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The e�ect of sulfate ions on the electrochemical behaviour of iron electrodes in the presence of
bicarbonate ions has been investigated. In solutions containing sulfate ions only, iron electrodes
experience uniform corrosion and sulfate ions are aggressive. In the presence of bicarbonate ions, the
sulfate ions become less aggressive and a pitting±repassivation process is observed. The di�erences in
electrochemical behaviour have been compared and explained by examining the formation of
probable products and their physicochemical properties during electrochemical polarization.
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1. Introduction

The available literature on the pitting corrosion of
iron and its alloys is mainly focused on the e�ect of
chloride ions [1±8]. By contrast, the literature for
pitting by sulfate ions is scarce [9±16]. Although it has
been considered that Cl) ions are more aggressive
than other anions, the e�ect of SO2ÿ

4 ions is probably
seen most frequently because of their stability in
water over a wide range of pH ��2�. It has been
reported that pitting induced by sulfate ions on iron
occurs within the active±passive region and sulfate
ions may counteract the e�ect of chloride ions [12, 13].

The ®lm breakdown potential of iron in the pres-
ence of chloride or sulfate ions obeys the logarithmic
behaviour with the di�erence that with sulfate ions
the mechanism of pitting changes over time [9].
Ellipsometric measurements of ®lm grown on iron in
a borate bu�er solution containing sulfate ions, re-
vealed a di�erent structure of the surface ®lm in the
potential range with and without pitting [14]. Mac-
Dougall and Bardwell [15] have shown that in sulfate
solutions of pH 3.0 or 8.4, the passivation is highly
ine�cient with a very large anodic charge prior to a
substantial decrease in current. They concluded that
passivation (in these solutions) appears to be associ-
ated with the precipitation of a salt ®lm and/or
changes in the solution pH near the surface, thus
allowing a passive oxide to form.

Recently, the considerable in¯uence of pH on the
passive ®lm formed on iron in a Na2SO4 solution was
shown [16] through the use of surface enhanced Ra-
man spectroscopy (SERS). At pH10, the passive ®lm
consists of microcrystalline/amorphous Fe(OH)2 �
Fe3O4 and/or c-Fe2O3, with the sulfate anions being
adsorbed on the ®lm surface. Sulfate ions are incor-

porated into the ®lm and bind covalently with the
iron cations at pH5.

Acosta et al. [17] have investigated the e�ect of
sulfate ions on the pitting corrosion of mild steel in
phosphate±borate solutions in a potential region
from ÿ1:0 to 0.0V vs SCE. A linear relationship
between the logarithm of the sulfate ion concentra-
tion and the breakdown potential Eb is reported, with
the pitting process being limited to a narrow potential
range in the passive region due to the existence of an
inhibition process.

To our knowledge, the only available data for the
electrochemical behaviour of iron in a mixture of
sulfate and bicarbonate ions is from Pound et al. [18].
They have reported one voltammogram only for iron
in a solution of 1M sodium sulfate �0:003 M sodium
bicarbonate and a scan rate of 50mV s)1 from ÿ1 to
0:8 V vs SHE. A broad anodic peak located at ÿ0:9 V
with a maximum peak current density of 60mAcm)2

along with a small conjugated cathodic peak at
ÿ0:15 V were observed. The large anodic peak is
linked to a dissolution reaction.

GeÂ nin et al. [19±26] published a series of articles on
E±pH diagrams of iron in di�erent solutions of sul-
fate, chloride, carbonate/bicarbonate, and their mix-
tures. They considered both thermodynamically and
experimentally the existence of green rusts, which are
very important corrosion transient products in such
media. Their results are very useful for interpreting
data obtained for the study of pitting corrosion by
chloride and sulfate ions.

The present investigation pertains to the electro-
chemical characterization of iron in sulfate, bicar-
bonate and sulfate + bicarbonate solutions, with
special focus on the e�ect of sulfate ions. The sulfate
and bicarbonate ion concentrations range from 0.3
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to 1M and 0.01 to 0.5M, respectively. As far as the
potentiodynamic behaviour is concerned, the po-
tential ranges from a hydrogen to an oxygen evolu-
tion.

2. Experimental details

Working electrodes were made of iron (Johnson
Matthey) in a Kel-F holder used as a rotating-disc
electrode. The exposed area was 0.13 cm2. The elec-
trodes were mechanically polished with alumina paste
to a mirror-like ®nish and rinsed with distilled water.
The electrode surface was examined before and after
the experiments using a Bausch and Lomb optical
microscope �70��. For each experiment, the electrode
was kept at a constant applied potential of ÿ1:0 V vs
SCE for 1min in order to reduce any air-formed
surface oxides. The auxiliary electrode was a plati-
num grid, separated from the main compartment by a
Na®onÒ membrane. The reference electrode was a
saturated calomel electrode (SCE) with a Luggin
capillary bridge connected to the main cell. All po-
tentials in this paper are reported with respect to the
SCE. The rotation speed �x� of the working electrode
was 1000 rpm.

Aqueous solutions of 0.3±1M Na2SO4 and 0.1±
0.3M NaHCO3 were prepared from analytical grade
materials (BDH) and deionized water. The pH was
�8 for all solutions and no pH adjustment was done.
A 600ml cell was used to minimize the enrichment of
the solution in dissolved ions during the experiments.
All solutions were deaerated by high-purity nitrogen
bubbling before each experiment and were purged
continuously during the measurements. All of the
experiments were conducted at room temperature.

The instrument used for all the experiments was a
potentiostat/galvanostat (model 273) from Princeton

Applied Research (PAR) controlled by a PC using
M270 PAR electrochemical software version 4.10.
Electrode rotation was done using an electrode ro-
tator from Pine instrument company.

3. Results

3.1. Sulfate solutions

A voltammogram of an iron electrode rotated at 1000
rpm with a potential scan rate of 0.005V s)1 from
ÿ0:85 to 1.5V in 1M Na2SO4 (pH� 8) solution is
shown in Fig. 1. The anodic current starts to increase
at ÿ0:85 V to reach a maximum of 480mAcm)2 at
0.11V. The large anodic charge is related to the iron
dissolution as Fe(II) [27]. After the peak current, there
is a sharp decrease of three orders of magnitude in
anodic current to 480 lA cmÿ2 at 0.25V and a large
quasi-passive region extending over 1V with a cur-
rent as low as 50 lA cmÿ2. In the transpassive region
for potentials more anodic than 1.25V, the oxidation
current increases with the potential and oxygen evo-
lution is observed. For the potential scan in the
negative direction, the passivation remains up to
ÿ0:3 V with a minimum current of 2±3 lAcm)2.
There is a small broad anodic current peak maximum
of 65 lAcm)2 at ÿ0:3 V, which indicates an activa-
tion (dissolution) of the electrode surface. The height
and location of the activation peak for the potential
sweep in the negative direction are dependent on the
anodic potential scan limits (Fig. 2), that is, 0, 0.2
and 0.4V. The activation current peak maximum is
lowered by increasing the anodic potential limit Ea;
for Ea P 0:5 V, the anodic reactivation peak current
disappears and cathodic current is observed. Figure 1
also illustrates the e�ect of a negative potential scan
direction ranging from 1.5 to ÿ0:85 V; the potentio-

Fig. 1. Potentiodynamic trace for a rotating iron disc electrode, in 1M sodium sulfate solution, dE=dt � 5mV sÿ1; x � 1000 rpm; com-
pensated for the IR drop. Starting potential: ÿ0:85 V (continuous line); �1:5 V (dashed line).
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dynamic trace overlaps the one with a starting po-
tential of ÿ0:85 V in a positive potential scan direc-
tion. At the end of each experiment, it was observed
that the electrode surface is etched strongly and looks
very rough.

The oxidation current in the passive region is de-
pendent on the sulfate ion concentration, that is, it is
equal to 60 lAcm)2 for 1M Na2SO4 (Fig. 1) and
110 lAcm)2 for 0.3M Na2SO4 at E � 0:8 V. For the
scan in the negative potential direction, the current
from 1 to 0.2V is independent of the sulfate con-
centration.

The chronoamperograms for the iron electrode in
0.3M Na2SO4 for two di�erent constant applied po-

tentials (i.e., 0.2V and 0.4V) are illustrated in Fig. 3,
the potential being stepped from ÿ1 to 0.2 or 0.4V.
The current is anodic with peaks and spikes related to
pitting. For E � 0:2 V, the curve displays an anodic
current maximum for Fe(II) dissolution after about
600 s of polarization; for a longer time, the anodic
current decreases over time to reach a quasi-steady
value of 140 lAcm)2 for t � 3200 s. For E � 0:4 V, a
passivation current of 100 lAcm)2 is attained quickly
to reach 16 lA cm)2 after 2000 s. SEM pictures of the
electrode surface after 8000 s of polarization under
the experimental conditions of Fig. 3 are shown in
Figs 4 and 5. The sample maintained at 0.2V (Fig. 4)
shows a large number of pits without any precipitate

Fig. 2. E�ect of the anodic potential limit (0±0.4V) on the voltammogram during the return sweep. Starting potential: ÿ0:85 V. The other
experimental conditions are those of Fig. 1. Ea

r :(ÐÐ) 0.0, (Ð Ð) 0.2 and (± ± ±) 0.4V.

Fig. 3. Current±time curve for an iron electrode in 0.3M sodium sulfate solution for applied potentials of 0.2 and 0.4V; x � 1000 rpm. Key:
(ÐÐ) 0.2V and (± ± ±) 0.4V.
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on the electrode surface. For E � 0:4 V (Fig. 5), few
pits are noticed with a precipitate inside and outside
the pits. A further increase of the anodic potential up
to 1V results in a passive current of 20 lA cm)2 and a
shiny golden coloured surface after 2000 s is obtained.

3.2. Bicarbonate solutions

The potentiodynamic behaviour of a rotating iron
electrode in 0.1M NaHCO3 solution (pH� 8) has
been investigated (Fig. 6) under the experimental
conditions of Fig. 1. The potentiodynamic trace in
the anodic direction displays an anodic active disso-
lution peak (region A) with a peak current of
190 lAcm)2 at ÿ0:64 V, which is followed by a large
passive region from ÿ0:4 to 0.9V (region B). For
potentials more positive than 0.9V, that is, the
transpassive region (region C), the anodic current
increases with the potential and a plateau current
from 1.1 to 1.3V is observed before the onset of

oxygen evolution. The current plateau in the trans-
passive region is related to oxidation of Fe(III) to
Fe(VI) species [28±30]. The anodic peak current in
region A and the anodic plateau current in region C
are higher as the bicarbonate concentration is in-
creased. For the scan in the negative potential di-
rection, the potentiodynamic trace is unchanged in
the plateau region and a single cathodic peak is no-
ticed at ÿ0:72 V. The oxidation charge related to the
oxidation peak in region A is much larger than its
conjugated cathodic peak current.

3.3. Solutions with bicarbonate and sulfate ions

The voltammogram of a rotating iron disc electrode
in 0.3M Na2SO4 � 0:01MNaHCO3 solution obtained
under the experimental conditions of Fig. 1 is illus-
trated in Fig. 7. For the scan in the anodic potential
direction, the following features have been noticed:
(i) a small anodic peak current (peak I) located at

Fig. 4. SEM pictures after iron electrode oxidation at 0.2V for
8000 s in 0.3M sodium sulfate solution; x � 1000 rpm.

Fig. 5. SEM pictures after electrode oxidation at 0.4V for 8000 s in
0.3M sodium sulfate solution; x � 1000 rpm.
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ÿ0:6 V, (ii) a second, dominant anodic peak current
(peak II) with its maximum close to 0V, and (iii) a
passive region extending from 0.4 to 0.9V, which is
followed by a transpassive region prior to the onset of
the oxygen evolution at potentials higher than 1.0V.
The electrode surface remains passive for the poten-
tial scan reversal and a broad cathodic peak current
at ÿ0:75 V is observed. The presence of peak I and
the plateau current in the transpassive region is as-
sociated with the e�ect of dissolved NaHCO3

(Fig. 6). The anodic current peak II and the pit for-
mation, which is manifested by small anodic current
oscillations close to the peak potential, are induced
by the presence of sulfate ions. In Fig. 8 the volt-

ammograms with increasing positive potential limits,
that is, ÿ0:35, ÿ0:325 and ÿ0:3 V, illustrate the
growth of initial pits by an increase in current for the
scan reversal, with the protection potential being
close to ÿ0:52 V.

With an increase in the bicarbonate concentration,
the sulfate ions concentration being constant, the
height of peak current I increases, peak current II
decreases and there is an increase in the plateau
current in the transpassive region (Fig. 9). With an
increase in the sulfate concentration, the concentra-
tion in sodium bicarbonate being constant, the an-
odic current peaks I and II and the current in the
passive region increase but the plateau current in the

Fig. 6. Potentiodynamic trace for an iron electrode in 0.1M sodium bicarbonate solution and a scan rate of 5mV s)1. Potential scan limits:
ÿ0:85 V and 1:5 V; x � 1000 rpm.

Fig. 7. Potentiodynamic trace for an iron electrode in a solution containing 0.3M sulfate+ 0.01M bicarbonate, IR drop compensated.
Insert: 0.3M sodium sulfate solution only. dE=dt � 5mV sÿ1; x � 1000 rpm. Potential scan limits: ÿ0:85 V and 1.5V.
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transpassive region decreases. Peak II is accompanied
with pitting corrosion in all cases (Figs 7, 9 and 10).
From Figs 9 and 10, it is observed for the reverse
potential scan in the region of peak I, that there is
more anodic reactivation with an increase in the ratio
of sulfate to bicarbonate ions.

The current against time curve for an iron elec-
trode at 0.0V in 0:1 M NaHCO3 � 0:1 MNa2SO4

solution is shown in Fig. 11. The current increases
over time to reach a quasi steady-state value for iron
oxidation after about 150 s. The appearance of the
iron surface in the region of the steady-state current
remains unchanged over time (Fig. 12). The pictures

in Fig. 12 show the formation of a precipitate on the
surface during the electrodissolution process.

In another set of experiments (Fig. 13(a)±(d)), the
e�ect of di�erent preoxidation treatments of an iron
electrode prior to potentiodynamic characterization
in solutions containing bicarbonate ions, sulfate ions,
and mixture of both ions was established. For
bicarbonate solutions, the iron electrodes have been
preoxidized at 0.9V in 0.1M NaHCO3 solution to
reach an oxidation charge of 500 lC (4mC cm)2)
prior to the potential sweep in the cathodic direction
at a scan rate of 0.005V s)1; the potentiodynamic
trace is illustrated in Fig. 13(a). In a second set of

Fig. 8. E�ect of switching potentials on the potentiodynamic trace during the return sweep for a solution containing 0.3M sulfate� 0:01 M

biocarbonate. The other experimental conditions are those of Fig. 7.

Fig. 9. Voltammograms for an iron electrode in 0:3 M sulfate� x M bicarbonate, x � 0:1; 0:3 and 0.5M; dE=dt � 5mV sÿ1; x � 1000 rpm;
starting potential: ÿ0:85 V. Key: (Ð±±) 0:1 M NaHCO3 � 0:3 MNa2SO4; (± ± ± ±) 0:3 M NaHCO3 � 0:3 M Na2SO4; (� � � � � �) 0:5 M

NaHCO3 � 0:3 MNa2SO4.
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experiments, the potentiodynamic traces were ob-
tained under the experimental conditions of
Fig. 13(a) (including the preoxidation treatment) ex-
cept that 0.3M Na2SO4 was added just prior to the
potentiodynamic scan in the cathodic direction
(Fig. 13(b)). For a third set of experiments, the elec-
trode has been preoxidized at 0.9 V, to reach an
oxidation charge of 500 lC in the presence of
0:1 MNaHCO3 � 0:3 M Na2SO4 and then the po-
tentiodynamic trace has been recorded (Fig. 13(c)).
For a fourth set of experiments, potentiodynamic
traces in the solution containing 0:1 MNaHCO3 �

0:3 MNa2SO4 without any preoxidation treatment
have been recorded (Fig. 13(d)).

In bicarbonate solution only, the potentiodynamic
trace (Fig. 13(a)) displays a passivation region up to
�0:4 V, a cathodic peak current with its maximum at
ÿ0:6 V and an anodic peak current at about ÿ0:7 V.
The picture is di�erent with the addition of sulfate
ions to the bicarbonate solution (Fig. 13(b)): (i) the
oxidation current is bigger at potential values anodic
enough, (ii) the current becomes cathodic below
about 0:3 V and a plateau current between 0.1 and
ÿ0:3 V is noticed and (iii) two consecutive cathodic

Fig. 10. Voltammograms for an iron electrode in 0.3M biocarbonate� x M sulfate, x � 0:1; 0:3 and 0.5M; dE=dt � 5 mV sÿ1;
x � 1000 rpm; starting potential: ÿ0:85 V. Key: (Ð±±) 0:3 M NaHCO3 � 0:1 MNa2SO4; (± ± ±) 0:3 M NaHCO3 � 0:3 M Na2SO4; (� � � � � �)
0:3 M NaHCO3 � 0:5 MNa2SO4.

Fig. 11. Chronoamperogram for an iron electrode in a 0:1 M sulfate� 0:1 M bicarbonate solution. x � 1000 rpm. Insert: applied potential
against time.
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peaks located at ÿ0:45 and ÿ0:55 V, respectively, are
noted. For 0:1 MNaHCO3 � 0:3 MNa2SO4 solutions,
the potentiodynamic trace (Fig. 13(c)) displays a

signi®cant oxidation current up to ÿ0:2 V with two
cathodic current peaks, being located at about ÿ0:3 V
and ÿ0:55 V. Further, the potentiodynamic trace for
an iron electrode without any preoxidation treatment
in 0:1 MNaHCO3 � 0:3 MNa2SO4 (Fig. 13(d)) has
approximately the same characteristics as the trace
with a preoxidation treatment (Fig. 13(c)), except
that the height of the cathodic current peaks at low
potentials tends to be lower without preoxidation. In
both cases (Fig. 13(c) and (d)), the two cathodic
peaks are associated with the reduction of the pitting
products and other reducible oxide compounds
present on the iron electrode surface.

To determine the critical molar ratio of bicar-
bonate to sulfate required to avoid any localized at-
tack, experiments have been carried out in the
presence of 0.03 and 0.06M of sulfate plus 0.3M bi-
carbonate solutions. The current versus time curve
for E � 0 V is characterized by pitting corrosion for
0.06M sulfate and the absence of localized attack for
0.03M sulfate solutions. The absence of any localized
attack for 0:03 M sulfate� 0:3 M bicarbonate has also
been noticed for ®ve consecutive potentiodynamic
cycles with a scan rate of 0.005V s)1 and
x � 1000 rpm, with the potential limits of ÿ0:85 V
and 1.5V. Compared to cyclic voltammograms ob-
tained in the presence of bicarbonate solutions only
(®ve consecutive cycles), the electrode surface has the
same appearance and no localized attack is found.
Consequently, it may be deduced that a molar ratio
of 10 : 1 of bicarbonate to sulfate results in the
complete suppression of any localized attacks in-
duced by the presence of sulfate ions.

Fig. 12. SEM pictures for an iron electrode after 300 s of oxidation
in a 0:1 M sulfate� 0:1 M bicarbonate solution.

Fig. 13. Voltammograms for an iron electrode: (a) after preoxidation* in 0.1M bicarbonate solution. Starting potential: 0.9V, the potential
is swepty in the negative direction; (b) after preoxidation* in 0.1M bicarbonate and the addition of 0.3M sulfate prior to the potential sweepy
in the cathodic direction, starting potential: 0.9V, (c) after preoxidation* in 0:1 M bicarbonate� 0:3 M sulfate; starting potential: 0.9V, the
potential is swepty in the negative direction, (d) without preoxidation; starting potential: 0.9V; the potential is swepty in the negative
direction, solution: 0:1 M bicarbonate � 0:3 M sulfate. * Preoxidation conditions: E � 0:9 V to reach an oxidation charge of
500lC (4mCcm)2). ydE=dt � 5mV sÿ1.
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4. Discussion and conclusions

In the part of the potentiodynamic curve for which
the oxidation current increases with the potential for
low potentials, the corrosion process is uniform in the
presence of SO2ÿ

4 ions only and the formation of
Fe(II) species is postulated (Fig. 1). The SO2ÿ

4 ions
participate in the formation of an FeSO4 ion pair
complex [31] and the anodic current increases up to a
very large value. At more anodic potentials, the large
passivation region is explained by a dissolution±pre-
cipitation reaction and solid-state oxidation of iron to
Fe(II)/Fe(III) oxide/hydroxide [10]. The dark green
precipitate observed on the electrode surface is most
likely related to a ferrous hydroxy sulfate according
to Gibbs and Cohen [32]. Recently, GeÂ nin et al. [21,
26] proposed, as a transient compound, the green rust
2 (GR2) with the following formula: 4 Fe(OH)2.
2FeOOH.FeSO4.nH2O where n is probably 4. The
latter compound corresponds to an oxidation number
of 2.29 i.e. 5Fe2+ and 2Fe3+ ions. At more anodic
potentials, the formation of a passive ®lm may be
considered according to [26]:

4 Fe(OH)2:2FeOOH:FeSO4 � 2 H2O

� 7cFeOOH� SO2ÿ
4 � 7H� � 5eÿ �1�

When the anodic potential increases from 0.25 to
1.25V, it is postulated that the hydroxides change to
oxides and the Fe(III) oxides may form the passive
®lm. At potentials more anodic than about 1.25V, a
transpassive region is noticed with the oxygen evo-
lution at the potentials that are su�ciently anodic.

The potentiodynamic trace for the potential scan
in the negative direction has a passive region as large
as 1.55V (Fig. 1), which is in agreement with the fact
that Fe2O3 is very stable [33]. The minimum passive
current in forward (positive) scan (50 lAcm)2) is
large compared to the one of the backward (negative)
scan (2.5 lAcm)2); it is due to the e�ect of the oxi-
dation potential and time. The passive ®lm is resistant
against the sulfate ion attack and the passivation re-
gion extends to more negative potentials. At ÿ0:85 V,
the cathodic current (80 lAcm)2) is linked to reduc-
tion of an oxides ®lm and hydrogen evolution.

The precipitation of the green rust GR2 is poten-
tial and time-dependent, as shown by the potential
scan in the negative direction (Fig. 2). The surface
oxidation at positive potentials in the presence of
sulfate ions induces the formation of a passive ®lm
but the precipitation of a sulfate product alone can
not protect the electrode against localized attack or
uniform electrodissolution.

The e�ect of the applied potential on the passive
®lm formation as shown by chronoamperometric
transients at 0.2V and 0.4 V (Fig. 3) for iron elec-
trodes in 0.3 M sulfate solution illustrates that pit
formation is more di�cult and precipitate products
are formed at higher potentials. When the potential
stepped from ÿ1 to 1V and maintains for 1 h at the
latter value, the electrode experienced no localized

attack and appeared golden and shiny, indicating the
surface ®lm growth. It shows the optical phenomenon
of multiple thin layer light beam interference [34] and
can be related to the existence of a hydrous iron oxide
layer which is yellow±green at positive potentials [35].

The voltammogram for the iron electrode in bi-
carbonate solution only shows an oxidation current
peak at about ÿ0:6 V (Fig. 6), which is ascribed to
the onset of the formation of solid oxides species on
the electrode surface. The dissolution current is of
three orders of magnitude lower with the passivation
region being 400mV wider than that of the iron
electrode in a sulfate solution with the same concen-
tration. The electrochemical behaviour of iron in bi-
carbonate solution is similar to the one for borate
solution but the current is larger [36]. It is worth
noting that the bu�er capacity of bicarbonate solu-
tion is weaker than that of borate solution which
in¯uences the involved chemical and electrochemical
reactions. In the active dissolution region, iron dis-
solves as an unstable FeHCO�3 complex [37] and at
the anodic current peak (ÿ0:6 V), FeCO3 �FeCO3 Ksp

� 3:07� 10ÿ11) [38] starts to precipitate [39]. As the
positive potential increases, FeCO3 may be trans-
formed to an oxide, and the oxidation state of the
iron species in the passive layer changes. The surface
enhanced Raman spectrum [39] of the ®lm formed at
ÿ400 mV and at 0V is di�erent from each other. The
spectra at ÿ400 mV indicate the presence of Fe(OH)2
as well as FeCO3, but when the potential subse-
quently steps to 0V, the peaks associated with FeCO3

are absent. In the passive ®lm, the oxidation of Fe2+

to Fe3+ passes by a green rust transient ([Fe4(II)-
Fe2(III)(OH)12][CO3. 2H2O]) between ferrous hydrox-
ides and ferric oxyhydroxides [20]. The composition
of transient compounds changes with the ratio of
Fe2�=OHÿ.

The bicarbonate ions participate in the kinetics of
oxidation in the transpassive region and it is possible
to separate the processes corresponding to the for-
mation of Fe(VI) species and the oxygen evolution
reaction. It was discussed in the literature [28±30] that
the OH) concentration markedly in¯uences the pro-
duction of FeO2ÿ

4 and that the free ferrate in solution
decomposes at a higher rate than the surface Fe(VI)
complex. The anodic plateau current (Fig. 6) illus-
trates that the presence of bicarbonate/carbonate ions
in the solution stabilizes ferrate in the surface ®lm. In
the study of mild steel [40] and 304 stainless steel [41]
in bicarbonate solutions, a current plateau in the
transpassive region was also reported and attributed
to the generation of ferrate species. In the case of iron
in borate and sulfate solutions at the same pH, the
anodic current increased with the onset of oxygen
evolution and no ferrate formation was observed.

Voltammograms of iron in solutions containing
both sulfate and bicarbonate ions are characterized
by the presence of two anodic peak currents in two
separate potential regions (Fig. 7). The addition of
more NaHCO3 to Na2SO4 solutions resulted in a
substantial increase for peak current I, a decrease for
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peak current II and potential range increase for the
passive region (Figs 9 and 10). The anodic peak
currents I and II are most likely related to the for-
mation of soluble FeHCO�3 complex and green rust 2
(GR2), respectively. SERS studies show that the ®lms
formed on iron in mildly alkaline solutions of nitrate,
carbonate/bicarbonate, sulfate and borate are similar
[39]. The rate of iron oxidation in sulfate and nitrate
is greater than that in carbonate/bicarbonate which
is, in turn, greater than that in a borate bu�er. The
major constituents for all solutions are similar and it
is suggested that the e�ect of the anions on the rate of
oxidation of iron in mildly alkaline solutions results
from their abilities to form soluble complexes with
either Fe2+ or Fe3+ [39].

A di�erent electrochemical behaviour for iron in
sulfate solutions and chloride solutions containing
inhibitive ions has been reported in the literature
[9, 10]. The main di�erence is that for iron in a
chloride solution after pit initiation, the current in-
creases markedly and does not show any inhibition
potential, indicating that the pitting corrosion prod-
ucts are not protective because of their high solubil-
ity. For sulfates, the increasing concentration of
dissolution products in the pits during pitting corro-
sion results in the precipitation of corrosion products
which further hinder the pitting growth process. With
an ionic radius of 8 : 1 for sulfate to chloride [38], it is
deduced that sulfate ions have less mobility than
chloride ions to leave the pit sites. In the presence of
aggressive ions when an appropriate pH is attained at
the surface, sulfate ions can adsorb and react with the
passive layer and later with metallic iron. Since sul-
fate ions adsorb better than carbonate ions [42], sul-
fate ions compete with carbonate species and cause
pitting. When pitting products cover the pits, these
reactions slow down and local passivation starts.
When pitting manifests, it causes a potential drop
inside the pits shifting the potential inside the pits to
the active dissolution region and accelerate the dis-
solution rate [43]. In accordance with the existence of
green rusts, depending on the ratio of Fe2+/OH)

during the dissolution reactions and changes in the
surface pH, di�erent transient compounds can be
formed. However, in such a case, there is competition
between sulfate and carbonate species. It has been
found that these transient compounds have a di�er-
ent selectivity towards sulfate and carbonate ions and
their tendency is more toward carbonate than sulfate
ions [44]. Hence, as transient compounds form on the

surface with an accumulation of carbonate species on
the electrode surface, the current starts to decrease
and passivation begins.

The type of corrosion noticed in the present in-
vestigations is summarized in Table 1 for the bicar-
bonate/sulfate ions molar ratio.
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