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a b s t r a c t

The aerobic corrosion of pipeline steel was investigated in an aqueous sulfide solution by monitoring the
corrosion potential and periodically measuring the polarization resistance. The properties and composi-
tion of the corrosion product deposits formed were determined using scanning electron microscopy,
energy dispersive X-ray analysis, and Raman spectroscopy. The establishment of aerobic conditions leads
to corrosion and (oxyhydr)oxide deposition beneath the anaerobically-formed mackinawite film origi-
nally present on the steel surface. This leads to blistering and spalling of the sulfide film. Chemical con-
version of the mackinawite to Fe(III) (oxyhydr)oxides also occurs but is a relatively slow reaction.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

An integrity system based on coatings and cathodic protection
(CP) protects buried gas transmission pipelines. If coatings dis-
bond, exposing the steel to groundwater, the effectiveness of the
CP system becomes inhibited and the underlying steel becomes
susceptible to corrosion [1,2]. Based primarily on field inspections
of coating failure sites, TransCanada PipeLines Ltd. (TCPL, Calgary,
Alberta, Canada) has proposed six corrosion scenarios that lead
to pipeline damage [1,2]. One particularly damaging scenario in-
volves anaerobic corrosion with microbial effects which subse-
quently turn aerobic, and accounts for 17% of all reported coating
failures [1,2]. Reported corrosion rates for this scenario can be as
high as 2–5 mm yr�1 [1,2]. While anaerobic microbial activity
may decrease as conditions become more oxidizing, the anaerobi-
cally-formed Fe(II) sulfides can oxidize to Fe(III)-containing oxides
and elemental sulfur, a process that leads to further pipeline dam-
age, including localized corrosion [2,3].

Recent studies have addressed the Fe/S/H2O/O2 system [4–7].
Bourdoiseau et al. [4] monitored the oxidation of Fe(II)-mackinaw-
ite (FeII

1þxS) under wet oxidizing conditions. The first oxidation
stage leads to the formation of an Fe(III)-containing mackinawite;

2FeIISþ xO2 þ 2xH2O! 2FeII
1�3xFeIII

2xSþ 2xFe2þ þ 4xOH� ð1Þ

As oxidation proceeds, transformation to Fe(III) oxy/hydroxides and
elemental sulfur occurs

4FeII
1�3xFeIII

2xSþ ð3� 3xÞO2 þ ð2� 2xÞH2O! ð4� 4xÞFeIIIOOHþ 4S0

ð2Þ

Unreacted Fe(III)-containing mackinawite can also react to form
greigite (FeIIFeIII

2 S4) [7], which may further convert to form Fe(III)
(oxyhydr)oxides and pyrite, FeS2, in air [4],

3FeIIFeIII
2 S4 þ 2O2 ! FeIIFeIII

2 O4 þ 6FeIIS2 ð3Þ

These studies indicate that films formed microbiologically on pipe-
lines will be reactive under dry out conditions when air becomes
available. These anaerobic to aerobic transformations may be very
important in determining the high corrosion rates observed follow-
ing a transition from microbiologically induced corrosion (MIC) un-
der anaerobic conditions to aerobic conditions.

In an attempt to develop corrosion mechanisms that reflect
external pipeline conditions, we have previously investigated the
effect of inorganic sulfide on carbon steel corrosion in solutions
containing chloride, bicarbonate, and sulfate (pH 8.9) under both
anaerobic [8] and aerobic [6] conditions. The experiments gener-
ated three distinct observations:

(1) On a steel surface covered with anaerobically-formed mag-
netite (Fe3O4)/siderite (FeCO3), sulfide causes an increase
in corrosion rate initially within pores in the film. Sulfide
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initiates a conversion from magnetite to mackinawite but
the sulfide deposit formed does not passivate the surface
and leads to a steady on-going increase in corrosion rate [8].

(2) When sulfide is present from the beginning of steel exposure
to an anaerobic dilute simulated groundwater, a ‘‘passive’’
layer of mackinawite is formed. The corrosion rate is inde-
pendent of [HS�], indicating that it is controlled by the prop-
erties of the sulfide film [8].

(3) If the steel surface is covered by aerobically-formed goe-
thite-covered tubercles, sulfide addition causes surges in
corrosion rate, followed by an apparent partial suppression
of corrosion; although R�1

P and ECORR values indicate the cor-
rosion rate is higher than those measured during the aerobic
corrosion (without sulfide) period. On-going exposure to
aqueous sulfide leads to a slow corrosion process as the goe-
thite-covered surface surrounding the tubercles is converted
to mackinawite [6].

In this study we have investigated the influence of aerobic cor-
rosion on an anaerobically-formed mackinawite film using the
methodologies previously developed [6,8–12]. Corrosion was mon-
itored over a 106 day period by following the corrosion potential
(ECORR) and periodically measuring the polarization resistance
(RP) using linear polarization resistance (LPR) measurements. Sub-
sequently, the morphology and composition of the corrosion prod-
uct deposits were determined using scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX), and Raman
spectroscopy.

2. Experimental details

2.1. Materials and electrode preparation

Experiments were performed on X65 carbon steel (0.07 C; 1.36
Mn; 0.013 P; 0.002 S; 0.26 Si; 0.01 Ni; 0.2 Cr; 0.011 Al (wt.%)) sup-
plied by TCPL. For corrosion measurements, a cubic coupon,
1.0 cm � 1.0 cm � 1.0 cm, was cut from metal plates and fitted
with a carbon steel welding rod (4 mm diameter) to facilitate con-
nection to external equipment. The electrode was then encased in
a high performance epoxy resin (Ameron pearl grey resin and 90HS
cure) so that only a single face was exposed to the solution. Prior to
the experiment, the exposed face (surface area 1.0 cm2) was
ground sequentially on 180, 320, 600, and 1200 grit SiC paper,
ultrasonically cleaned for 10 min in deaerated, ultrapure de-ion-
ized water (Millipore, conductivity: 18.2 MX cm) mixed with
methanol (ratio of 1:1) to remove organic contaminants, and final-
ly ultrasonically cleaned in deaerated, Millipore water.

2.2. Solution and gas exposure conditions

The experiment was conducted in a dilute simulated groundwa-
ter containing 5.2 mmol L�1 NaHCO3 + 6.2 mmol L�1 Na2CO3 + 0.6 -
mmol L�1 NaCl + 0.5 mmol L�1 Na2SO4 + 0.1 mol L�1 NaClO4. All
chemicals were research grade. These ion concentrations were
comparable to those encountered in natural near surface ground-
waters in regions of interest (e.g. Northern Ontario and Albetra,
Canada) [13], while the perchlorate was added to increase the con-
ductivity. This anion is not expected to have any significant influ-
ence on the corrosion behavior of the steel [14]. The exposure

Table 1
Expected Raman peak positions for various iron phases.

Compound Composition Raman shift (cm�1) References

Chukanovite Fe(OH)2CO3 690, 715, 760, 780, 840, 955,
1066

[19]

Hematite a-Fe2O3 226, 292, 406, 495, 600, 700 [15]
226, 245, 292, 412, 499, 610,
1318

[18]

Goethite a-FeOOH 297, 392, 484, 564, 674 [15]
Mackinawite Fe(1+x)S 254, 307, 318, 354 [5]
Maghemite c-Fe2O3 358, 499, 678, 710 [15]
Magnetite Fe3O4 297, 523, 666 [15]
Siderite FeCO3 734, 1089, 1443, 1736 [16]
Sulfur S8 150, 220, 475 [17]

Fig. 1. Corrosion potential (ECORR) and inverse polarization resistances (R�1
P , data

points) measured on steel under anaerobic (up to 78 days) and aerobic conditions.
Aliquots of HS� were added at the times indicated by the vertical lines, and the
labeled HS� concentrations are cumulative for that specific period.

Fig. 2. (a) Optical image and (b) SEM micrograph of the steel surface after anaerobic
(78 days) followed by aerobic (26 days) corrosion in a sulfide-containing solution.
The boundary (corrosion ‘‘front’’) separates a surface only slightly corroded (iron
sulfide) from a surface severely corroded (iron oxide).
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solution pH was set to 8.90 ± 0.05 with NaOH prior to beginning
the experiment.

Throughout the anaerobic corrosion period, sequential aliquots
of HS� were added (from a 0.1 mol L�1 Na2S�9H2O stock solution)
using a micropipette, up to a total concentration of 0.9 mmol L�1.

Aliquots of HS� were added at various stages, and the labeled
HS� concentration is that prevailing during a specific period.

Anaerobic conditions were maintained by placing the cell in an
anaerobic chamber ([O2] < 1 ppm), while aerobic conditions were
maintained by venting the cell with air after removal from the
anaerobic chamber.

Fig. 3. EDX elemental maps for Fe, S, Si and O recorded on the surface shown Fig. 2.

Fig. 4. (a) SEM micrograph of the corrosion front shown in Fig. 2; and (b) EDX spot
analysis of the same region.

Fig. 5. (a) Optical image and (b) Raman spectrum of the corrosion front shown in
Fig. 2. Also, shown in (b) is a reference spectrum for hematite.
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2.3. Electrochemical cell and equipment

The experiment was conducted in a standard three-compart-
ment, three-electrode glass electrochemical cell. The counter elec-
trode was a Pt foil (99.9% purity, Alfa Aesar) and the reference
electrode was a commercial saturated calomel electrode (SCE;
241 mV vs. SHE) (Radiometer Analytical, Loveland, CO.). The cell
was either housed in a grounded Faraday cage or placed in a
grounded anaerobic chamber; both locations minimize external
noise. Prior to immersion of the steel coupon, the electrolyte solu-
tion was purged for at least 1 h using ultra high purity Ar (Praxair,
Mississauga, ON) to generate anaerobic conditions. A Solartron
1287 Potentiostat, running Corrware software (version 2.6 Scribner
Associates) was used to control applied potentials and to record
current responses.

2.4. Experimental procedure

Prior to the experiment, the electrode was cathodically cleaned
at �1.3 VSCE for 1 min to minimize any air-formed surface oxide.
The potential was then stepped to �1.1 VSCE for 1 min to prevent
H2 production and clear the surface of H2 bubbles while maintain-
ing cathodic protection. Subsequently, the corrosion potential
(ECORR) was monitored continuously, except for brief periods (every
24 h) during which RP was measured using the linear polarization
resistance (LPR) technique. LPR measurements were performed by
scanning the potential ±10 mV (root mean square) from ECORR at a
scan rate of 0.1 mV s�1; a single measurement required a total of
10 min. The current values observed during LPR measurements
ranged from 5 to 50 lA cm�2 under anaerobic conditions, and from
100 to 150 lA cm�2 under aerobic conditions. At the conclusion of
the experiment, the electrode was removed for surface analysis.

2.5. Surface analysis

Upon removal from the cell the electrode was quickly rinsed in
deaerated, Millipore water to prevent the precipitation of the elec-
trolyte during drying in an anaerobic chamber. After its removal
from the anaerobic chamber, the electrode was analyzed by SEM/
EDX and optical microscopy/Raman spectroscopy as quickly as
possible, to minimize air-induced conversions that may occur to
corrosion products. SEM/EDX analyses were performed on a Hit-
achi S4500 field emission SEM using a primary beam voltage of
10 keV; this instrument was equipped with an X-ray detector for
EDX. To identify iron oxide/sulfide phases, a Renishaw 2000 Raman
spectrometer, with a 632.8 nm laser line, filtered to 25 and 50% of
maximum power at 15 mW (depending upon the specimen) to
minimize laser induced oxidation of the surface, and an optical
microscope with a 50 �magnification objective lens, were used.
The expected Raman peak positions for various Fe oxide/sulfide
phases are summarized in Table 1 [5,15–19].

3. Results and discussion

Fig. 1 shows the ECORR, and R�1
P values (data points) recorded as

a function of exposure time. A detailed description of the corrosion
behavior and surface analysis under anaerobic conditions (for
times <day 78) was described previously [8]. Over this period both
ECORR (� �900 m VSCE) and the R�1

P ([4.5 ± 0.6] � 10�5 ohm s�1 -
cm�2) remain fairly constant, despite the incremental increase in
sulfide concentration up to 0.9 mmol L�1 [8]; the incremental in-
creases are indicated in Fig. 1. The corrosion rate (which is propor-
tional to R�1

P ) is independent of [HS�], indicating that the rate is
limited by the mass transfer related properties of the sulfide film
in dilute simulated groundwaters [8]. This trend is consistent with
the observations of Newman et al. [20], who found sulfide films to
be passivating in the absence of any pre-corrosion of steel sub-
strates. Interestingly, the low R�1

P in the presence of sulfide, was
approximately equal to the value recorded in anaerobic solutions
without sulfide ([4.4 ± 1.2] � 10�5 ohm s�1 cm�2) [9].

On switching from anaerobic to aerobic conditions on day 78
(Fig. 1), ECORR increased within a matter of hours to �600 m VSCE,
eventually exceeding �500 m VSCE within days. This was accompa-
nied by an increase in R�1

P of approximately one order of magnitude
from 5 � 10�5 ohm s�1 cm�2 prior to aerobic exposure to
4 � 10�4 ohm s�1 cm�2 immediately after its addition. This imme-
diate response of ECORR and R�1

P to the switch to aerobic conditions
confirms that the sulfide covered surface is very susceptible to cor-
rosion, and despite some fluctuations, both ECORR and R�1

P remain
fairly constant over the 26 day aerobic exposure period.

Fig. 6. (a) Low magnification and (b) high magnification SEM micrographs of the
sulfide-rich region shown in Fig. 2; (c) EDX spectra recorded on the same location.
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To support our corrosion experiment and to better understand
the stability of, and corrosion processes between, iron oxides and
sulfides in general, we have performed a series of surface analyses
by SEM/EDX and optical/Raman of the exposed corrosion coupon at
various surface features. For a particular location, the correspond-
ing SEM and optical images are both shown throughout as the two
imaging techniques are complementary. They provide salient
information regarding the microstructure of various surface fea-
tures (SEM), and the color of the corrosion product deposits (opti-
cal) provide additional evidence to support Raman fingerprinting
of the various deposits. This methodology is consistent with our
previous research on this topic [6,8–12].

Fig. 2a and b shows optical and SEM images of an apparent cor-
rosion ‘‘front’’ on the steel surface, taken on completion of the
experiment. To the right of the front (boundary) the SEM image
shows a surface only slightly corroded, while to the left a visible
deposit has accumulated. The EDX elemental maps in Fig. 3 shows
strong signals for O on either side of the boundary, but a markedly
stronger S (and Si) signal on the lightly-corroded featureless area
to the right. This is consistent with the presence of a dual oxide-
sulfide layer in this region. One possible source of silicon was the
steel, which is known to contain Si (0.26%). Also, the Fe signal is
noticeably stronger in this region, which is consistent with the
presence of a thinner corrosion product film. The lack of interpret-
able EDX signals near the boundary region is presumed to be due
to an interference of the topography with X-ray emission during
EDX mapping. Thus, to supplement this information, Fig. 4a shows
an SEM image and Fig. 4b an EDX spot analysis of the boundary re-
gion. The strong O and minor S signals confirm this region is pri-
marily oxide. As shown in the optical image in Fig. 5a, the orange
color suggests the deposit is an iron (oxyhydr)oxide; possibly
hematite based on the Raman spectrum in Fig. 5b (220, 286, 400,
485, 604, and 1295 cm�1). It is reasonable to presume that this
phase may have formed directly during aerobic conditions [15].
Alternatively, the iron phase of the original corrosion front phase
may have been maghemite as there is a broad peak between 600
and 700 cm�1 (Fig. 5b). It is also possible that poorly crystallised
iron compounds such as ferrihydrite (5Fe2O3�9H2O) and/or fero-
xyhyte (d-FeOOH) formed in addition to maghemite, although
the in-house reference spectra of maghemite visually matched
the best to the corrosion sample. All of these phases are potentially
susceptible to heat induced conversion to hematite by the laser;
although efforts were made to filter the laser intensity to reduce
oxidation of the film.

The SEM micrograph in Fig. 6a shows the film in the S-rich re-
gion (i.e., the area on the right of the micrograph in Fig. 2b) is
coarse with a light, widely-distributed deposit and a significant
number of ruptured or incipient blisters. The magnified image
(Fig. 6b) shows a porous structure decorated with a fine fibrous de-
posit. During previous exposure experiments, the porous structure
was present after the initial 78 day anaerobic corrosion period [8].
The fine deposit, however, only appeared after the subsequent
26 day aerobic period within the experiments conducted in this
study, suggesting it is a signature of the sulfide to oxide conversion
process. The EDX spectrum, Fig 6c, confirms the presence of both
oxide and sulfide in this area; in comparison, oxide was not previ-
ously seen [8].

The optical image of this area, Fig. 7a, shows the presence of or-
ange clusters suggesting the partial oxidation of FeS to Fe(III) oxide.
Raman spectra recorded in the vicinity of these orange locations
are inconclusive, showing no defined peaks that could be matched
to known reference spectra. However, the spectrum recorded on
the background surface (i.e., at the crosshairs in the optical image,
Fig 7a) clearly shows mackinawite remains the dominant phase
with several broad peaks at 253, 313, 353, and 494 cm�1 and the
band between 600 and 800 cm�1 suggesting the coexistence of a
poorly crystalline (oxyhydr)oxide. Whether or not elemental S is
also present, as expected/predicted from reaction 2, cannot be con-
clusively determined since the Raman peak for S would overlap
with the broad peak observed at 494 cm�1.

SEM micrographs of the oxygen-rich region (i.e., the left side of
the images in Fig. 2) are shown in Figs. 8a and b. At low magnifica-
tion, Fig. 8a, the deposits appear as a collection of irregular clusters.
At high magnification, however, the individual clusters can be seen
to be flower-shaped nanostructures (Fig. 8b). An EDX spot analysis,
Fig. 8c, confirms these deposits are primarily oxide as only a minor
peak for S is observed. Fig. 9a is an optical image of a number of
these flower-shaped deposits. Both Figs. 8a and 9a were both taken
on the iron oxide (left side) of Fig. 2a, but do not necessarily over-
lap as SEM and optical images of the same general area were per-
formed at different times. By morphology alone, it is unclear what
iron oxide phase the flower-shaped deposits belong to. Inter-
spersed between the bright crystals, is a finely particulate (oxy-
hydr)oxide as identified by the dominant, broad Raman peak at
684 cm�1 (Fig. 9b). The deposits appear to be maghemite, although
the interpretation is not definitive as the Raman spectra below
600 cm�1 appears smeared; perhaps due to interference from mul-
tiple overlapping (oxyhydr)oxide phases. A Raman spectrum of the

Fig. 7. Optical image of a location within the sulfide-rich region (Figs. 2 and 6a and b) and (b) a Raman spectrum recorded at the location of the cross hairs in the image. Also
shown in (b) are reference spectra for mackinawite and maghemite.
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bright crystals shows them to be chukanovite (Fe(OH)2CO3, 724
and 1069 cm�1 (Fig. 9c) vs. reference peaks at 715 and
1070 cm�1 [19]). The existence of iron carbonate is likely a rem-
nant of the original anaerobically-formed film; Jack et al. [1]
showed that siderite (FeCO3) and mackinawite coexist under field
conditions, and we have previously also observed this compound
[8].

In an effort to understand the film conversion processes, we
have sought out regions of the surface where different topography
exists to try to correlate these features with sulfide/oxide growth
periods; Fig. 10 is an example. At the far left of Fig. 10 is the edge
of a blister where part of the original sulfide film (formed during
the anaerobic period) appears to have detached from the surface.
The EDX maps for O and S are also shown. Blisters and areas of de-

tached film were never observed prior to the establishment of aer-
ated conditions [8] and are a feature of the aerobic corrosion
process. The absence of an EDX signal for S in this blister region,
where the detachment appears to have occurred, implies that the
detached layer was the original anaerobically-grown mackinawite
layer. The strong signal for S on the scale-covered surface (i.e., the
remainder of the surface) indicates the mackinawite layer re-
mained attached elsewhere. (It is possible that the corrosion lead-
ing to the oxide formation shown on the left side of the images in
Fig. 2 occurred by a similar detachment process.)

Mechanistically, these observations imply corrosion leading to
oxide deposition occurred on the steel surface beneath the anaer-
obically-formed sulfide layer. The alternating rows of high and
low S signal may be due to the deposits apparently present on
the surface (and visible as small particulates in the SEM image,
Fig. 10) in these locations, but may also indicate more extensive
undermining of the sulfide film by oxide formation, which en-
hances its detachment in these areas. The relatively uniform EDX
signal for O at all locations in the image (Fig. 10) supports this
claim, in that oxide forms regardless of the presence of sulfide.

Collectively, these results indicate that aerobic corrosion can
proceed rapidly underneath a weakly adherent mackinawite layer
to produce significant quantities of FeIII oxides. For such a process
to occur the mackinawite layer must be sufficiently porous to al-
low oxide formation to initiate on the steel surface but remain
chemically stable on the time scale of the experiment; i.e., not rap-
idly convert to oxides via the mechanism published by Bourdoi-
seau et al. [4,5]. The proliferation of ruptured and incipient
blisters shown in Fig. 10 confirms many sites where corrosion ini-
tiates below the previously formed sulfide. That direct conversion
of sulfide to oxide is slow at the pH in this experiment is supported
by the SEM/EDX analyses in Fig 6, which show only minor amounts
of iron oxide on the originally-formed mackinawite. Given the
obvious porosity of the mackinawite deposit, many potential loca-
tions are available to initiate the aerobic corrosion process below
the sulfide layer, which then proceeds rapidly leading to the
detachment of the sulfide. Since mackinawite is electrically con-
ducting it is likely that rapid undermining can also be supported
by O2 reduction on the outside of the film. A corrosion mechanism
beneath the iron sulfide, leading to iron sulfide film blistering,
would be consistent with the periodic ECORR and R�1

P transients ob-
served in Fig. 1, following the anaerobic to aerobic transition. A
schematic illustration of this mechanism is shown in Fig. 11.

The results in this study can be compared to our previous ones
[6] in which a period of anaerobic corrosion followed by aerobic
corrosion was conducted in the absence of sulfide. In that experi-
ment a similar transition in ECORR and rapid increase in R�1

P was also
observed. However, this transition led to the initiation of tubercle-
covered pits rather than the undermining process shown to occur
in the present case. Subsequently corrosion in the absence of sul-
fide was concentrated at these tubercle sites, while the remainder
of the surface became passive as the magnetite surface layer con-
verted, at least at the oxide/solution interface, to goethite. While
the R�1

P values cannot be directly compared between these exper-
iments since corrosion propagation is very different, this difference
in behavior most likely reflects the porosity of the sulfide layer,
making it permeable to O2, and its poor adherence to the steel
surface.

4. Conclusions

(1) The influence of switching from anaerobic to aerobic condi-
tions on the corrosion of steel in sulfide solutions has been
studied using electrochemical techniques, SEM/EDX, and
optical microscopy/Raman spectroscopy.

Fig. 8. (a) Low magnification and (b) high magnification SEM micrographs of the
oxide-rich region shown in Fig. 2. (c) EDX spot analysis of the same region.
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Fig. 9. (a) Optical image and Raman spectra of the red deposit (b) and the bright crystals (c) observed within the oxide-rich region shown in Fig. 2 and 8. Also shown in (b) is a
reference spectrum for maghemite.

Fig. 10. SEM image of a region on the surface of the specimen revealing sulfide blistering (top left) where the mackinawite layer originally present has detached. Also shown
are EDX elemental maps of the same area for S and O.
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(2) The anaerobically-formed mackinawite is sufficiently porous
to allow direct access of dissolved O2 to the substrate steel.
This leads to a corrosion process beneath the iron sulfide
film, yielding maghemite and causes blistering and spalling
of the mackinawite layer.

(3) Chemical conversion of mackinawite to Fe(III) oxide, and
possibly S0, at the outer sulfide/solution interface also
occurs, but is slow by comparison to the corrosion process
beneath the sulfide film.
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Fig. 11. Schematic illustration of the corrosion process occurring on a mackinawite-covered surface under aerobic conditions. Corrosion occurs via a rapid under-deposit
process leading to the blistering and spalling of the mackinawite, and by a much slower transformation of the mackinawite layer to any number of (oxyhydr)oxide (e.g.,
maghemite) and sulfur (slow reaction).
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