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Abstract

The current yield for the anodic oxidation of a pure iron (99.95%) electrode to ferrate(VI) ions in 14M NaOH
between 30 and 60 °C using a sinusoidal alternating current (a.c.) at amplitudes in the range 38±88mAcm)2 and
frequencies in the range 0.5mHz to 5 kHz superimposed on direct current (d.c.) of 16mA cm)2 was measured under
conditions of bubble induced convection in a batch cell. The current yield for ferrate(VI) synthesis exhibited a
complex dependence on temperature and a.c. frequency, but generally a maximum was observed in a frequency
range 2±50Hz depending on the a.c. amplitude. A global maximum current yield after 180min of electrolysis of
33% was reached at the following conditions: a.c. amplitude of 88mAcm)2, a.c. frequency of 50Hz and
temperature of 40 °C. At the optimum conditions the highest d.c. electrolysis yield was 23%. Thus, operation with
the a.c. component leads to an increase in the yield by 43% with respect to d.c. electrolysis alone.

1. Introduction

In the ®rst part of this series [1] previously published
results [2±13] concerned with ferrate(VI) production by
anodic dissolution of iron were discussed. In agreement
with [10, 11] signi®cant differences in the behaviour of
grey and white cast iron electrodes were also found using
a superimposed a.c. component [1]. Although grey cast
iron exhibits a yield maximum in the a.c. frequency range
5mHz to 0.5Hz, depending on the amplitude, white cast
iron shows highest ferrate(VI) yield in the frequency
range 0.5 to 5Hz. For grey cast iron a pronounced
maximum in the yield against a.c. frequency relationship
was observed. Using a white cast iron a complex
relationship showing one maximum and two minima
was found. The white cast iron behaviour is close to that
of mild steel [9]. The difference between grey cast iron
and the other studied electrode materials was explained
as being due to the presence of graphite in the grey cast
iron structure and, consequently, on the surface [10±12].

This hypothesis was veri®ed by reference to galvanody-
namic polarization curves presented earlier [1].
The di�erences in the current yield for direct current

(d.c.) electrolysis using white cast iron and pure iron
anodes were explained [12] in terms of the di�erent
passivating properties of the surface oxihydroxide lay-
ers; these are strongly dependent on the iron carbide
(Fe3C) content of the anode material.
The present work employed pure iron (99.95wt%) to

o�er elucidation of the in¯uence of both the content and
form (graphite particles or Fe3C particles) of the carbon
in the working electrode material on the properties of
the oxihydroxide layer covering its surface and, conse-
quently, on the current yield.

2. Experimental details

Chemicals, analytical methods, apparatus and experi-
mental techniques are described elsewhere [1]. The cell
parameters, anode material composition and structure
are discussed in [12].yDeceased
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The d.c. current density component was 16mAcm)2

in all cases. A wide range of a.c. component frequencies,
0.5mHz to 5 kHz, and amplitudes (peak-to-peak), 38±
88mAcm)2, were applied and temperature was varied in
the range 30±60 °C. The current yield was calculated
with respect to d.c. current electrolysis, the reasons for
this being discussed in detail in [1]. The average accuracy
of the data was �1% (absolute).

3. Results

3.1. Dependence of ferrate(VI) current yield on
a.c. frequency and amplitude

The ferrate(VI) yields as a function of a.c. frequency are
presented for an a.c. amplitude of 63mAcmÿ2 in
Figure 1. For comparison the current yields for d.c.
only are shown in the same Figure.
Using a pure iron electrode, the peak yield was

observed in the a.c. frequency range 2±50Hz. The
highest yield after 180 min of electrolysis, 33%, was
obtained at an a.c. amplitude of 88mAcmÿ2, a fre-
quency of 20Hz and a temperature 40 °C. This repre-
sents an increase of 43% compared to d.c. electrolysis
(23%). The maximum increase in yield, 106% with
respect to d.c. electrolysis alone, was found at an a.c.

amplitude of 88mAcmÿ2, a frequency of 50Hz and a
temperature of 30 �C. It was generally observed that the
in¯uence of the a.c. component increased with decreas-
ing temperature. The relatively low d.c. current yield at
60 �C is known to be caused by decomposition of
ferrate(VI) and not by passivation of the working
electrode surface.
It is shown in Figure 2(a), that the peak value of the

ferrate(VI) yield shows a different dependence on a.c.
component amplitude at different temperatures. In most
cases the highest yield was reached at 50 �C, see
Figure 2(a), the only exception being the highest studied
a.c. amplitude, 88mA cmÿ2, for which the optimum
temperature was 40 �C.
It is apparent from Figure 1 that the superimposed

a.c. component not only caused a maximum in the
current yield against a.c. frequency, but also a minimum

Fig. 1. Current yield for ferrate(VI) at various a.c. frequencies and a.c.

amplitude of 62.7mAcmÿ2 superimposed on d.c. current density of

16.0mAcmÿ2. Duration of electrolysis 180min, temperature: (s)

30 �C, (u) 40 �C, (4) 50 �C and (5) 60 �C. Filled symbols: d.c.

electrolysis.

Fig. 2. Current yield for ferrate(VI), at the a.c. frequency providing (a)

highest (b) lowest ferrate(VI) current yield at various a.c. amplitudes

superimposed on a d.c. current density of 16.0mAcmÿ2. Duration of

electrolysis 180min, temperature: (s) 30 �C, (u) 40 �C, (4) 50 �C and

(5) 60 �C. The inserted numbers show the a.c. frequency used in the

corresponding amplitude range.
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in the frequency range 50mHz to 0.5Hz, an exception
being the lowest studied a.c. amplitude of 38mAcmÿ2.
The current yields found in this frequency range are
lower in comparison with the yields for d.c. electrolysis.
From Figure 2(b) it seems that this di�erence increases
with increasing a.c. amplitude and temperature.
The dependence of the concentration of iron in

oxidation states lower than Fe6+ (di�erence between
the concentration of the total iron and Fe6+) in the
anolyte after 180min of electrolysis on the a.c. frequen-
cy exhibits a marked increase in the a.c. frequency range
corresponding to the lowest current yield. A second
maximum occurs at the frequency providing the highest
yield. The relevant concentrations in the a.c. frequency
range corresponding to the minimum and maximum in
the ferrate(VI) yield varies with a.c. amplitude and
temperature as shown in Table 1.

3.2. Dependence of ferrate(VI) current yield on
electrolysis duration

The dependence of current yield on electrolysis duration
using an a.c. component amplitude of 63mAcmÿ2 and
frequencies corresponding to the maximum (20Hz) and
minimum (0.05Hz) ferrate(VI) yields is shown in Figures
3 and 4. In all cases studied the maximum yield was
reached after 30min. The highest current yield of 50%
was reached at 50 �C. This is an increase in yield of 12%
with respect to d.c. electrolysis. It follows from Figure 3
that the in¯uence of the a.c. component at 20Hz
increases with decreasing temperature. At 0.05Hz the
current yield was generally lower when compared to d.c.
electrolysis.
Interesting information is also provided by the de-

pendence of the concentration of iron in lower oxidation
states in the anolyte on electrolysis time, shown for
20Hz in Figures 5(a) and for 0.05Hz in Figure 5(b). At
20Hz the concentration approaches a nearly limiting
value shortly after the start of electrolysis. At 30 �C this

value remains approximately constant for 180min. At
40 and 50 �C this period is shortened considerably and
varies in the range 30 to 60min.

Fig. 3. Dependence of ferrate(VI) current yield on electrolysis dura-

tion, a.c. frequency of 20Hz, amplitude of 62.7mAcmÿ2 and

temperature: (s) 30 �C, (u) 40 �C and (4) 50 �C; (ÐÐ) refers to

d.c. electrolysis at 30 �C; (± ± ± ±) refers to d.c. electrolysis at 40 �C and

(� � � � � �) refers to d.c. electrolysis at 50 �C.

Table 1. Dependence of the di�erence between the concentration of

the total iron and Fe6+ in the anolyte a.c. frequency providing

minimum and maximum ferrate(VI) yield at various amplitude and

temperature, 14 M NaOH, electrolysis duration 180 min.

Amplitude/mA cmÿ2 RFe ) Fe6+/g dm)3

30 °C 40 °C 50 °C 60 °C

38.0 minimum 0,075 0,200 0,751 2,340

maximum 0,119 0,297 1,061 3,051

62.7 minimum 0,053 0,218 0,620 1,739

maximum 0,254 0,450 1,120 2,541

87.9 minimum 0,076 0,232 0,597 1.247

maximum 0,470 0,460 1,165 2,650

Fig. 4. Dependence of ferrate(VI) current yield on electrolysis dura-

tion, a.c. frequency of 0.05Hz, amplitude 62.7mAcmÿ2 and temper-

ature: (s) 30 �C, (u) 40 �C and (4) 50 �C; (ÐÐ) refers to d.c.

electrolysis at 30 �C; (± ± ± ± ±) refers to d.c. electrolysis at 40 �C and

(� � � � � �) refers to d.c. electrolysis at 50 �C.
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3.3. Dependence of electrode potential on
current density for di�erent a.c. frequencies

It was shown previously [1] that vital information, which
helps explain the in¯uence of a.c. superimposed on d.c.
on ferrate(VI) current yield, is provided by the potential
versus current density relationships at the various a.c.
frequencies. These current±potential plots, after 180min
electrolysis at an amplitude of 63mAcmÿ2 and 50 �C, are
shown in Figure 6 for a.c. frequencies of 5mHz, 50mHz,
20Hz and 100Hz corresponding, according to Figure 1,
to the increase in current yield at frequencies lower than
the global minimum at 50mHz, to the global current
yield minimum, to the global maximum and to the range
without in¯uence of the a.c. on the yield, respectively.
The inserts show the individual curves and the main plot
shows the total picture for comparison. All these

galvanodynamic polarization curves were measured in
anolyte containing 0.40 to 0.69 g dmÿ3 Na2FeO4.
The range of variation of working electrode potential

decreases with increasing a.c. frequency. At frequencies
of 5 and 50mHz a ferrate(VI) reduction wave of halve-
wave potential )30mV occurs on the polarization
curves.

4. Discussion

Two main overall reactions occur on the anode surface:
(i) iron dissolution and subsequent oxidation and (ii)
oxygen evolution. Although iron oxidation is the desired
reaction, oxygen evolution represents the main anodic
reaction.
Several reaction mechanisms for ferrate(VI) formation

have been proposed (e.g., in [5, 13]). These are based on
the reaction of the anode material with OHÿ ions thus
forming a surface oxide layer. On the pure iron surface
the formation of FeOOH occurs and subsequently,
according to [5], this is directly oxidized to FeO2ÿ

4 .
According to our previous results [13] the external
surface of oxide layer formed by FeOOH dissolves
forming FeO2ÿ

3 . Further oxidation proceeds, probably
in the liquid phase near the working electrode surface.
Alternatively, during continuous anodic polarization
FeOOH, together with Fe(OH)2, covering the working
electrode surface, may undergo so called `ageing' [16].
Ageing represents conversion of these compounds into
Fe3O4, Equation 1. This phase represents a barrier
against electrode bulk material dissolution:

2FeOOH� Fe(OH)2 ! Fe3O4 � 2H2O �1�

Introduction of superimposed alternating current
hinders or, in optimal cases, avoids protective oxide
layer formation (Equation 1) taking place under steady
state anodic polarization. Alternating current, on the
other hand, may cause reduction of the ®nal and/or
intermediate electrolysis products during the cathodic
part of its period. An optimum therefore has to be found
providing cathodic polarization su�ciently long to stop
(or at least minimize) protective layer formation and, at
the same time, to avoid ®nal or intermediate product
reduction to proceed to a signi®cant extend.
This is in good agreement with the plot of ferrate(VI)

yield against a.c. frequency for various temperatures
shown in Figure 1. This plot exhibits a distinct maxi-
mum in the frequency range 2±50Hz depending on the
a.c. amplitude. The frequency of the yield maximum
represents the optimum for each individual a.c. ampli-
tude. The yield minimum in Figure 1, on the other hand,
represents an opposite situation. At this frequency most

Fig. 5. Dependence of di�erence between total iron and Fe6+

concentrations in the anolyte on electrolysis duration, a.c. frequency

of (a) 20Hz and (b) 0.05Hz, amplitude 62.7mAcmÿ2 and tempera-

ture: (s) 30 �C, (u) 40 �C and (4) 50 �C; (ÐÐ) refers to d.c.

electrolysis at 30 �C, (± ± ± ±) refers to d.c. electrolysis at 40 �C and

�� � � � � �� refers to d.c. electrolysis at 50 �C.
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of the cathodic charge is used to reduce ®nal and
intermediate products.
This behaviour is well supported by the polarization

curves of Figure 6. The peak potential of ferrate(VI)
reduction on a stationary iron cathode has a value of
approximately )70mV vs HgO/Hg electrode [17]. At a
yield maximum frequency (20Hz) the working electrode
potential does not reach the potential of ferrate(VI)
reduction during the cathodic period. All cathodic charge
was, as also observed in the case of white cast iron [1],
used for surface restructuring and/or the reduction of
oxygen adsorbed on the electrode surface. This oxygen
reduction leads to a local increase in pH near the elec-
trode surface thus enhancing ferrate(VI) production.
At the a.c. frequency providing minimum yield

(50mHz) the charge during the cathodic sweep is used
mainly for the reduction iron in di�erent oxidation
stages. The polarization curves at frequencies of 5mHz
and 100Hz show behaviour almost identical with that
for white cast iron [1].
The chemical reaction of the surface oxihydroxide

layer with hydroxyl ions causing dissolution and in-
creased ®lm porosity, together with enhanced ferrate
decomposition, is a reason for the lower yield

dependence of the a.c. amplitude at the two higher
temperatures (50 �C and 60 �C). Chemical reaction also
explains the increase in yield peak value with temper-
ature shown in Figures 3 and 4. The relatively short time
of electrolysis (30min) in which the maximum yield was
reached, as well as the high temperature providing the
highest ferrate(VI) yields, corresponds to a thin, rela-
tively compact and stable passive layer.
In the case of mild steel [9] and white cast iron [1] iron

carbide is present in the working electrode material.
Under anodic polarization this reacts readily with
hydroxyl ions probably forming ferrate(III):

Fe3C� 18OHÿ ! 3FeOÿ2 � CO2ÿ
3 � 9H2O� 13eÿ

�2�

This continuous process is responsible for the local
disruption of the protective passive layer and the
formation of a thick, porous oxide layer enhancing
ferrate formation. Thus using white cast iron [1], the
yield peak value was reached after 60 to 180min
electrolysis.
With increasing iron carbide content its dissolution

becomes more intensive. Nevertheless, the mechanism of

Fig. 6. Dependence of working electrode potential on current density, temperature 50 �C, d.c. current density 16.0mAcmÿ2, a.c. amplitude of

62.7mAcmÿ2, the inserts show individual curves and the main plot the total picture for comparison; the axis scales are identical, a.c. frequencies:

(a) 0.005Hz, (b) 0.05Hz, (c) 20Hz and (d) 100Hz, after 180min electrolysis. Reference electrode HgO/Hg in 14M NaOH.
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ferrate formation, as well as the oxygen evolution
kinetics, in principle, remain identical. It follows that
the dependence of ferrate formation current yield on a.c.
frequency and amplitude exhibits identical main fea-
tures. This agrees with results of the present work and
those of [1, 9].
The in¯uence of the iron carbide content on surface

oxide layer passivation properties is con®rmed by
comparison of the data in Table 1 in the present work
and that of Table 2 in [1]. Using white cast iron the
concentration of iron in lower oxidation states is
apparently higher than when using pure iron.
Minor di�erences in the frequencies giving peak

current yields, optimum temperatures and a.c. ampli-
tudes follow from the in¯uence of iron carbide on the
surface oxihydroxide layer properties. A thicker layer
requires higher electrical charge to undergo the neces-
sary changes and this results in a decreasing optimum
frequency (pure iron: 2 to 50Hz, mild steel: 5Hz [9],
white cast iron: 0.5 to 5Hz [1]). The same also applies in
the case of di�erent temperatures providing the highest
ferrate(VI) yield: pure iron 50 �C, mild steel yields
increase in temperature range 20±30 �C [9], and white
cast iron 20 �C [1]. With increasing iron carbide content
lower temperature is suf®cient to break down the
electrode passivity. Low temperature also assures a
low ferrate(VI) decomposition rate. Therefore, the tem-
perature providing the highest yield decreases with
increasing iron carbide content.
Di�erent behaviour may be observed in the case of the

a.c. frequency providing minimum current yield. This is
independent of the a.c. amplitude over a certain range,
(Fig. 2(b)). With white cast iron [1] this range was found
to be wider.
The electrical charge passed during the a.c. cathodic

period is several times lower compared to that of the
anodic period. Thus, even ferrate(VI) and its intermedi-
ates production proceeds with lower current ef®ciency
compared to that of theirs reduction, the charge passed
during cathodic part of a.c. period is insuf®cient to
provide theirs complete reduction. With increasing a.c.
amplitude the ratio between the charges in the anodic
and cathodic a.c. periods decreases (e.g., amplitude
38mAcmÿ2 45.4, 48mA cmÿ2 12.3 and 88mAcmÿ2

3.3). Above a certain a.c. amplitude the ferrate ion
concentration adjacent to the working electrode surface
reaches zero during the cathodic period and the yield
minimum frequency begins to increase with increasing
a.c. amplitude. Because of the higher ferrate surface
concentration in the case of white cast iron and the thick
and porous oxihydroxide layer covering its surface, the
value of a.c. amplitude giving zero surface concentration
is higher. This is con®rmed by the content of iron in

lower oxidation states showing a local maximum in this
a.c. frequency range. At two lower temperatures this
maximum increases with a.c. amplitude (Table 1). An
opposite trend at temperatures of 50 and 60 �C is
probably caused by homogeneous ferrate decomposi-
tion. This also explains the second maximum appearing
at the a.c. frequency of the yield maximum. The same
also applies in the case of white cast iron [1].
The tendency of the concentration of iron in lower

oxidation states against electrolysis duration to reach a
limiting value, shown for the ®rst 60min of electrolysis
in Figure 5, corresponds well to the previous postulation
concerning the stages of ferrate(VI) production using
d.c. [13]. Initially, an increase in concentration of iron in
lower oxidation states during the ®rst 30 min corre-
sponds to a ®rst period of intermediate product forma-
tion. The following 30 min, during which the
concentration of intermediates remains constant corre-
sponds to the second period of continuous ferrate
production. Increase in the concentration value
(Fig. 5) after a certain time, depending on the temper-
ature (180min for 30 �C and 60 min for 40±50 �C),
corresponds to the last (third) period, characterised by
increasing electrode surface passivation and homoge-
neous ferrate(VI) decomposition.
Comparing the yield peak value for a.c. for white

cast iron [1], to d.c. electrolysis at 30 �C and after
180min, a decrease of 8% was observed. An increase of
70% was observed in the case of mild steel [9] at this
temperature. In the present study pure iron shows an
increase in the peak yield value at 30 �C of 106%. This
sequence corresponds well to the decrease in iron
carbide content in the working electrode materials.
These results suggest that the ferrate current yield
achieved using white cast iron approaches a value no
longer limited by surface passivation, but by the
kinetics of the two competing reactions (oxygen evo-
lution and ferrate formation) and/or homogeneous
ferrate decomposition only. As such its value cannot be
signi®cantly exceeded without signi®cant changes in the
electrode reaction kinetics.
The behaviour of the iron carbide on the anode

surface in concentrated NaOH is illustrated in Figure 7
which shows a white cast iron microstructure together
with the surface morphology scan. These Figures
con®rms that during anodic polarization in 14M NaOH
the Fe3C phase in the white cast iron readily dissolves
and breaks down the passive layer. Grey cast iron [1]
behaves di�erently because of the presence of inert
graphite in its structure. Di�erent electrochemical reac-
tions proceed at the two di�erent parts of the electrode
surface, or, at least, their kinetics di�er. This makes the
problem much more complex.
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5. Conclusion

The present study has con®rmed previous theories [1,
10±12] concerning the in¯uence of surface heterogeneity
and iron carbide content in the working electrode
material on ferrate(VI) current yield. With grey cast
iron the heterogeneity of the electrode surface is caused
by part of the carbon content being present in the form
of graphite [1]. In the case of white cast iron surface
heterogeneity results from appreciable amounts of Fe3C
being present in the material structure. From the
comparison of results obtained using white cast iron
[1] and pure iron electrodes a positive in¯uence of iron

carbide on the ferrate(VI) yield is apparent. Comparing
white and grey cast iron it is clear that, as well as
differences in composition, the electrode material struc-
ture is one of the parameters exerting a crucial in¯uence
on the current yield.

References

1. K. Bouzek, M. Schmidt, M. LipovskaÂ , I. RousÏ ar and A.A. Wragg,

Electrochim. Acta, 44 (1998) 547.

2. F. Haber, Z. Elektrochemie 7 (1900±1901) 215.

3. W. Pick, Z. Elektrochemie 7 (1900±1901) 713.

Fig. 7. (a) White cast iron microstructure after 10min anodic polarization at 10mAcmÿ2 in 14M NaOH; (b) and (c) surface morphology scan

showing preferential iron carbide particle dissolution.

575



4. J. TousÏ ek, Coll. Czech. Chem. Comm. 27 (1962) 914.

5. F. Beck, R. Kaus and M. Oberst, Electrochim. Acta 30 (1985) 173.

6. A. Denvir and D. Pletcher, J. Appl. Electrochem. 26 (1996) 815.

7. A. Denvir, D. Pletcher, J. Appl. Electrochem. 26 (1996) 823.

8. G. Grube and H. Gmelin, Z. Elektrochemie 26 (1920) 153.

9. K. Bouzek and I. RousÏ ar, Electrochim. Acta 38 (1993) 1717.

10. K. Bouzek and I. RousÏ ar, J. Appl. Electrochem. 26 (1996) 919.

11. K. Bouzek, I. RousÏ ar and M.A. Taylor, J. Appl. Electrochem. 26

(1996) 925.

12. K. Bouzek and I. RousÏ ar, J. Appl. Electrochem. 27 (1997) 679.

13. K. Bouzek and I. RousÏ ar, J. Appl. Electrochem. 23 (1993) 1317.

14. J.-Y. Zou and D.-T. Chin, Electrochim. Acta 33 (1988) 477.

15. W.F. Wagner, J.R. Gump, E.N. Hart, Anal. Chem. 24 (9), (1952)

1497.

16. R.S. Schrebler-GuzmaÂ n, J.R. Vilche and A.J. ArvõÂ a, Electrochim.

Acta 24 (1979) 395.

17. K. Bouzek, I. RousÏ ar, H. Bergmann and K. Hertwig, J. Electro-

anal. Chem. 425 (1997) 125.

576


