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Severe corrosion damage may occur when gas transmission pipelines are exposed, at disbonded coating
locations, to trapped waters containing sulfide followed by secondary exposure to air. Aerobic corrosion
with sulfide was investigated in a long-term corrosion experiment in which corrosion was monitored by
measurement of the corrosion potential and polarization resistance obtained from linear polarization
resistance measurements. The properties and composition of the corrosion product deposits formed were
determined using scanning electron microscopy, energy dispersive X-ray analysis, and Raman spectros-
copy. A switch from aerobic to aerobic-with-sulfide corrosion doubles the relative corrosion rate.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction sulfide formed using both biological and inorganic sulfide sources
Gas transmission pipelines are protected by a combination of
coatings and cathodic protection (CP). External corrosion of buried
pipeline steel occurs when coatings, used to protect the steel, dis-
bond, exposing the steel to groundwater and inhibiting the effec-
tiveness of CP [1,2]. Based primarily on field inspections of
coating failure sites [1,2], TransCanada PipeLines Ltd. (TCPL, Cal-
gary, Alberta, Canada) has proposed six corrosion scenarios that
lead to pipeline damage [1,2]. One particularly damaging scenario
involves anaerobic corrosion with microbial effects which turn aer-
obic, and accounts for 17% of all reported coating failures [1,2].

High corrosion rates (2–5 mm yr�1 [2]) are associated with this
corrosion scenario as iron(II) sulfides oxidize to form iron(III) oxi-
des and elemental sulfur or sulfate [1]. This occurrence means that
both Fe and S species are susceptible to oxidation, and the sulfur
produced quickly further oxidizes to sulfite or sulfate, which can
increase acidity. Difficulties in simulating complex field conditions
in the laboratory have meant that only a limited number of exper-
iments have accurately characterized the complex chemical and
biological interactions between bacteria and pipeline steel [3,4],
and few studies have comprehensively examined the galvanic cou-
ple between the pipe and the dispersed sulfide-rich corrosion
deposits that help sustain the high corrosion rates observed at field
sites [4,5]. Previously, Sherar et al. [6] demonstrated that the iron
All rights reserved.
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was mackinawite (Fe1+xS), consistent with published literature re-
sults [7,8]. As a general field, MIC has been extensively studied and
recently reviewed [9–12].

Studies of iron in the presence of inorganic sulfide have been
performed, but primarily in acidic [13,14] and alkaline [15,16]
solutions not immediately relevant to neutral groundwater condi-
tions. Hansson et al. monitored the influence of adding sulfide to
iron specimens pre-exposed to deaerated 0.12 mol L�1 NaHCO3

(pH = 9.25 ± 0.15) [17]. Over 10 days of open-circuit exposure, they
observed the development of a poorly crystalline FeS identified by
Raman spectroscopy as mackinawite. The simultaneous Raman
observation of a-FeOOH and polysulfides, however, suggest that
conditions were not completely deaerated. While Hansson et al.
[17] provide an initial scenario for iron sulfide formation, the dura-
tion of their experiments is too short to allow a direct comparison
to results obtained in the field.

Recently, Sherar et al. investigated the effect of inorganic sulfide
on carbon steel corrosion in a solution containing chloride, bicar-
bonate and sulfate (pH 8.9) [18] by following the evolution of cor-
rosion potential (ECORR) and periodically measuring the
polarization resistance (RP) over an exposure period of a few
months. When freshly-polished carbon steel was exposed directly
to sulfide a low corrosion rate (expressed as the reciprocal of the
measured polarization resistance [RP

�1; (5 ± 1) � 10–5 ohm�1 -
cm

�2
]) was observed; however, when sulfide was added to pre-cor-

roded steel, the corrosion rate tripled [18]. These observations
were consistent with the results reported by Newman et al. [19],
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who hypothesized that a pre-corroded surface prevents FeS passiv-
ation. In their work, polished electrodes exposed to 15 mmol L�1

HS� would passivate ([RP
�1] < 2 � 10�5 ohm�1 cm�2) within eight

days. However, electrodes pre-corroded in a low sulfide solution
(0.6 mmol L�1 HS�) and then later exposed to a higher concentra-
tion (15 mmol L�1 HS�) would not passivate (RP > 5 � 10�4 -
ohm�1 cm�2) [19].

Previously, we have studied the influence of anaerobic–aerobic
cycling on the corrosion of carbon steel in near-neutral pH simu-
lated groundwaters [18,20,21] in the absence of any sulfide, since
this is one identified route for the accumulation of significant pipe-
line damage [1,2]. A sequence of such cycles, over a period of
238 days, lead to corrosion localized within tubercles with most
of the corrosion leading to an increased depth of penetration be-
neath the tubercle cap [18,20,21]. Surrounding the tubercles was
a thick magnetite/maghemite film, as a consequence of a sequence
of anaerobic–aerobic corrosion cycles [20,21]; the addition of sul-
fide had no immediate effect on the corrosion rate [18]. The pres-
ence of small amounts of mackinawite on the oxide surface implies
minor chemical conversion of the thick film, suggesting that corro-
sion rates could eventually increase [18].

In the present article, we investigate the influence of sulfide and
aeration on such a corrosion scenario using our previously devel-
oped methodology [18,20,21]. ECORR was monitored and RP

�1 val-
ues were obtained periodically using linear polarization
resistance (LPR) measurements. Subsequently, the morphology
and composition of the corrosion product deposits were deter-
mined using scanning electron microscopy (SEM) and energy dis-
persive X-ray spectroscopy (EDX), and Raman spectroscopy.
2. Experimental details

2.1. Materials and electrode preparation

Experiments were performed with 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.%]) with a balance of Fe (procured from TCPL). For corrosion
measurements, cubic coupons, 1.0 � 1.0 � 1.0 cm, were cut from
metal plates and fitted with a carbon steel welding rod (4 mm
diameter), to facilitate connection to external equipment. Elec-
trodes and specimens were then encased in a high performance
epoxy resin (Ameron pearl grey resin and 90HS cure) with only a
single face exposed to prevent exposure of the electrical contact
to the solution. Prior to each experiment, the exposed face (surface
area 1.0 cm2) was ground sequentially on 180, 320, 600, and
1200 grit silicon carbide paper, and then ultrasonically cleaned
for ten minutes in deaerated, ultrapure de-ionized water (Milli-
pore, conductivity: 18.2 MX cm) mixed with methanol at a ratio
of 1:1 to remove organics, and finally ultrasonically cleaned in Mil-
lipore water.
2.2. Solution

The experiment was conducted in an aqueous solution contain-
ing research grade 0.2 mol L�1 NaHCO3 + 0.1 mol L�1 NaCl + 0.1
mol L�1 Na2SO4. This solution was chosen to allow comparison to
previous measurements [20–25]. The pH was set to 8.90 ± 0.05
with NaOH or HCl prior to beginning the experiment.

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. Following a period of aerobic corrosion, ali-
quots of HS� (source: 0.1 mmol L�1 Na2S�9H2O stock solution)
were added using a micropipette.
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 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 coupons, the electrolyte solu-
tion was purged for at least one hour in ultra high purity Ar (Prax-
air, Mississauga, ON) to generate anaerobic conditions. Each
experiment was performed using either a Solartron 1480 Multistat
or a Solartron 1287 Potentiostat, running Corrware software (ver-
sion 2.6 (Scribner Associates)) to control applied potentials and
to record current responses.
2.4. Experimental procedure

The ground steel electrode was exposed to anaerobic conditions
prior to aerobic corrosion followed by aerobic corrosion with addi-
tions of sulfide. Additional specimens were exposed to the same
solution and used in subsequent analyses. The electrode and spec-
imens were cathodically cleaned at �1.3 VSCE for one minute to re-
duce any air-formed surface oxide. The potential was then stepped
to �1.1 VSCE for one minute to reduce H2 production and clear the
surface of H2 bubbles while maintaining cathodic protection. The
corrosion potential (ECORR) was then monitored continuously, ex-
cept for brief periods (every 24 h) during which the polarization
resistance (RP) was measured using the linear polarization resis-
tance (LPR) technique. LPR measurements were performed by
scanning the potential ±10 mV from ECORR at a scan rate of
0.1 mV s�1, and 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. Periodically, specimens
were removed for surface analysis and not subsequently replaced
in the cell [20].
2.5. Surface analysis

Specimens and electrodes removed from solution during, or on
completion of, an experiment were quickly rinsed in deaerated,
Millpore water to prevent the precipitation of the electrolyte. Spec-
imens were dried in the anaerobic chamber to minimize exposure
to air during transfer for surface analysis. The electrode and spec-
imens were analyzed by scanning electron microscopy (SEM), en-
ergy dispersive X-ray (EDX) analysis, and Raman spectroscopy.
SEM was performed along with EDX to elucidate the morphology
of corrosion deposits and to determine their elemental composi-
tion using a Hitachi S4500 field emission SEM and employing a pri-
mary beam voltage of 10 kV. To identify iron oxide/sulfide phases,
a Renishaw 2000 Raman spectrometer, with a 632.8 nm laser line
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 [7,26–28].
3. Results and discussion

The steel was subjected to an anaerobic corrosion period of
28 days followed by a 38 day period of aerobic corrosion prior to
the introduction of sulfide. While this is not a corrosion scenario
specifically identified by TCPL [1,2,4], it was explored to determine
the influence of sulfide on an already corrosion-damaged surface.



Table 1
Expected Raman peak positions for various iron phases.

Compound Composition Raman Shift (cm�1) Reference

Hematite a-Fe2O3 226, 292, 406, 495, 600, 700 [26]
Goethite a-FeOOH 297, 392, 484, 564, 674 [26]
Mackinawite Fe(1+x)S 254, 307, 318, 354 [7]
Maghemite c-Fe2O3 358, 499, 678, 710 [26]
Magnetite Fe3O4 297, 523, 666 [26]
Siderite FeCO3 734, 1089, 1443, 1736 [27]
Sulfur S8 150, 220, 475 [28]
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Fig. 1 shows ECORR (line) and RP
�1 (data points) as a function of

time.
During the initial anaerobic period, ECORR remained below

�800 mVSCE for the entire 28 days, and RP
�1 remained <1 � 10�4 -

ohm�1 cm�2 consistent with the previously observed anaerobic
corrosion behavior [2,22,29,30]. On switching from anaerobic to
aerobic conditions (day 28), both ECORR and RP

�1 increased rapidly
to �430 mVSCE and >8 � 10�4 ohm�1 cm�2, respectively (Fig. 1).
Subsequently, ECORR slowly decreased and, after passing through
a shallow minimum value at �35 days, increased to a final stea-
dy-state value of �530 mVSCE. These changes in ECORR were accom-
panied by a decrease and increase in RP

�1, with a maximum value
in RP

�1 being achieved at the minimum value in ECORR. This sug-
gests that, despite the decrease in RP

�1 between days 28 and 30,
the overall consequence of the decrease in ECORR prior to the shal-
low minimum (35 days) is an increased activation of the steel sur-
face. Beyond this maximum in RP

�1 the minor increase in ECORR was
accompanied by a slight, but steady, decrease in RP

�1. While this
minor decrease in RP

�1 does not indicate passivation, it does sug-
gest that the accumulation of an oxidized corrosion product layer
led to a minor suppression of the overall corrosion rate. Despite
the fact that the LPR method yields an average RP

�1 value for the
entire surface, it cannot discount or detect ongoing localized corro-
sion (e.g. pitting) phenomena.

The first addition of sulfide led to an immediate 50 mV decrease
in ECORR to �600 mVSCE, accompanied by a substantial increase in
RP
�1 up to �1.8 � 10�3 ohm�1 cm�2. After �2 days, ECORR increased

again and RP
�1 decreased. This behavior implies that local sites,
Fig. 1. The change of corrosion potential (ECORR; line) and inverse polarization resista
conditions. Aliquots of HS� were added during various stages during this aerobic period
activated on addition of sulfide were, at least partially, passivated
by iron sulfide formation. Over the following 3 days ECORR de-
creased slightly and RP

�1 increased, suggesting the gradual conver-
sion of the more inhibiting oxide to a less protective iron sulfide
[17,31,32]. Three further additions of sulfide, leading to a final total
[HS�] of 3.75 mmol L�1, generated similar transients in ECORR and
RP
�1. At an [HS�] of 3.75 mmol L�1, RP

�1 was 3� the value recorded
prior to the first HS� addition. This implies that the overall influ-
ence of HS– under aerobic conditions was to decrease the protec-
tiveness of surface deposits and/or stimulate steel dissolution at
localized pores.

Fig. 2a and b show SEM micrographs of the specimen surface
after exposure to the anaerobic solution for 27 days. Polishing lines
are still visible, indicating that limited corrosion occurred, as ex-
pected based on the very low corrosion rates (proportional to
RP
�1) measured over this exposure period. Fig. 2c is an EDX spot

analysis of the surface showing the presence of Fe, C, Na, and Si.
The presence of Na and Si are not particularly important for this
investigation, however their presence on specimen surface is pos-
sible. We commonly detect traces of Na, which may come from the
electrolyte used, and Si (and sometimes Al), which may come from
either steel impurities or grinding residuals. The weak O signal, and
present as a shoulder on the Fe peak, at �0.7 keV, confirms that
only a thin oxide is present. (When the oxide is thicker, this O peak
is clear and easily resolved from the iron peak [see Fig. 5b) At the
ECORR prevailing in this experiment (<�800 mVSCE, Fig. 1) and in the
absence of obvious deposited siderite (FeCO3) crystals, it is likely
that this thin layer is magnetite (Fe3O4), although this was not con-
firmed by Raman or other analyses.

Fig. 3a is a low magnification SEM micrograph of the electrode
after 29 days of anaerobic corrosion followed by 33 days of aerobic
corrosion (day 62). The most prominent features are the localized
tubercles. Fig. 3b is a close up of the surface surrounding the local-
ized tubercles. The finely particulate corrosion product deposit was
not evident prior to aerobic exposure (Fig. 2). Fig. 4a shows a Ra-
man spectrum recorded on a visibly orange tubercle, and indicates
the presence of goethite, a-FeOOH (peaks at 245, 299, 397, 471,
553, and 678 cm�1 compared to reference peak positions of 297,
392, 484, 564, and 674 cm�1 [26]) and magnetite (299 and
nces (RP
�1; data points) of steel measured under anaerobic followed by aerobic

. The labeled HS� concentration is cumulative for a specific period.



Fig. 2. SEM micrographs of steel after anaerobic exposure for 29 days: (a) low magnification image and (b) high magnification image. (c) EDX spot analysis of the surface.

Fig. 3. (a) Low magnification SEM micrograph of tubercles formed on a steel surface after anaerobic (29 days) followed by aerobic (33 days) exposure. (b) High magnification
SEM micrograph of surface deposits at locations adjacent to the tubercles shown in (a).

Fig. 4. Raman spectra recorded on (a) a tubercle and (b) the oxide surface adjacent to the tubercles shown in Fig. 3. Standard spectra are shown for comparison.
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Fig. 5. (a) SEM micrograph of tubercles after anaerobic (29 days), aerobic (33 days), and aerobic corrosion with sulfide (20 days). (b) EDX spectrum of a tubercle shown in (a).

Fig. 6. Raman spectrum recorded on a tubercle (Fig. 5a) compared to standard
spectra.
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678 cm�1) as the dominant phases. The Raman spectra in Fig. 4b
show that the surface adjacent to the tubercles has a similar com-
position The dominance of goethite is unsurprising in the presence
of dissolved O2 [33]. The very weak Raman peaks at 678 cm�1 in a
tubercle region (Fig. 4a) and 681 cm�1 on the surrounding surface
(Fig. 4b) suggest the presence of magnetite, possibly as a layer
underneath the goethite.

The appearance of tubercles indicates that the introduction of
O2 induced the separation of anodes and cathodes. Once initiated,
corrosion would be expected to concentrate at these locations,
with the surrounding surface remaining considerably less reactive
as previously demonstrated [17,18]. The scattered nature of the
corrosion product deposit on the surface surrounding the tubercles
suggests that, after this relatively short exposure period, the goe-
thite surface layer may not be completely protective allowing O2

reduction in support of active corrosion within the tubercles. A de-
tailed discussion of the reactions leading to the growth of tuber-
cles, including the location of the cathode, has been reported [21].

The surface of the electrode after the full 82 day exposure was
completely black on initial removal from the solution, but the
tubercles turned partially orange (revealing the goethite layer
underneath) consistent with the air oxidation of available Fe(II)
species. This conversion from black to orange tubercles was mini-
mized by quickly placing the electrode in an anaerobic chamber to
dry. Fig. 5a is a SEM micrograph showing an area of the surface par-
tially occupied by tubercles and associated filiforms. The presence
of more and larger tubercles in Fig. 5a compared to Fig. 3a, proba-
bly reflects the fact two different surfaces are being analyzed.
However, the possibility that a combination of oxygen and sulfide
may have caused the initiation of additional tubercles (i.e., more
than expected when only oxygen was present) cannot be ruled
out. Although individual tubercles are smaller in cross section by
width and height, the corrosion morphology is consistent with that
observed after successive periods of anaerobic–aerobic cycling,
with the last cycle being anaerobic corrosion with sulfide [20]. A
cross-sectional area of the pit beneath the tubercle revealed an or-
ange deposit [20]. EDX spot analysis indicates the presence of S on
tubercle surfaces, along with Fe, C, and O (Fig. 5b). The O signal was
still dominant indicating oxide to sulfide conversion is slow on the
time scale of this experiment. The small amounts of Si and Al could
result from steel impurities, or from polishing residue. A Raman
spectrum recorded on a tubercle, Fig. 6, indicates that goethite re-
mains the dominant phase with magnetite (and possibly macki-
nawite) also present. A shoulder in the spectrum, around
465 cm�1, could suggest the presence of elemental sulfur (Ref.
475 cm�1 [7]). An attempt to curve fit the Raman spectra of the
tubercle (post-sulfide exposure) to standard spectra was not
performed.

Fig. 7a and b show low and high magnification SEM micro-
graphs of regions of the steel surface not covered by tubercles. A
random array of overlapping hexagonal shaped wafers with a den-
sity greater than observed in similar locations prior to sulfide addi-
tion, Fig. 7b, is observed, indicating HS� addition lead to enhanced
corrosion in these areas. While EDX spot analysis of the general de-
posit, Fig. 7c, showed S to be present, the relative strength of the O
and S peaks indicates the surface remains predominantly oxide-
covered. However, Raman analysis (Fig. 8) clearly identifies the
presence of mackinawite (254, 302, and 362 cm�1) and probably
elemental sulfur (469 cm�1).

As discussed above, after each successive HS� addition, ECORR

exhibited a transient decrease and recovery, accompanied by a
surge and subsequent decrease in RP

�1. The transients, which con-
tinued for durations of up to 2 days, suggests the response to HS�

of active locations on the steel surface, and are most likely to be at
the exposed steel surface within the tubercles. Given the porosity
of the tubercle caps, HS� penetration at these locations would be
expected to lead to a surge in active corrosion (ECORR decrease;
RP
�1 increase). Since diffusive escape of soluble Fe2+ from within

the tubercles will be difficult in the presence of the goethite caps,
iron sulfide formation, leading to at least partial corrosion inhibi-
tion within the tubercle, would also be expected. Under aerobic
conditions it is possible that such a reaction could be supported
by O2 reduction on adjacent magnetite surfaces around the edge
of the tubercle. Formation of mackinawite within the tubercle
underneath the predominantly goethite cap would then explain
the failure to unequivocally detect this phase in the Raman analy-
ses of tubercle locations.

A second feature of the corrosion process after HS� addition is
the superposition on the transients described above of an overall



Fig. 7. (a) Low and (b) high magnification images of the steel surface surrounding the tubercles shown in Fig. 5a. (c) EDX spectrum of the same region.

Fig. 8. Raman spectrum recorded on the steel surface surrounding the tubercles
shown in Fig. 7a and b. A standard spectrum for mackinawite is shown for
comparison.

Table 2
Summary of calculated averaged inverse polarization resistance (RP

�1) values under
specific exposure conditions.

Exposure
conditions

Period over which RP
�1 was

calculated
Averaged RP

�1

(ohm�1 cm�2)

(i) Anaerobic 0–28 d (3 ± 1) � 10�5

(ii) Aerobic 28–64 d (92 ± 17) � 10�5

(iii) Aerobic with
HS�

64–81 d (182 ± 32) � 10�5
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decrease in ECORR and increase in RP
�1 (Fig. 1). This may reflect the

steady, more general corrosion process on locations outside the
tubercles where mackinawite and sulfur formation are detected.
Beyond the time frame of this experiment this overall conversion
and activation would be expected to continue and lead to the con-
siderably higher rates and unprotective deposits observed under
field conditions. This conversion process is likely to be driven by
the reaction of iron(III) oxide with HS�,

Fe2O3 þ 3HS� þ 3Hþ ! 2FeSþ Sþ 3H2O ð1Þ

according to the mechanism described by Poulton et al. [32].
A comparison of the average RP
�1 values measured in the three

stages of the experiment is shown in Table 2. A comparison of the
RP
�1 shows the increase in aggressiveness of the exposure environ-

ment is clear in going from anaerobic to aerobic conditions and
eventually aerobic conditions in the presence of sulfide. Since these
are average RP

�1 values (proportional to the corrosion rate only if
the process is general) they do not capture the higher absolute val-
ues which prevail within local tubercle sites. Also, since the corro-
sion process is evolving with time from a general to a more
localized process, no attempt is made to determine a valid corro-
sion rate which could be used in a predictive model.

While this experiment was too short to determine what rates
are achievable after long term exposure of corroded steel to aerobic
sulfide solutions it demonstrates that sulfide would promote
destabilization of the oxides on the steel surface especially at loca-
tions were localized corrosion conditions prevail; i.e., at tubercle
sites. The chemical conversion of the oxide-passivated areas of
the surface, while slow, would be expected to persist, and even
accelerate, as S is produced by the oxide-sulfide conversion (reac-
tion 1 [31,32,34]), and further oxidized to thiosulfate [35,36] and
eventually sulfate [36].
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4. Conclusions

(1) A switch from anaerobic to aerobic corrosion lead to an over-
all increase in ECORR and RP

�1. Aerobic exposure induces the
formation of goethite-covered tubercles and a predomi-
nately goethite-covered general surface layer. This is consis-
tent with previously reported aerobic corrosion behavior.

(2) The addition of sulfide to the aerobically-exposed surface
initiates rapid ECORR and RP

�1 transients. Continual sulfide
exposure leads to the slow corrosion of the general surface
leading to the accumulation of mackinawite. The inability
to explicitly detect mackinawite at tubercle sites may
indicate sulfide corrosion is confined to regions under the
goethite-covered tubercle cap.
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