time). While, under this experimental condition, when
the current density is enough large (>1.3 A/cm?), the
fluorine in  oxyfluoroaliminate complex anions
discharges on the graphite electrode surface and forms
graphite fluoride ((CF,),) resistance film which is bad
wettability. And tetrafluoromethane (CF;) and
hexafluoroethane (C,Fs) in anode gas are considered
decomposition of graphite fluoride.
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