
TOWARDS TOTAL ELIMINATION OF THE ANODE EFFECT

AND PFC EMISSIONS?

Hongmin Zhu and Donald R. Sadoway
Department of Materials Science and Engineering

Massachusetts Institute of Technology
Cambridge, MA 02139-4307

U.S.A.
tel: +1.617.253.3487
fax: +1.617.253.5418

email: dsadoway@mit.edu

Key words: aluminum electrolysis, perfluorocarbons, anode effect

Abstract

In connection with the electrolytic production of aluminum the anodic reactions have been
studied on carbon microelectrodes by voltammetry and chronoamperometry. Anode gases
have been analyzed by gas chromatography on-line during controlled-potential electrolysis in
a laboratory-scale aluminum reduction cell. When the voltage exceeds a critical value (about
3 V vs Al/Al3+), the cell current drops precipitously. This is attributed to the formation of a
highly resistive film on the surface of the anode. The existence of this putative film was
shown to be strictly potential dependent - the film could be formed and removed at will by
regulation of applied potential. The rate of PFC generation was found to vary with the
magnitude of the anodic overpotential. The anode effect can be averted by reducing cell
current so as to prevent voltage from exceeding a critical value.



INTRODUCTION

In the primary production of aluminum by the Hall-Héroult process, a cell malfunction known
as the anode effect results in the generation of the perfluorocarbons (PFCs) CF4 and C2F6 [1].
Owing to the high global warming potentials of these gases [2] and the fact that, in the U.S.,
aluminum smelting is the number one point source of PFC emissions, the Environmental
Protection Agency and the primary aluminum producers have established the Voluntary
Aluminum Industrial Partnership (VAIP) with the goal of substantially reducing PFC
emissions [3]. To gain a better understanding of the mechanism of PFC generation, VAIP has
undertaken two projects: (1) measurements of PFC emissions from industrial smelters [4], and
(2) basic research into the attendant electrochemistry. The results of the latter project have
been reported recently and are summarized here for the convenience of the reader [5].

Previous work in this laboratory had shown that, in conformity with industrial data, PFCs are
generated only when the cell goes on anode effect [6]. Furthermore, time-resolved data taken
by Kimmerle et al. on industrial cells [7] and by Nissen and Sadoway on laboratory-scale
cells [6] confirm that by far the highest PFC levels are attained during the first several
minutes after the cell goes on anode effect. Clearly, any plan to reduce emissions needs to
address this fact. Accordingly, the present investigation was directed at the underlying
kinetics of PFC generation, more specifically the nature of the reactions at the electrode. The
fundamental electrochemistry was studied by cyclic voltammetry and chronoamperometry.
Subsequently, controlled-potential electrolysis with analysis of anode gas was performed. It
was found that when the voltage exceeds a critical value (about 3 V vs Al/Al3+), the cell
current drops precipitously. This is attributed to the formation of a highly resistive film on the
surface of the anode. The existence of this putative film was shown to be strictly potential
dependent, i.e., the film could be formed and removed at will by regulation of applied
potential. The rate of PFC generation was found to vary with the magnitude of the anodic
overpotential. In controlled current electrolysis it was found that the anode effect can be
completely averted by reducing cell current so as to prevent voltage from exceeding a critical
value. There is reason to believe that the results can be applied in an industrial setting.

EXPERIMENTAL

The cell design was largely identical to that used previously in this laboratory [6,8].
Electrochemical measurements were made with a potentiostat (Solartron Electrochemical
Interface, model 1287, Allentown, PA) controlled by a personal computer running Corrware
(Scribner Associates, Southern Pines, NC). The working electrode was made of either a
graphite or a glassy carbon rod, about 2 to 3 mm in diameter, shrouded by BN, so that about
10 mm in length was exposed to the melt and electrochemically active. The molybdenum
crucible served as the counter electrode. The reference electrode was Al/AlF3 based upon the
design patented by Sadoway [9,10].

For the analysis of anode gas during the electrolysis, a tubular anode was used [8]. The outer
vertical surface is insulated with BN; hence, only the inside walls (8 mm in dia., 10 mm
height) contact the electrolyte. Anode gas was drawn through an alumina tube from the
chamber formed above the melt �inside� the electrode. Gas analysis was performed by gas
chromatograph (Model M200 Dual Gas Analyzer, MTI Analytical Instruments, Fremont,
CA). The electrolyte was prepared from reagent-grade chemicals: AlF3 (98%), CaF2 (99%)
and Na3AlF6 (97%) dried at 500ºC under Ar flow for about 12 hours and pre-melted before
being introduced into the reduction cell. Prior to cell testing, melts were subjected to pre-



electrolysis to rid them of impurities. All experiments were conducted at a temperature of
975ºC.

RESULTS AND DISCUSSION

CYCLIC VOLTAMMETRY

Cyclic voltammetry was performed on melts doped with alumina. Because the technique is
conducted with a microelectrode and relies upon depletion of the electroactive species on a
time scale comparable to that of the voltage sweep, it is necessary to fix the alumina
concentration at a value much lower than is typically encountered in industrial operations. In
this set of experiments, alumina levels ranged from 0.01 wt % to 0.60 wt %. The solvent was
84 wt % Na3AlF6 - 11 wt % AlF3 - 5 wt % CaF2. Figure 1 shows the behavior of a melt
containing 0.01 wt % Al2O3 on a graphite electrode at a sweep rate of 100 mV s-1. On the
forward (anodic) sweep, peaks are evident at 1.8 V, 3.4 V, and 4.3 V. Repeatedly, on the
reverse scan nothing measurable was found in the way of a cathodic peak, indicating that the
electrode process is highly irreversible. Actually, the voltammogram of the reverse scan is
rather similar to that of forward scan. We attribute the rise in current at 1.8 V to the discharge
of oxide species, since the potential is not extreme enough to support the discharge of
fluoride: the lowest potential for PFC evolution is 2.5 V for CF4. We suspect that the peaks at
3.4 V and 4.3 V are related to the discharge of fluoride.
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Fig. 1 Cyclic voltammogram of 0.01 wt% Al
2
O

3
melt.

Graphite electrode, v = 100 mV s-1.

Figure 4 is the voltammogram of a melt containing 0.25 wt % alumina. The potential was
swept over an exceptionally wide range � out to 14.0 V. As above, the current rises with
potential up to about 3.0 V at which point there is a distinct decrease in current. What is
surprising is that beyond 3.0 V, the current remains low, all the way out to 14.0 V. With the
exception of a tiny peak at 4.0 V there is no evidence of faradaic activity on a par with that
observed below 3.0 V. On the reverse sweep, there is no cathodic activity (as above), and the
anodic peak at 3.0 V is retraced with some offset to more cathodic potentials (~2.8 V).
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Fig. 4 Cyclic voltammogram of 0.25 wt% Al2O3 melt.

Graphite electrode, v = 500 mV s-1.
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Fig.5 Cyclic voltammetry of various melts. Forward and reverse

scans depicted separately. Graphite electrode, v = 100 mV s-1.

Figure 5 shows the effect of alumina concentration in a set of voltammograms all taken at the
same sweep rate of 100 mV s-1. The current of the first wave starting at 1.2 V increases with
alumina concentration which is consistent with the assignment of this peak to the discharge of
oxide. The elementary process is in fact the oxidation of O2� which is assumed to be present



as part of an oxyfluoro-anionic species. At all alumina concentrations the current falls at
intermediate potentials (3.0 - 4.0 V) and remains low even as potential increases beyond
4.0 V. There appears to be some correlation between the potential at which the current drops
off (we call this the critical potential, EC) and the alumina concentration: EC rises with
alumina concentration. However, on the reverse sweep, the potential at which current rises
(we call this the recovery potential, ERC) shows no dependence on alumina concentration.

CHRONOAMPEROMETRY

Chronoamperometry involves stepping the potential on the working electrode from rest
potential value and measuring the current between the working and counter electrodes. Figure
6 shows chronoamperometric traces taken at various potentials for a sample containing 0.2 wt
% alumina. A trend similar to that seen in the sweep voltammetry is observed, i.e., current
increases with potential up to about 3.0 V and then falls abruptly at more extreme potentials.
This is summarized in Figure 7 which plots the average current sampled from the
chronoamperometric traces as a function of applied potential. On the same plot are the data
from linear sweep voltammetry. While there are modest differences between the behaviors of
graphite and glassy carbon electrodes, for each material the two techniques give identical
results. This, together with the fact that the linear sweep voltammogram does not depend on
sweep rate, indicates that the kinetics of the electrode process must be controlled by an
interfacial step and not by mass transfer.
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Fig. 7 Linear sweep voltammogram and sampled-current
voltammogram of melt containing 0.2 wt% Al
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GAS ANALYSIS DURING CONTROLLED-POTENTIAL ELECTROLYSIS

The close correspondence between voltammograms measured by swept-potential and stepped-
potential techniques indicates that the electrode reaction rate is dependent mainly upon the
electrode potential; hence, controlled-potential electrolysis combined with chemical analysis
of the gas produced at the anode should prove to be insightful. Such experiments were
conducted using a tubular anode in a cell described previously [8]. Simultaneously, the anode
gas was analyzed before, during, and after application of the potential. Figure 8 displays the
data for a potential step of 4.0 V in a melt containing alumina at a concentration of 0.1 wt %.
Trace (a) shows the potential step and the current response, while (b) and (c) show how the
concentration of CO, CO2, CF4, and C2F6 vary with time in the anode chamber. Apart from
carbon monoxide, which is always expected to be present at the temperature of the experiment
(975°C) due to the Boudouard reaction,

CO2 + C = 2 CO, (1)

all other gases were detected only when current passed through the cell. Furthermore, their
concentrations fell to zero when current ceased to flow through the cell. We assume,
therefore, that the change of gas composition during electrolysis is due to faradaic processes
occurring in the cell. In another words, the change in composition should be governed by the
rate of the electrode reaction that generates gases. Measurements were carried out for
different potential steps up to 14.0 V. In all experiments no peaks other than those of N2, O2,
CO, CO2, CF4, and C2F6 were detected.
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Fig. 8 Current response and anode gas composition during
potential-controlled electrolysis (C

Al2O3
< 0.1%).

Figure 9 summarizes the results of many such experiments by plotting the average values of
current and gas concentration as functions of applied potential. The melt had an estimated
alumina level of < 0.1 wt% Al2O3 and had been treated by pre-electrolysis. In this figure, CCO

is the concentration of CO corrected by subtraction of the nonfaradaic baseline value. Over
the entire range of potential, CO is the biggest component of the anode gas. Indeed, the shape
of the CO concentration history mimics that of the cell current. At low potentials (< 2.8 V)
CO2 levels are comparable to those of CO (CCO / CCO2

� 4); at higher potentials CO2 levels

drop significantly. CF4 and C2F6 were detected at potentials exceeding 2.8 V. At high



potentials (>5.0 V), the concentration of CF4 is comparable to that of CO (CCO / CCF4
� 2.5),

and the concentration of C2F6 is much lower than that of CF4 (CCF4
/ CC2F6

� 50).

0

20

40

60

80

100

120

0.0 5.0 10.0 15.0

I
/
m
A
c
m

-2

E / V vs Al /AlF3

(a)

0

2000

4000

6000

8000

10000

12000

14000

16000

0

1000

2000

3000

4000

5000

6000

7000

8000

CO

C
(C
O
)
/
p
p
m

C
(
C
O

2
)
/
p
p
m

(b)

0

400

800

1200

1600

2000

2400

2800

0

20

40

60

80

100

120

140

0.0 5.0 10.0 15.0

CF4

C
(C
F

4
)
/
p
p
m

C
(
C
2 F

6 )
/
p
p
m

E / V vs Al / AlF3

(c)

Fig. 9 Potential dependence of current and anode gas
composition during potential-controlled electrolysis
(CAl2O3 < 0.1%).

ANODIC REACTIONS AND THE ANODE EFFECT

The results of the anode gas analysis clearly indicate that the first faradaic process, occurring
at potentials exceeding 1.2 V, is the oxidation of oxide with the formation of CO and CO2. At
more extreme potentials (>2.8 V) we observe the oxidation of fluoride with the formation of
CF4 as expressed by several rather weak peaks. The relationship between the oxide and
fluoride peak heights is in stark contrast to the concentrations of the two species. In all our
experiments the oxide (Al2O3) concentration was very low (<0.25 wt %): the melts were



essentially fluorides doped with a tiny amount of alumina. In spite of this, the fluoride peaks
are small relative to the oxide peak. One explanation is that at potentials capable of supporting
PFC evolution the anode is covered by a film that acts as an electrical insulator. On the basis
of this work alone not much can be said about the chemistry of the film. However, in an
analogous system, molten KF-HF, Imoto et al. [11] and Bai et al. [12] have suggested that the
formation of a �CF� film will inhibit the electrode process and contribute to anode effect. Our
results are consistent with the formation of an insulating film at intermediate potentials which,
in turn, inhibits the electrode process at more extreme potentials.

Further support can be found in the following.
(1) In some of our experiments the anode was vertically disposed (the inside wall of a
graphite tube) which made it impossible to accumulate gas on its surface, yet the cell went on
anode effect.
(2) The recovery potential, ERC, does not depend on the oxide concentration. Thus, we
expect the resistant film to be a fluorocarbon compound � formed when the discharge of
fluoride ion occurs and sustained only at high potentials.
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Fig. 12 Cyclic voltammogram of 0.40 wt% Al2O3

melt. Graphite electrode, v = 500 mV s-1.



Figure 12 is a set of cyclic voltammograms displaying the key effect of the electrode potential
on the anode effect. The voltammogram (a) is fully retraceable when the reverse potential is
lower than the critical potential. The anode effect occurs when the potential exceeds 3.4 V (b),
and the electrode becomes faradaically active again when the potential is swept back to
potentials lower than 2.8 V. It is as though the shift to less anodic potential promotes active
stripping of the putative resistive film, thereby rendering the electrode electrochemically
active. Perhaps the hysteresis seen in (b) is evidence of activation barriers associated with film
formation on the anodic sweep and with film removal on the return sweep.
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Fig. 13 Current response of square potential wave.
C

Al2O3
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Figure 13 compares the current responses to two different potential waveforms. In both cases,
the electrode was held at 4 potentials, E1, E2, E3, and E4, for ten seconds each, and the current
was monitored. E1 and E4 were set to the rest potential of the electrode, 0.85 V, and E2 was set
to 2.0 V. The only difference between the two waveforms is in the value of E3: 3.0 V in one
case and 3.5 V in the other. These potentials were chosen to straddle the critical potential, EC.
The current response for both waveforms is identical at E1, E2, and E4. There is a pronounced
difference at E3. Figure 14 shows this effect even more vividly. In this case the potential



waveform is repeated: E1 = 0.85 V, E2 = 2.0 V, E3 = 5.0 V, and E4 = 3.0. It is clear that when
the electrode potential is set at 5.0 V an insulating barrier blocks current flow. The effect is
reversed as soon as the potential drops to 3.0 V, which is below the critical potential. These
current responses are reproducible for many cycles.
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Fig. 14 Current response of square potential wave.
CAl2O3  0.15 wt%, graphite electrode.

POSSIBLE WAY TO REDUCE THE AE AND PFC GENERATION

Once the electrode goes on anode effect, the current will fall quickly, and the electrode will
follow the polarization curve shown in Figures 4, 5, and 7. In the high-potential region the
current rises slightly with increasing potential, and the fraction of PFC in the anode gas
increases. This tendency can be seen in Figures 9 and 10. The results of measurements made
in aluminum smelters [7] and in laboratory-scale cells [6] indicate that the most intense period
of PFC emission is the first moments of high voltage immediately following the onset of the
anode effect.

Accordingly, we propose the following without any regard for instant practicality: reduction
in cell current so as to prevent voltage from rising to values extreme enough to cause the
electrode to go on anode effect. Experiments performed in our laboratory have shown that it is
not necessary to shunt the entire cell current in order to prevent anode effect. In fact, as cell
voltage rises to near critical values, only a modest reduction in cell current (on the order of
several per cent) is needed to stave off anode effect. During this time, conventional measures
of intervention can be initiated. Data from industrial smelters indicate that the concept should
be adaptable to commercial cells.

Clearly, the ability to avert anode effect translates into total elimination of PFC emissions.
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