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Baked carbon anodes with varying apparent densities and baking temperatures were tested in 
Na 3 A1F6-Al203~sat) melts at 1010 ~ C. The double-layer capacitance (Cdl) was used as an indicator of 
the wetted surface area. For unpolarized anodes, Cdl increased with increasing time of immersion 
and reached a constant level after 1.5-2h. The values decreased with increasing polarization 
potential in the range 1-1.5 V positive to aluminium. The Cdl of polished samples increased markedly 
during electrolysis, particularly at low current densities. No clear correlation was found between C,~ 
and apparent density. Semi-logarithmic plots of potential versus current could be divided into three 
segments. The lower two were linear, the ranges and slopes being 0.01-0.1 Acm -2, 0.20-0.44 V per 
decade and 0.1-0.5 A cm -2, 0.18-0.24 V per decade, respectively. At higher current densities the 
curves bent upwards. The current density corresponding to an overpotential of 0.5 V increased 
slightly with increasing apparent density, whereas the ohmic voltage drop at constant current 
density decreased. The current densities were corrected for differences in wetted surface area on the 
basis of the Ca1 data. The change in baking temperature from 970 to 1100~ had no appreciable effect 
on the overpotential, whereas samples baked at 1250~ showed a somewhat lower overpotential. 

1. Introduction 

The polarization potential of Carbon anodes in 
cryolite-alumina (Na3A1F6-A1203) melts has 
been measured by many workers [1]. It is deter- 
mined by the rate of the anodic part of the cell 
reaction 

A1203 + ~C = 2A1 + ~CO2 (1) 

which involves the discharge of oxygen-contain- 
ing ions and the oxidation of the carbon anode 
yielding CO2. The published data on polariz- 
ation potential show large variations [1], and it 
is not clear to what extent the scatter is due to 
different porosity, i.e. different wetted surface 
area, and to what extent it is due to different 
reactivity of the tested materials. Experimental 
factors may be equally important, such as grain 
distribution, anode size, edge effects, etc. 

Carbon anodes are made of amorphous pet- 

roleum coke and pitch binder (~  20 wt %)~ The 
petroleum coke is produced in the delayed 
coking process and precalcined at ~ 1300 ~ 
The tar pitch binder is calcined during baking of 
the compacted anode. The reactivity of the 
binder phase depends on the baking tempera- 
ture. The porosity of the anodes depends mainly 
on the porosity of the filler coke, the compacting 
technique and the baking temperature. High 
porosity offers a large working surface area of 
the anode, which for a given current density 
(referred to the apparent surface area) should 
give a lower polarization potential compared to 
a denser material. Likewise, high reactivity is 
expected to give a low polarization potential, 
since reaction overpotential is a part of it [1]. 

Despite the significance of the effect of 
porosity, systematic studies in this field are 
scarce. Dumas and Brenet [2] determined the 
polarization potential on different types of 
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Table 1. Processing details and properties of the baked carbon anodes used 

Compacting Mixing Forming 
method temperature pressure 

(~ C) (kPa em -2) 

Forming 
time (s) 

Baking 
temperature 
(~ C) 

Apparent 
density 
(g cm -3) 

Pressing for 
1 rain 

Vibration under 
5 0 k P a c m  -2 

140 160 
140 130 
120 
150 130 
160 120 
170 160 

165 10 
20 
60 

970 1.32 
1.35 
1.42 

1000 1.42 
1.48 
1.58 

1250 1.56 
1.59 
1.61 

carbonaceous materials with varying BET surface 
area (SBET). A linear relationship between the 
polarization potential of the anodes and In SBET 
was found empirically, in the sense that a high 
SBET corresponded to a low potential. Sverdlin et 
al. [3] found no relationship between the counter 
electromotive force (e.m.f.) and the total porosity 
of carbon anodes, while the counter e.m.f, was 
found to decrease with increasing pore volume 
in the 26-73/~m size range. Zuca et al. [4, 5] 
correlated electrochemical properties of baked 
carbon with microporosity for pores larger than 
7.5/~m. The Tafel range, the Tafel slope and the 
critical current density (for the initiation of the 
anode effect) were found to decrease with 
increasing microporosity, whereas the exchange 
current density and the ohmic voltage drop 
increased. Thus, the decrease in overpotential 
with increasing porosity was partly offset by an 
increase in ohmic voltage drop. 

In situ assessment of the wetted surface area of 
baked carbon anodes is essential in order to 
study the effect of porosity. Measurement of the 
double-layer capacitance (CoO appears to be the 
best method for this purpose. It can be assumed 
that CO~ will be proportional to the area which is 
wetted by the melt, i.e. the electroactive surface 
area. This assumption was adopted in the pre- 
sent study, and Cd~ was used as an indirect 
measure of the wetted surface area. Anodes 
made of industrial quality carbon having dif- 
ferent apparent densities and baked at different 
temperatures were compared. The influence on 
Cdt of polarization potential, soaking time and 

electrolytic consumption was studied, followed 
by steady-state polarization measurements. 

2. Preparation of anodes 

The anode materials were prepared at the Car- 
bon Laboratory of Hydro Aluminium at Ardal- 
stangen. The green paste was fabricated from 
industrial grade petroleum coke (mean crystal- 
lite size, Lc = 3.1nm) and coal tar pitch 
(16.7wt%) with a softening point of 104~ 
(Mettler). The paste was either pressure molded 
or vibratory compacted into blocks. The mixing 
temperature, forming conditions and baking 
temperatures were varied to obtain samples with 
different apparent densities, i.e. by varying 
porosity. The anodes were machined from 
drilled cores of this material. Table 1 sum- 
marizes processing parameters and the proper- 
ties of these baked cores. The apparent density 
of the cores was determined on a mass-volume 
basis. In addition, microporosity for 0.01-70 #m 
diameter was measured by the mercury pressure 
porosimetry method. It should be noted that the 
lowest apparent densities given in Table 1 are 
well below the normal range of apparent den- 
sities used in industry (1.5-1.6gcm-3). The 
lowest baking temperature corresponds to that 
of Soderberg anodes. 

The cores with low apparent density, especi- 
ally those baked at 970 ~ C, had a rough surface, 
and macropores could easily be seen. The cores 
baked at 1250~ had a smoother appearance 
and a more uniform micropore size distribution, 
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as reported elsewhere [6]. However, even in this 
case both apparent density and microporosity 
showed significant variations even for cores 
taken from the same carbon block. In general, 
no correlation was found between apparent den- 
sity and microporosity. 

3. Double-layer capacitance 

3.1. Experimental details 

The cell was contained in a graphite crucible 
which also served as cathode. The melt consisted 
of natural Greenland cryolite (Na3A1F6) satu- 
rated with alumina (,-~14wt% A1203) at 
1010 _+ 2 ~ C. The cylindrical anode (21-22 ram) 
was shaped as a hemisphere at the end. The sides 
were shielded by a boron nitride sheath so that 
only the hemispherical part was exposed to the 
melt, the geometrical surface area being ~ 7 cm 2. 
An anode of this size was assumed to be statistic- 
ally representative because the maximum size of  
individual particles of  the petroleum coke aggre- 
gate did not exceed 5.6mm. Separate leads for 
current and for potential measurements were 
embedded in the anode. An aluminium reference 
electrode was housed in an alumina tube with a 
hole (,-~0.5mm) in the side facing the anode. 
The cell was placed in a gas-tight furnace under 
nitrogen atmosphere. 

The Cd~ was determined by means of an a.c. 
technique using a Solartron Schlumberger 1250 
Frequency Response Analyzer. The impedance 
of the carbon anodes was normally measured 
against the aluminium reference electrode. A 
typical Nyquist diagram for baked anode at 
potential 1.2 V is shown in Fig. 1. The real part 
(Z~) of the measured impedance decreased with 
increasing frequency, usually attaining a con- 
stant level in the range 8-20  kHz; it tended to 
increase slightly again at higher frequencies. An 
average value for Zr within the constant range 
was taken as the ohmic resistance of  the electro- 
lyte. The inductance of the circuit was deter- 
mined from the imaginary part (Zj) at frequen- 
cies above 20kHz. After correction for the 
inductance and the electrolyte resistance, R,~, the 
series system (RsC~) was converted into the 
equivalent parallel system (Rp Cp). The average 
value of  Cp within the high-frequency range, 
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Fig. 1. A typical Nyquist diagram for baked carbon at 1.2 V 
in Na~AIF6-A1203 melt at 1010~ Anode properties: 
apparent density, 1.5 g cm 3; baking temperature, 1250 ~ (2. 

where it attained a constant level, was taken as 
Cdl. The range of  frequencies where Cdl attained 
a stable level was sometimes narrow and it 
varied from one sample to the other, probably 
due to the high and unevenly distributed porosity 
of  the samples. Since both Cd~ and Rel were evalu- 
ated from high-frequency impedance data, the 
majority of  the measurements was carried out 
within the 3.5-65.5 kHz range. 

Except for a series of experiments where the 
effect of potential was studied, Cd~ was deter- 
mined at a polarization potential of 1.2 V posi- 
tive to aluminium. At this slightly anodic poten- 
tial, disturbances at the interface due to gas 
evolution were avoided. When the effect of  the 
time of immersion (soaking) was studied, the 
electrodes were kept at the zero current poten- 
tial, which varied from 0.6 to 0.9V, except for 
the short periods of time ( ~  2 rain) needed for 
the impedance measurements when the anode 
potential was set to 1.2 V. 

The hemispherical anode was not suited for 
the study of  changes in Cat when carbon was 
consumed during electrolysis, because the geo-. 
metrical surface area diminished during elec- 
trolysis. Similar to a design used previously [7], 
the anode was then prepared with a flat working 
surface (30 mm in diameter) shielded by boron 
nitride, and was positioned almost vertically 
with a slight inclination to ensure uniform wear. 
Before electrolysis the surface was carefully 
polished with alumina paste to a mirror-like 
finish. The graphite crucible served both as 
reference electrode in the a.c. circuit and as 
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cathode in this part of the work. It was found 
that the Cdl values were not affected by the 
absence of  the aluminium reference electrode, 
To improve reproducibility the anodes were 
conditioned by pre-electrolysis at 2 A cm 2 for 
30 s. After the initial Cdl had been determined at 
1.2V the anodes were electrolysed at constant 
current density in the range 0.2-2.4 A cm -2. The 
Cal was determined five times during each run 
after passage of a charge of ~ 0.7 A h cm -2 each 
time. For  the Cd~ measurements the potential 
was set temporarily at 1.2V. The total anode 
consumption corresponded t o  a layer approxi- 
mately 2.5 mm thick. In one experiment a 3-ram 
rod of non-porous vitreous carbon was used as 
the working electrode. 

3.2. Results and discussion 

The curvature of the Nyquist plot in Fig. 1 at 
high frequencies represents the double-layer 
capacitance in parallel with the charge transfer 
resistance. At decreasing frequency the plot 
reaches the linear portion which represents dif- 
fusion impedance. Detailed analysis of the impe- 
dance spectra was beyond the scope of this 
work. A large scatter of Cdl values obtained in 
preliminary tests indicated that, among other 
factors, the Cd~ might be dependent on the resi- 
dence time of the anodes in the electrolyte. The 
changes in Ca] with the soaking time of baked 
carbon and vitreous carbon are shown in Fig. 2. 
No aluminium was present in the crucible during 
these measurements. The rate of the initial 
increase of Cd~ varied from one specimen to the 
other, but in all cases it reached a constant level 
after 1.5-2 h. This level probably corresponds to 
penetration of open pores in the proximity of the 
surface. Correspondingly, the ohmic resistance 
of the cell (R~1) showed an initial decrease 
towards a stable level. Microscopic examination 
of used anodes showed the presence of frozen 
bath inside the pores at a distance of up to 1 cm 
from the working surface. 

Literature data on Cd~ of baked carbon anodes 
show large variations. In one work Thonstad [8] 
found Cdl to vary from 150 to 600/~Fcm -2, the 
average being 350 #F cm-2, independent of cur- 
rent density within the range 0 - 0 . 1 5 A c m  -2. 
For  another make of baked carbon an average 
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Fig, 2. Change of Cd] of unpolarized baked carbon during 
immersion time (z) in N%AIF6-AlzO 3 melt at 1010 ~ C. o, zx, 
v, the same type of baked carbon; o, vitreous carbon. 

value of 140#Fcm -2, determined at 1.2V, was 
found [7]. Jarek and Orman [9] reported a value 
of 104 #F cm 2 for baked carbon at 0.05 Acm 2. 
There is also considerable variation in Cdl data 
for graphite with values ranging from 10 to 
100#Fcm 2 [8-11]. This scatter probably 
reflects the inhomogeneity of the microstructure 
and the porosity, especially in the case of baked 
carbon. In aqueous solutions it has been found 
that even in the case of smooth carbon elec- 
trodes made of  vitreous carbon or pyrolytic 
graphite, for example, Ca1 is strongly dependent 
on the type of carbon and on the pretreatment of 
the electrode [12]. 

As shown in Fig. 2, the Cd~ of the vitreous 
carbon anode ( ~ 9 # F c m  -2) did not change 
with the immersion time. Vetyukov and Akgva 
[13] reported Cdl = 40 #F cm -2 for vitreous car- 
bon (at 1-1.1 V versus aluminium), while Thon- 
stad [8] found it to be 9 # F c m  -2 at low anodic 
current density (0.004-0.010 A cm  2), in agree- 
ment with the present finding. It appears that the 
ratio of  the wetted surface area of  baked carbon 
to that of a non-porous material like vitreous 
carbon is at least 10. 

The behaviour of  Cd~ for well-soaked carbon 
anodes (2 h) at varying polarization potential is 
illustrated in Fig. 3. Although the numerical 
values were poorly reproducible, the shape of 
the curves was similar for new as well as elec- 
trolysed anodes. A rapid increase of the capa- 
citance when a cathodic current was flowing 
(E < 1.1 V) was also observed on vitreous car- 
bon [7], and it was believed to be connected with 
specific adsorption of  cations and discharged 
species. The Cdt seemed to approach a stable 
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Fig. 3. The CdL of  baked carbon in Na3A1F6-AI203 melt at 
1010~ versus potential referred to the aluminium electrode. 

level at around 1.5-1.6 V. The decline of Cd~ with 
increasing potential may be due to a true double- 
layer effect, but it may also be due to shielding of 
the surface by gas bubbles. Measurements at 
potentials above 1.4V tended to be unreliable 
because of the high gas evolution rate. For 
vitreous carbon Vetyukov and Akgva [13] found 
a maximum in Cd~ at ~ 1.27 V, while Thonstad 
[8] observed a steady increase, levelling off at 
above 1.2 V. 

In previous work [7-10] the Cdl of baked car- 
bon was found to increase during electrolysis. 
The change in Cdl as a percentage of  the initial 
value is plotted versus the applied current den- 
sity in Fig. 4, together with earlier results 
obtained for unpolished anodes after consump- 
tion of 2.5 mm of the anode [7]. Although the 
anodes were machined from the same carbon 
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Fig, 4. Change of  Cal (% of  initial value) of  baked carbon 
anodes as a function of current density used during electroly- 
sis at 1010 ~ C corresponding to 2.5 mm consumption of  the 
anodes, o,  Present work; o ,  Thonstad [7]. 

Table 2. The double-layer capacitance o f  anodes with differem 
apparent densities and baking temperatures 

Baking Apparent Cdl 
temperature density (,uF cm - e ) 
(~ C) (gcm - 3) 

970 1.32 220 
1.35 280 
1.42 220 

t100 1.42 280 
1.48 250 
1.55 210 

1250 1.56 225 
1.59 220 
1.61 230 

block and polished in the same manner, the 
initial Cd~ values varied from 130 to 350/~Fcm 2. 
The large increase of C~ by electrolysis at low 
current densities can be attributed to roughening 
of the surface by selective consumption of the 
binder phase of the anode [1]. This was clearly 
evident by microscopic examination of used 
anodes. The height of the protrusions of aggre-. 
gate coke was higher the lower the current den-. 
sity. This is in full agreement with earlier obser- 
vations [14-16]. It is known from studies of gas 
reactivity (CO2) that the binder phase is the: 
more reactive part which is preferentially con- 
sumed. The fact that this is also the case during 
electrolysis supports the notion of a slow chemi- 
cal reaction being the rate-determining step of 
the anode process [I]. As the current density is 
increased the preferential attack is suppressed 
because of the increased ohmic resistance term 
and because reaction in the pores is inhibited by 
the presence of gas bubbles. The idea of mass 
transfer limitation of the reaction in the pores at 
high current densities is supported by impedance 
measurements [8, 9]. 

Values of Ca1 measured on anodes machined 
from cores with different apparent densities and 
different baking temperatures are given in Table 
2. The data are averages of three measurements 
performed on the same sample before the polar- 
ization test. The variation in the assessment of 
Ca1 for the same anode did not exceed 25/IF 
cm -2, being in average less than 15/~Fcm -2. As 
before, Cd~ is referred to the geometrical surface 
area. The results indicate that there is no clear 
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correlation between Cdl and apparent density of 
baking temperature. A change of apparent den- 
sity by almost 0.3gcm -3 for samples baked at 
970 and 1250 ~ C, did not result in any significant 
change in Cd~, although such a change would 
have been expected judging from the appearance 
of the materials. However, with all due reser- 
vations for the scatter of the results, a slight 
tendency of Cdj to decrease with increasing 
apparent density can be distinguished. 

No clear relationship was found between Cdl 
and the cumulative pore volume in any of the 
three ranges: 0.01-70, 22-70 and 35-70 #m. The 
large scatter of Cd~ and the lack of such corre- 
lation were probably due to the presence of 
larger pores not accessible for the microporosi- 
meter and to a high overall structural non- 
uniformity of the materials, so that even two 
samples cut from the same core could be far 
from identical. 

4. Polarization studies 

4.1. Experimental details 

The same cell and anodes were used as in the Cdl 
measurements. Prior to the polarization tests the 
anodes were conditioned by immersion in the 
melt for 1.5-2 h to avoid changes in surface area 
due tO soaking and by the subsequent short pre- 
electrolysis (2 min at 2 A cm-2). Then the Cd~ was 
determined and current-voltage curves were 
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Fig. 5. Change of ohmic resistance, Re~ (%), versus current 
density relative to zero current density for increasing (lower 
curve) and decreasing (upper curve) potential at 1010~ 
Anode properties: apparent density, 1.42gcm-3; baking 
temperature, 1100 ~ C. 

recorded by potential increases in steps of 50 mV 
in the range from 1.2 V positive to aluminium to 
that corresponding to 10 A, which was the maxi- 
mum output of the potentiostat (Wenking 
HP72). The duration of each step was 30s, 
which was sufficient to attain steady state. A 
short cathodic depolarization (1 min at 
-0 .1  Acre 2) was applied before the potential 
steps were reversed. The ohmic resistance was 
determined by the impedance technique on apply- 
ing superimposed a.c. at every second potential 
step. The resistance varied from 0.025 to 0.050 f~ 
depending on the type of anode and the current 
density. The precision of the resistance measure- 
ments was estimated to be 5 x 10-4fL 

4.2. Results and discussion 

4.2.1. Ohmic voltage drop. There was appreciable 
hysteresis between Re1 recorded during increas- 
ing and decreasing potential. As shown in Fig. 5 
it increased rapidly with increasing current den- 
sity up to ~ 0 . 2 A c m  -2 and thereafter it 
increased much more slowly or remained prac- 
tically constant. When the potential was lowered, 
Re1 kept on increasing until it attained a slight 
maximum at 0.4-0.5 A c m  -2 and it then dropped 
rather abruptly below 0.2 A cm -2. The changes 
in Re~ are probably due to shielding of the anode 
surface by adhering gas bubbles and by gas 
bubbles rising in the electrolyte. Apparently the 
shielding levelled off when the current density 
reached 0.2 A cm -2. A similar conclusion might 
possibly be drawn from the change of Ca~ versus 
potential, as illustrated in Fig. 3. 

The relative increase of Re~ from the value 
measured at the potential 1.2 V to that of current 
density = 0.7Acm -2 averaged 10-35%, and 
showed only a slight tendency to increase with 
increasing apparent density. The relative increase 
is far less than suggested by Dewing and van der 
Kouwe [17]. The absolute values of Re~ seemed to 
be dependent on apparent density, and the low- 
est values were obtained for anodes with high 
apparent density. The reason for this is not clear. 
It can hardly be attributed to differences in the 
conductivity of the anode material itself, since it 
amounted to only 2 -5% of the total resistance. 
The ohmic voltage drop (IRe1) at 0.7Acm -2 is 
plotted versus apparent density in Fig. 6. The 
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anodes versus apparent density (AD). Baking temperatures: 
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Fig. 8. Polarization potential versus current density ;at 
1010~ for different values of apparent density and bak- 
ing temperature: O, 1.42gcm -s, 970~ v, 1.42gcm -~, 
ll00~ 1.55gcm -~, l l00~ 1.56gcm 3, 1250oc. 

curve indicates that an increase in apparent den- 
sity by 0.1 gcm -3 leads to a 20 mV drop in ohmic 
voltage. The same trend was observed by Zuca et 
al. [41, but the change was about six times larger. 

4.2.2. Potent ia l -current  relationship. Despite 
pre-electrolysis a hysteresis was observed in 
potent ial-current  plots recorded for increasing 
and decreasing potential, as shown in Fig. 7. The 
curves were almost parallel, the descending 
curve being higher by ~ 50 mV, except at very 
low current densities where the slope of the latter 
curve was much steeper. Such hysteresis is not 
uncommon for carbon, and it may be attributed 
either to a continuous change of  surface proper- 
ties and area as a result of  the oxidation process 
[1] and/or to a change in the composition of  the 
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Fig. 7. Polarization potential (referred to aluminium) versus 
current density for baked carbon anodes at 1010 ~ C. Appar- 
ent density, 1.42gcm-3; baking temperature, II00~ A, 
Increasing potential; zx, decreasing potential. 

anode gas [18]. In general the ascending curves 
were considered to be the most reliable and these 
data are presented in the following figures. 
Fig. 8 shows plots for four different carbon 
anodes baked at three different temperatures 
(970, 1100 and 1250~ The curves can be 
divided into three segments which were found 
for almost all samples. The two lower segments 
were approximately linear. The slope of  the first 
segment in the current density range of  0,01 
to ,-~0.1Acm -2 varied from 0.20 to 0.44V 
per decade and that for the range 0.I to 
--~0.5Acm -2 varied from 0.18 to 0.24V per 
decade. In the third segment (>  0.5 Acm -2) the 
curves tended to bend upwards. The position of  
the segments was independent of  apparent den- 
sity and baking temperature. In all cases the 
slope of the first segment of the plots was higher 
than that of  the second. This difference was 
particularly pronounced on descending curves, 
as illustrated in Fig. 7. 

!rn most of  the previously published papers [t ] 
the overpotential data were presented as one 
linear Tafel type of  plot 0/ = a + b log i) with- 
in the approximate range 0.05-0.7 A cm -2 with 
slopes (b) varying from 0.12 to 0.6 V per decade, 
although rarely exceeding 0.35 V per decade. A 
few works performed at current densities below 
0.05Acre -2 have given results similar to the 
present data, i.e. a steeper slope in this range [19, 
20]. For  graphite anodes Piontelli et aL [191] 
reported slopes of 0.27-0.33V per decade 
depending on the alumina concentration at 
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0.005-0 .1Acre  -2, and an almost horizontal 
segment (0.04V per decade) at 0 .1 -0 .5Acm 2 
Paunovic [20] found two slopes for graphite 
anodes of 0.29V per decade below 0.1 Acm 2 
and 0.14V per decade above 0.1 Acm 2. This 
behaviour was ascribed to a change over of  the 
rate-determining step for the reaction sequence 

O 2 + C --* COad , + 2e (2) 
and 

COads + O 2- ~ CO2 + 2e (3) 

Dewing and van der Kouwe [17] used baked 
carbon anodes of the Soderberg type. A slope of 
0.29 V per decade was found in the range 0.04- 
8 A cm -2 except for a discontinuity between 0.2 
and 0.5 A c m  -2 where the slope was < 0.1 V per 
decade. 

The change of  slope at 0.05-0.1 A cm -2 may 
possibly be associated with a change in the 
reaction mechanism. It is known that the con- 
tent of  CO evolved increases as the current den- 
sity is lowered, and it is appreciable below 
0.05 A cm -2 [1]. This behaviour can result from 
a shift in the charge transfer control as suggested 
by Paunovic [20] (Equations 2 and 3), but chemi- 
cal reaction control cannot be ruled out either. 
However, any further discussion of the slopes 
below 0 .05 -0 .1Acm -2 is not warranted since 
the overpotential is so low in this range that the 
assumption on which the semi-logarithmic plot 
is based is not valid [21]. The upward bend of the 
curve at above 0 .5 -0 .6Acre  2 (Fig. 8) agrees 
well with results of earlier works on graphite [4, 
17, 18, 22, 23] as well as on baked carbon [4, 17, 
22-24]. This break has been associated with 
concentration overvoltage [18] or accumulation 
of gas bubbles [23]. 

The current density required to attain an over- 
potential of 0.5 V was calculated by subtracting 
the standard e.m.f. ( -  E ~ = 1.162 V at 1010 ~ C) 
for reaction 1 from the polarization potential. 
No correlation between this current density 
and Cd~ was found. In Fig. 9 it is plotted versus 
apparent density, and no distinct trend is dis- 
cernible. This behaviour appears to be in conflict 
with the conclusions of Zuca et al. [4] and Sverd- 
lin et al. [3], although direct comparison of the 
results is difficult. Zuca et al. [4] reported that the 
current density required to reach certain over- 
potentials showed a marked and linear increase 
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Fig, 9. Current density required to reach 0.5 V overpotential 
on baked carbon anodes at 1010 ~ C as a function of apparent 
density (AD). Baking temperatures: e ,  970 ~ C; A, 1100 ~ C; 
II, 1250~ C. 

with increasing microporosity for anodes with 
apparent densities in the range 1.48-1.57g 
cm -3. Sverdlin et al. [3] found a marked decrease 
of the counter e.m.f, with increasing volume of 
transporting pores (i.e. open pores), as men- 
tioned in the introduction. Also, in other sys- 
tems the relationship between porosity and over- 
voltage is not clean-cut for gas-evolving elec- 
trodes. Thus, for chlorine evolution on RuO2 in 
aqueous systems the current has been found to 
be independent of the true surface area [25]. 

On the basis of  the Cd~ results a reference value 
of 220 #F cm 2 was chosen, and the current den- 
sities were recalculated assuming that the work- 
ing surface area is proportional to Cdx. The 
following equation was used: 

io = ig \Cd, j (4) 

where ic is the corrected current density and ig is 
the nominal current density based on the geo- 
metrical surface area. The reference value of 
220/~F cm z represented an average for the most 
dense uniform carbons baked at 1250 ~ C, being 
at the same time the lowest value common to the 
materials baked at all three tested baking tem- 
peratures. The Ca~ of  vitreous carbon was 
deemed to be too far below the range of indus- 
trial anodes to be suitable as a reference. If the 
whole wetted area is assumed to be equally 
accessible, these corrected data should reflect 
only the influence of the reactivity of the carbon 
anodes. This assumption implies that the 
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Fig. 11. Corrected current density (see text) required to 
reach 0.5 V overpotential versus baking temperature (BT), 
Values of apparent density are given in parentheses. 

reactivity is independent of the porosity or the 
apparent density of the samples. The original 
results given in Fig. 8 are replotted in Fig. 10 
after this correction. Tafel coefficients for the 
intermediate segment of the curves for current 
densities in the range 0.1-0.5 A cm-: are listed in 
Table 3. The data shown in Fig. 9 were recalcu- 
lated in the same way and plotted in Fig. 11 
versus baking temperature. 

The correction for surface area slightly 
reduced the scatter of the Tafel plots. It appears 
from Figs 10 and 11 that within the temperature 
range 970-1100~ the baking temperature had 
no effect on overpotential, while anodes baked 
at 1250 ~ C showed slightly lower overpotentials. 
The latter observation may seem to be in conflict 
with the results of Haupin [26] who found that 

Table 3. Tafel coefficients in the current density range 
0.1 0.5 A cm -e (see text for corrected current densities) 

Baking Apparent Tafel coefficients 
temperature density 
(~ C) (gem -3) a (V) b (V per decade) 

970 1.32 0.57 0.22 
1.35 0.52 0.23 
1.42 0.53 0.22 

1100 1.42 0.52 0.19 
1.48 0.55 0.20 
1.55 0.52 0.24 

1250 1.56 0.47 0.20 
1.59 0.46 0.21 
1.61 0.50 0.18 

an increase in baking temperatures within the 
range 900-1100~ caused a slight increase in 
overpotential. It may also seem to be in conflict 
with the well-established fact [1] that graphite 
gives higher overpotential than baked carbon, 
which has a disordered carbon structure. Tile 
carbon materials used in the present investi- 
gation were also subjected to carbon consump- 
tion tests [6]. The excess carbon consumption 
with respect to reaction 1 decreased markedly 
with increasing baking temperature. The 
decrease in excess consumption due to the Bou- 
douard reaction (CO2 + C = 2CO) was related 
to the fact that the pore volume in the 0.5-15 ~tm 
size range decreased with increasing baking tem- 
perature. A baking temperature of 1250~ is 
apparently too low to affect the surface reactiv- 
ity of the carbon material significantly. Dewing 
and van der Kouwe [17] found that the calci- 
nation temperature of the petroleum coke 
(1200-1400 ~ C) had practically no effect on the 
overpotential of Soderberg-type anodes. 

The present results do not warrant any 
detailed discussion on the reaction mechanism 
beyond that which has already been published 
on the subject. However, the results demonstrate 
the need for accurate determination of the ohmic 
resistance as a function of the electrolysis cur- 
rent density, and they also demonstrate the use- 
fulness of the concept of wetted surface area. In 
view of the above results it appears that an 
increase of baking temperature of carbon 
anodes to 1250~ is beneficial since it reduces 
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the ohmic  vol tage  d r o p  and also to a m i n o r  
extent  the anod ic  po la r i za t ion .  These  effects 
combined  with lower  excess ca rbon  consump-  
t ion [6] should  result  in bet ter  pe r fo rmance  o f  
anodes  b a k e d  at  e levated tempera tures .  
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