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This article compares the electrochemical effects induced by inorganic sulfide and sulfate reducing bac-
teria on the corrosion of carbon steel – a subject of concern for pipelines. Biological microcosms, contain-
ing varying concentrations of bioorganic content, were studied to investigate changes to the morphology
of biofilms and corrosion product deposits. Raman analysis indicated mackinawite (FeS1�x) was the dom-
inant iron sulfide phase grown both abiotically and biotically. A fascinating feature of biological media,
void of an organic electron donor, was the formation of putative nanowires that may be grown to acquire
energy from carbon steel by promoting the measured cathodic reaction.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

External corrosion accounts for roughly 38% of the structural
integrity problems facing TransCanada PipeLines Ltd. (TCPL,
Calgary, AB, Canada) along their �60,000 km of gas transmission
pipelines [1]. Corrosion generally occurs when coatings disbond,
exposing the steel to the groundwater and, depending upon the
type of coating, shielding the steel from cathodic protection
[1–3]. For TCPL, microbially induced corrosion (MIC) is of particular
concern as it has been identified as causing severe external pipe-
line failure in three of six probable external corrosion scenarios,
developed primarily from field investigations [2]. It has also been
observed during laboratory studies [3,4]. The scenarios that involve
microbial effects are: (1) anaerobic corrosion with MIC; (2) aerobic
transforming to anaerobic corrosion with MIC; and (3) anaerobic
corrosion with MIC converting to aerobic conditions.

Typically, the anodic half reaction of the iron based pipeline
proceeds according to reaction (1)

Feþ 2H2O! FeðOHÞ2 þ 2e� þ 2Hþ ð1Þ

In this reaction, Fe(OH)2 is considered to be the primary corrosion
product in the absence of sulfide. Abiotic, anaerobic corrosion rates
(CRs) are expected to be <10 lm yr�1 [1,2], limited by the rate of the
following two cathodic processes:
ll rights reserved.
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ith).
2H2Oþ 2e ! H2 þ 2OH ð2Þ

2HCO�3 þ 2e� ! H2 þ 2CO2�
3 ð3Þ

However, in the presence of sulfate reducing bacteria (SRB),
general CRs of up to 200 lm yr�1 are observed, and local CRs can
be as high as 700 lm yr�1 [1]. Beech and Gaylarde have also shown
that the severity of MIC is particularly enhanced if SRB are part of a
bacterial consortium in comparison to the effect of a single SRB
species [5].

SRB are facultative anaerobes that utilize sulfate as a terminal
electron acceptor during energy generation, producing sulfide as
a by-product by the following cathodic reaction:

SO2�
4 þ 9Hþ þ 8e� ! HS� þ 4H2O ð4Þ

In the specific case of carbon steel corrosion, the HS� produced
by the reduction of sulfate anions typically interacts with the fer-
rous iron produced by the anodic reaction (1) to give FeS, rather
than Fe(OH)2, which is evident by the black encrustation which oc-
curs around steel subjected to MIC. Reaction (5) shows a simplified
reaction for the conversion of Fe(OH)2 to FeS, although it is likely
that mixed iron sulfides/oxides may be formed in place of, or sub-
sequent to, reaction (1) [6,7]

FeðOHÞ2 þHS�aq ! FeSþ OH� þH2O ð5Þ

Surface-adsorbed bisulfide species are thought to influence the
anodic process in a manner similar to the catalytic effect of hydro-
xyl anion on iron corrosion [8]. These species can be formed via
chemical (6) and electrochemical (7) reactions:
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FeþHS�aq ! FeHS�ads ð6Þ

FeHSads ! FeHSþads þ 2e� ð7Þ

Subsequently, the reaction of FeHSþads can proceed via two con-
current processes: the release of ferrous species into the liquid
phase (8), or the formation of a surface sulfide film (9):

FeHSþads ! Fe2þ
aq þHS� ð8Þ

FeHSþads ! FeSads þHþ ð9Þ

With a solubility product (KSP) for FeS of 8 � 10�19, the dissolu-
tion reaction (reaction 8) would lead very quickly to the precipita-
tion of different ferrous sulfide species, such as mackinawite
(non-stoichiometric tetragonal FeS1�x), a cubic ferrous sulfide
phase, and troilite (stoichiometric hexagonal FeS) [8]. The concen-
tration of sulfide and the pH governs which ferrous sulfide phases
will be formed. An alternative to the dissolution reaction (8) is the
direct formation of a ferrous sulfide layer on the steel surface,
reaction (9). Shoesmith et al. observed the presence of a surface
mackinawite layer on carbon steel immersed in a saturated
solution of hydrogen sulfide at pH values above 4, indicating that
reaction (9) dominates over the dissolution step, reaction (8), in
slightly acidic to alkaline media [6]. The solution acidity promotes
the dissolution of the surface sulfide film formed via reaction (10)

FeHSþads þH3Oþ ! Fe2þ þH2SþH2O ð10Þ

which would potentially explain the porosity and imperfection of
the surface mackinawite phase observed at pH < 7 [8]. Generally,
partial passivation of steel surfaces in sulfide containing solutions
has only been observed at or above neutral pH, which implies that
the mackinawite layer becomes more protective with increasing pH
[8].

Returning to the biologically relevant systems, several TCPL
field sites have shown SRB activity, despite an applied cathodic
protection potential of �925 mV (vs. the saturated calomel elec-
trode [SCE]) [3]. Pipelines with groundwaters that tested positive
for SRB possessed sulfate and phosphate concentrations in water
trapped beneath the disbonded coating on the pipe that were
1000-fold greater than in the background soil: both chemical spe-
cies are important for bacterial growth [3]. Worse, growth of SRB
surrounding these pipeline systems has been attributed to the
disbonded tape coating adhesives themselves, which were applied
to protect the steel, but served as a primary source of carbon for
bacterial metabolism and growth [3]. Field studies at anaerobic
sites where tape coatings were disbonded showed soft corrosion
tubercles that often contained pasty siderite (FeCO3), and within
the surrounding soil, black encrustations that were identified as
poorly-crystalline iron sulfide indicative of MIC activity [2,3]. As
discussed above, sulfide species readily react with the steel, often
in a heterogeneous manner causing extensive pitting with macki-
nawite as the primary product [9].

Difficulties in simulating complex field conditions in the labora-
tory have meant that only a limited number of experiments have
accurately characterized the complex chemical and biological
interactions between bacteria and pipeline steel [1,10,11]. Conse-
quently, few studies have comprehensively examined the galvanic
couple between the pipe and the dispersed sulfide-rich corrosion
deposit that sustains the high CRs observed at field sites [4,9].
The present paper compares the effect of variations in SRB micro-
cosm conditions to inorganically grown ferrous sulfide films on
steel. The morphologies and compositions of the corrosion prod-
ucts were analyzed using scanning electron microscopy (SEM)
and Raman spectroscopy providing a novel understanding of these
complex biochemical systems.
2. Experimental

2.1. Material and solution preparation

A bacterial consortium, dominated by SRB, which originated
from an oil well located in the Western Canadian Sedimentary
Basin [12] was cultured using modified 1� Postgate media [13],
where � is a multiple of the normal amount of biologically impor-
tant nutrients (i.e., KH2PO4, NH4Cl, sodium lactate, yeast extract,
and sodium citrate) available for the bacteria to consume, contain-
ing (per 1 L of dH2O): 7.0 g NaCl, 1.2 g MgCl2�6H2O, 0.05 g KH2PO4,
1.0 g NH4Cl, 4.5 g Na2SO4, 0.04 g MgSO4�7H2O, 1 mL sodium lactate
(60%), 0.1 g yeast extract, and 0.03 g sodium citrate. Prior to intro-
duction of the bacterial consortium, the media was adjusted to pH
7.3, autoclaved, and degassed in an anaerobic chamber (5% H2, 10%
CO2, and 85% N2). The steel coupons used in this study were 1 cm
in diameter and 3 mm thick, cut from metal plates of 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 [lg g�1]) with a balance of Fe (donated by TCPL).

The steel coupons were polished (2 lm diamond powder, b Dia-
mond Products, Inc., Yorba Linda, CA), immersed in 100% ethanol,
flame sterilized, and placed into 12 mL sterile serum vials filled with
anaerobic modified Postgate media, and sealed using butyl rubber
stoppers and Al-crimp seals to prevent the in-leakage of oxygen.
Microcosm experiments were also performed on steel coupons im-
mersed in media containing five times higher (5�) and lower
(1/5�) levels of biological nutrients based on the modified Postgate
media described above. This was done to observe changes in biofilm
and corrosion product deposition, which are dependent on the
nutrient levels expected at the pipe/groundwater interface [3,4].

A fourth modified Postgate medium, which lacked organic car-
bon (i.e., lactate, yeast extract and sodium citrate), was used to
compare its affect on the colonization of the carbon steel. Depend-
ing upon the conditions of the pipeline coating disbondment, ac-
cess to a carbon source (which also acts as an electron donor for
electrochemical reactions), should be limited. Cells were harvested
from SRB cultures that were grown in modified Postgate media and
later washed five times sequentially by centrifugation in sterile
inorganic media prior to being inoculated into two vials containing
inorganic media with a steel coupon. At 4 days, and at 2 months, a
metal coupon was fixed in 2% glutaraldehyde and processed for
scanning electron microscopy.

A control coupon, exposed to an anaerobic solution containing
50 mM NaHCO3 + 1 mM Na2S�9H2O, was prepared to compare abi-
otic vs. biotic corrosion of the steel coupons. A second inorganic
exposure solution was prepared, with a composition comparable
to that used previously [14]: 0.2 M NaHCO3/Na2CO3 + 0.1 M
NaCl + 0.1 M NaSO4 + 1 mM Na2S at pH 9.5. While this exposure
solution is higher in concentration than the groundwater expected
near pipelines [15], its use allows a comparison our current results
to previous measurements [16,17,14]. For brevity, this article lim-
its its scope to the affect of sulfide on steel. Lee et al. provides a dis-
cussion on the influence of bicarbonate, sulfate, and chloride on
steel [16]. For this experiment an inorganic sulfide film was grown
potentiostatically at �550 mV (vs. SCE; +0.241 vs. the standard
hydrogen electrode) for 24 h to anodically form an iron sulfide film.
The solution was purged with argon for at least 1 h to obtain anaer-
obic conditions, prior to sample exposure. The electrochemical set
up was a standard three electrode cell, described in detail else-
where [14].

2.2. Surface analysis preparation

Biotic samples were fixed with 2% glutaraldehyde for 1 h and
dehydrated using a graded aqueous-ethanol series (25%, 50%,
75%, and 100% � 3) in an anaerobic chamber. Samples were



Fig. 1. Comparison of surface morphologies and variations in organic concentra-
tions based on SRB growth media formed under anaerobic conditions after
1 month: abiotically (a) 50 mM NaHCO3 + 1 mM Na2S; biotically (b) 1� modified
Postgate media, (c) 5� modified Postgate media, and (d) 1/5� modified Postgate
media.
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removed from the anaerobic chamber and placed in 100% deaer-
ated ethanol, critical point dried, and then immediately platinum
coated to allow electron imaging. For abiotic samples, coupons
were washed using anoxic water to remove salts and dried in an
anoxic chamber prior to examination. ZEISS 1540 XB and Hitachi
S4500 field emission gun-scanning electron microscopes (FEG-
SEM) were operated at 5 kV to examine the corrosion surfaces
using secondary electron imaging.

To identify iron phases, a Renishaw 2000 Raman spectrometer
with the 632.8-nm laser line using an optical microscope with a
50� magnification objective lens was used. Both biotic and abiotic
samples were dried anaerobically (as described above) prior to
examination. As mackinawite is susceptible to air oxidation [18–
20], a custom designed stainless-steel, leak-tight cell was used to
prepare and perform ex situ Raman analyses on the potentiostati-
cally grown inorganic iron sulfide film using an argon atmosphere.
A 1=4

00 thick fused silica optical lens (Technical Glass Products Inc.,
Painesville, OH) was used to minimize stray Raman scattering
interference.

3. Results and discussion

3.1. Sulfate reducing bacteria microcosm study

An SEM image of the abiotic control coupon (50 mM
NaHCO3 + 1 mM Na2S exposure solution), Fig. 1a, shows the surface
was covered by rectangular platelets, typically less than 1 lm in
size. Fig. 1b, shows that growth of the SRB consortium on carbon
steel in the 1�modified Postgate media produced a matrix consist-
ing of a biofilm comprising a network of SRB and extracellular
polymeric substances (EPS) [21,22]. Fig. 1c, shows that the steel
coupon in the 5� modified Postgate medium microcosm turned
completely black after 1 week, presumably due to FeS formation.
Some of this material flaked off the surface, and coloured the solu-
tion black within 3 weeks. Fig. 1c also revealed corrosion product
deposits interspersed with an extensive population of SRB; the
curved rods can be easily identified, as highlighted by the white
arrow. Cells were not as thoroughly encrusted by iron sulfides as
seen in other microcosms. This suggests that the microbial growth
rate exceeded the rate of FeS precipitation at the steel surface,
since the colonies were able to grow quickly enough to remain at
the surface. In contrast, the corrosion product deposit on the steel
coupon of the microcosm containing 1/5 � nutrients (Fig. 1d) had
very few cells that were often completely encrusted by iron sul-
fides: one typical encrusted bacteria is labeled by a white arrow.
As can be seen in Fig. 1b and c, the iron sulfide corrosion product
deposits were mostly made of rounded platelets, similar to those
seen in the abiotic control (Fig. 1a). Therefore, FeS precipitation,
at the earliest stages of colonization, or when the system can only
support a relatively small population of bacteria, follows an abiotic
mechanism.

In the modified Postgate media that lacked all soluble, carbon
sources, small black colonies with distinct borders and minor
topography were seen on the metal after 4 days as well as on the
bottom of the glass vial, presumably by growth via recycled organ-
ic carbon from the inoculum. The colonies ranged in size from 0.1
to 1 mm. Fig. 2a shows a micrograph showing part of an SRB colony
on the metal surface from a carbon-free medium. The metal was
covered with bacteria that were connected by organic fibrils and
were generally heavily encrusted by iron sulfides.

Fig. 2b shows a high magnification view of two SRB that are
heavily encrusted and firmly attached to the carbon steel surface
by an extensive array of organic filaments and potentially intercon-
nected via putative bacterial nanowires [23]. The iron sulfides that
precipitate directly on the cells have a knobby texture typical of
amorphous mineral phases, as well as there being iron sulfides
close to the bacteria. Studies have shown that bacterial nanowires
are conductive [23,24], and facilitate various electron transport
coupled reactions [25,26]. We speculate that these structures are



Fig. 2. Surface morphology of the biotic coupon exposed to modified Postgate media
that lacked carbon sources found after 4 days: (a) colony and (b) individual cells.
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grown as a device to capture electrons from the steel directly, or as
a means to capture molecular hydrogen (an alternative electron
donor for SRB, produced during water and proton reduction via
reactions (2) and (3), respectively [27,28]) in the absence of a car-
bon-based source (e.g., lactate). Such behaviour has been observed
for metal-reducing bacteria such as Geobacter sulfurreducens [24]
and Shewanella oneidensis MR-1 [25].
Fig. 3. Raman spectra for two films on the carbon steel surface: curve I for the potentios
1 mM Na2S at pH 9 for 24 h; and curve II for the biofilm shown in Fig. 1a (pH 7.3). The
While bacteria colonization on steel appears to be stochastic, it
is conceivable that biofilm formation is selective. There may be a
link between the colony location and anodic sites. This would
imply that the area surrounding the biofilm is cathodic. Spatial het-
erogeneity is observed on carbon steel, given its inherent micro-
structure. Given the limited data collected, however, it is not
possible to claim that bacteria colonize preferentially at anodic
sites. Preference for one site over another might be a consequence
of better surface adhesion, or the ability to capture nutrients.

In an experiment allowed to continue for 2 months in the ab-
sence of a carbon source, the entire serum vial blackened, presum-
ably through iron sulfide formation. This demonstrated the ability
of SRB to survive for extended periods of time without the addition
of significant amounts of organic carbon, as well as an ability of the
organism to induce extensive corrosion damage even at low levels
of biomass covering a minute fraction of the carbon steel surface.
For the long term project goals of correlating SRB activity with
CRs, this would suggest that the tape adhesives may not be re-
quired as bacterial food sources. It may also explain why iron sul-
fide materials are often found in soils, external to the disbonded
tape coatings. In effect, the ability of the bacteria to extract electri-
cal energy from the corroding steel surface via nanowires while
remaining in the soil may suggest MIC can potentially thrive well
after the adhesive has been exhausted, and despite the presence
of corrosion products like FeS and FeCO3.
3.2. Raman analysis of corrosion product deposits

Fig. 3 compares ex situ Raman spectra for the potentiostatically
grown iron sulfide film (spectrum I), scanned in air, and for the bio-
film grown in modified Postgate media, scanned in an air-free glass
cell (spectrum II). In the frequency range below 1000 cm�1, both
spectra exhibit three distinct Raman peaks at 174, 253 and
310 cm�1 with a broad shoulder at 356 cm�1. Practically identical
spectral features have been reported recently by Bourdoiseau
et al. [19] and Langumier et al. [18] who both identified a partially
oxidized mackinawite phase formed either abiotically or biotically,
respectively. Formation of a slightly oxidized mackinawite phase is
tatically formed iron sulfide film at �550 mV in a mixed anion solution containing
spectra were arbitrary scaled to fit 0–1 ordinate space.
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consistent with the observations by Shoesmith et al. [8], and con-
curs with the proposed mechanism for the effects of sulfide on
steel corrosion, reactions (6)–(9). EDX analysis of the 5�, 1/5�,
and no-electron-donor modified Postgate media identified sulfur
on the surface (data not shown). Given the fact that these surfaces
were black, the shape of bacteria observed in the SEM micrographs
(Figs. 1c, d and 2d) were consistent with SRB, and that Postgate’s
media is designed to favour SRB growth [13] we infer that the
dominant corrosion product deposit for all microcosms is macki-
nawite, consistent with literature observations [2,9].

Fig. 4a is an optical image of an iron sulfide film formed potentio-
statically at �500 mV in a mixed anion solution containing sulfide
species. The surface deposits are inhomogeneously distributed and
composed of a dark film (Location 1) and bright crystals (Location
2): this image is typical of the entire sample. Fig. 4b displays two
Raman spectra collected from the film. The spectrum recorded at
Fig. 4. (a) Optical image of a potentiostatically formed iron sulfide film at �500 mV in a
locations whose ex situ Raman spectra are shown in (b). Location 1 shows a typical spect
siderite/mackinawite signals. Sample analysis was performed in air. The spectra were a
Location 1 closely resembles the spectra shown in Fig. 3b and can
be attributed to mackinawite. There are, however, two additional
discernible spectral features at 1080 cm�1 and at 980 cm�1, which
are consistent with the presence on the surface of siderite and
ferrous sulfate, whose peaks have been reported as 1082 cm�1 and
981 cm�1, respectively [14,29]. Location 2 is primarily covered with
siderite crystallites, as evident from the dominant characteristic
Raman band at 1080 cm�1, compared to the expected 1082 cm�1

[14]. The formation of siderite crystallites suggests that a dissolu-
tion–precipitation process, reactions (8) and (9), likely occurs under
these conditions, reactions (11) and (12), according to the mecha-
nism reported previously by Castro et al. [30]:

FeðOHÞ2 þHCO�3 ! CO2�
3 þ OH� þ Fe2þ þH2O ð11Þ

Fe2þ þHCO�3 ! FeCO3 þHþ ð12Þ
mixed anion solution containing 1 mM Na2S at pH 9 for 24 h highlighting to distinct
rum of a mackinawite dominant phase, while Location 2 shows a spectrum of mixed
rbitrary scaled to fit 0–1 ordinate space.
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The most interesting feature is that the Raman analysis (Figs. 3
and 4b) indicates that both abiotic and biotic film growth mecha-
nisms lead to mackinawite, despite their morphological differ-
ences. Consequently, based on this analysis the expected
corrosion behaviour of steel, in the presence of sulfide, across a
range of redox conditions, may be similar enough that the use of
inorganic sulfide is sufficient to develop steel CRs or rate predic-
tions. However, this simplistic approach does not account for the
heterogeneity that exists in bacterial systems; specifically, the
range in the amount of biomass (i.e., bacterial populations that
can be supported in different environments [nutrient dynamics]).
One concern with using inorganic sulfide compared to biologically
generated sulfide is that the FeS deposits that form, while porous,
partially passivate the steel with time, shortening the effective
length of the galvanic couple between steel and the organic/min-
eral matrix otherwise sustained in the presence of SRB [4].

In a future publication, we will describe a series of five experi-
ments where Na2S was the source of S2�. When untreated steel
was exposed to increasing concentrations of HS� the CR remained
low (<10 lm yr�1) suggesting the presence of a partially passivat-
ing ferrous sulfide film. Newman et al., however, noted that pol-
ished electrodes pre-corroded in a low sulfide solution later
exposed to higher HS� concentration would not passivate [31]. It
is these systems that are perhaps comparable to the chemical con-
ditions occurring within SRB dominated biofilms, and our ongoing
research includes comparisons of such systems.

4. Conclusions

SEM analysis revealed that biofilm formation and corrosion
product morphology are highly nutrient dependent. Reducing the
carbon content in solution appears to favour abiotic corrosion lead-
ing to the formation of crystalline FeS. In the microcosm that
lacked all carbon sources, SRB formed nanowires, presumably to
extract nutrients from the corroding steel, leading to heavy encrus-
tation of the bacteria by sulfides. Raman analysis confirmed that
the dominant iron phase formed was mackinawite under both abi-
otic and microbiological conditions.
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