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Effect of Sulfide on Carbon Steel Corrosion
in Anaerobic Near-Neutral pH Saline Solutions
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ABSTRACT

INTRODUCTION

Severe corrosion damage may occur when gas transmis-

sion pipelines are exposed, at disbonded coating locations,

to trapped waters containing sulfide. This scenario has been
investigated in long-term anaerobic experiments in which cor-
rosion was followed by measurement of corrosion potentials
and relative corrosion rates 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 analy-
sis, and Raman spectroscopy. Under anaerobic conditions,
corrosion rates were lower for freshly polished steel than for
precorroded carbon steel exposed to sulfide, suggesting pre-
oxidization of the steel surface prevents passivation in the
presence of sulfide. Under these last conditions, a non-protec-
tive layer of mackinawite forms on the surface and magne-
tite/ maghemite are chemically converted to sulfide and sulfur,
leading to a slow increase in corrosion rate.
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Gas transmission pipelines are protected by a combi-
nation of coatings and cathodic protection (CP). Exter-
nal corrosion of buried pipeline-grade carbon steel
occurs when coatings, used to protect the steel, dis-
bond, exposing the steel to groundwater and inhib-
iting CP."” 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.'?
One particularly damaging corrosion scenario involves
anaerobic corrosion with microbial effects, and occurs
in 27% of all reported coating failure sites.'?

The nature of the corrosion process for carbon
steel is influenced significantly by the anionic compo-
sition of the trapped water (i.e., the water located
underneath the disbonded coating), which contains
CI', HCO;/CO%, and sulfur-containing species of
various oxidation states, from SO? (+6) to HS™ (-2).
Anaerobic corrosion is associated with a low corrosion
rate (CR) (i.e., <10 wm/y)* and the formation of pasty
siderite (FeCO,) deposits.' However, when microbially
induced corrosion (MIC) is observed, trapped waters
are found to contain sulfur species, especially sulfides
produced by sulfate-reducing bacteria, organisms
commonly found in the soil near buried pipelines.
Consequently, CR are much higher (between 200 um/y
and 700 um/y)*® and mackinawite (Fe,,,S) is a major
corrosion product.>* Should such an anaerobic site
turn aerobic, CR become extremely high (i.e., 2 um/y
to 5 mm/y)? because iron sulfides oxidize to form Fe™
oxides and sulfur or sulfate.’
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TABLE 1
Corrosion Experiments Performed
and the Experimental Conditions Used

Steel Preconditioning Exposure
CE Grade Solution® Solution
1 A516 Gr 70 — Concentrated®
2 X65 — Dilute®®
3 A516 Gr 70 E=-750 mV; Concentrated®
60°C

@ Preconditioning solution: 1 mol L™ NaHCO,/Na,CO,.

® Concentrated solution: 0.2 mol L' NaHCO, + 0.1 mol L™ NaCl +
0.1 mol L™ Na,SO,.

© Dilute solution: 5.2 x 10 mol L™ NaHCO, + 6.2 x 10 mol L™
Na,CO, + 0.6 x 10 mol L™ NaCl + 0.5 x 10 mol L™" Na,SO, +
0.1 mol L™ NaCIO,.

In an attempt to mimic the relevant trapped water
chemistry while avoiding the use of bacteria, we have
used sodium sulfide (Na,S-9H,0) as the source of HS".
Comparison of results from this type of study to pub-
lished literature®® and field data'? will aid the devel-
opment of a better understanding of the interactions
of steel with sulfide under various redox conditions. In
a previous paper,® we compared the morphology and
composition of the deposits formed on carbon steel by
inorganic sulfide to those formed by sulfide produced
microbially. Although the film morphologies were dif-
ferent, Raman analyses confirmed that both inorganic
and biological HS™ sources lead to mackinawite film
formation.®

Following our previously developed methodol-
ogy,”® several long-term anaerobic corrosion experi-
ments were performed in solutions containing various
sulfide concentrations. The corrosion potential (Eqogg)
was monitored and relative CR were measured peri-
odically using linear polarization resistance (LPR)
measurements. Subsequently, the morphology and
composition of the corrosion product deposits were
determined using scanning electron microscopy
(SEM), energy-dispersive x-ray spectroscopy (EDX),
and Raman spectroscopy.

EXPERIMENTAL PROCEDURES

Materials and Electrode Preparation

Experiments were performed with either X65 car-
bon 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
(provided by TCPL) or A516 Gr 70 carbon steel (0.23 C;
1.11 Mn; 0.07 P; 0.10 S; 0.26 Si; 0.01 Cu; 0.01 Ni;
0.02 Cr; 0.004 Mo; 0.036 Al; 0.019 V; 0.003 O [wt%)])
with a balance of Fe purchased from Unlimited Metals
(Longwood, Florida). For corrosion measurements,
cubic coupons, 1.0 by 1.0 by 1.0 cm, were cut from
metal plates and fitted with a carbon steel welding rod
(4 mm diameter) to facilitate connection to external
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electrochemical equipment. Electrodes and specimens
were then encased in a high-performance epoxy resin
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 cm?)
was polished sequentially on 180, 320, 600, and
1200 grit silicon carbide (SiC) paper, and then ultra-
sonically cleaned for 10 min in ultrapure deionized
water (Millipore',conductivity: 18.2 MQ-cm) mixed
with methanol (CH;OH) at a ratio of 1:1 to remove
organics, and finally ultrasonically cleaned in deaer-
ated, deionized water.

Solutions

Three experiments were performed and desig-
nated CE1, CE2, and CE3. A516Gr70 steel speci-
mens were used in experiments CE1 and CES3, in
which they were exposed to a concentrated simu-
lated groundwater, and X65 steel in experiment CE2,
which used a dilute simulated groundwater. In gen-
eral, the ion concentrations in the dilute solution were
comparable to those encountered in natural ground
waters,'® though perchlorate was added to increase
the conductivity. This anion is not expected to have
any significant influence on corrosion behavior."

The compositions of all exposure solutions are given
in Table 1, and the composition of the concentrated
solution was chosen to allow comparison to previous
measurements.”®'>'* The pH of all solutions was set
to 8.90 % 0.05 with sodium hydroxide (NaOH) prior

to beginning the experiment. While high compared to
values in the range expected for trapped water (e.g., 5
to 7.3), the choice of this value enables us to compare
observed behavior to the results of previous experi-
ments. Also listed in Table 1 is the composition of the
preconditioning solution used in CE3.

To maintain anaerobic conditions, CE1 and CE2
were performed in an anoxic chamber in Ar-purged
solutions. Anaerobic conditions were maintained in
CE3 by continuously purging the electrolyte solutions
with ultrahigh-purity Ar.

Electrochemical Cell and Equipment

Experiments were conducted in a standard three-
electrode glass electrochemical cell. The counter
electrode was a Pt foil and the reference electrode a
commercial saturated calomel electrode (SCE; 241 mV
vs. standard hydrogen electrode [SHE]). The cell was
either housed in a grounded Faraday cage or placed
in a grounded anoxic chamber to minimize external
noise. Prior to immersion of the steel coupons, the
electrolyte solutions were purged for at least 1 h in
ultrahigh-purity Ar to generate anaerobic conditions.
Each experiment was performed using either a Solar-
tron 1480 multistat or a Solartron 1287" potentiostat,
running Corrware' software (ver. 2.6 Scribner Associ-
ates’) to control applied potentials and to record cur-
rent responses.
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Procedures

The individual corrosion procedures are summa-
rized in Table 2. This sequence of experiments was
designed to investigate the following features:

—influence of HS™ after a period of anaerobic cor-

rosion (CE1)

—influence of HS™ in dilute groundwater (CEZ2)

—influence of HS™ on anaerobic corrosion after a

series of anaerobic-aerobic cycles (CE3)

Figure 1 shows the general potential (E)-time pro-
file used to cathodically clean and precondition the
steel samples (CE3 only’ ,”1% and to follow their corro-
sion behavior. Besides the working electrode used to
measure E,zz and polarization resistance (R;), addi-
tional steel electrodes were exposed to the same con-
ditions and used in subsequent analyses. In stage 1,
all electrodes were cathodically cleaned at —-1.3 V for
1 min to reduce air-formed surface oxide. The poten-
tial then was stepped to -1.1 V (Stage 2) to reduce H,
production and allow the surface to be cleared of H,
bubbles while maintaining CP. For CE3, the poten-
tial was then stepped to -750 mV for 50 h (Stage 3)
in the preconditioning solution to anodically form a
siderite/magnetite film at room temperature.”'® The
electrodes then were removed from the precondition-
ing cell, rinsed in deaerated, deionized water, and
placed in the cell containing the exposure solution.
Details of the exposure during CE3 over the period
prior to adding HS™ have been discussed elsewhere,””®
and involved a series of anaerobic-aerobic cycles last-
ing 202 days prior to sulfide addition. No precondi-
tioning step was used in CE1 and CE2; the electrodes
and additional specimens were cathodically cleaned
(stages 1 and 2) in the exposure solution cell prior to
switching to open circuit (stage 4, Figure 1).

Ecorr Was monitored continuously through stage
5, except for brief periods (every 24 h) during which
LPR measurements were made. LPR measurements
were performed by scanning the potential +10 mV
from E¢opy at a scan rate of 0.1 mV s™, and required a
total of 10 min. Periodically, specimens were removed
for surface analysis (stage 5), the details of which are
reported below or elsewhere.?

Surface Analysis

Specimens and electrodes removed from solu-
tion during, or on completion of, an experiment were
analyzed using SEM (using both secondary and back-
scatter imaging modes), EDX analysis, optical imag-
ing, and Raman spectroscopy. SEM was performed
along with EDX to elucidate the morphology of corro-
sion deposits and their elemental composition using
a Hitachi S4500 field emission SEM and a primary
beam voltage of 10 keV. To identify iron oxide/sulfide
phases, a Renishaw 2000" Raman spectrometer, with
a 632.8 nm laser line and an optical microscope with
a 50X magnification objective lens, were used; opti-
cal images were also obtained on this instrument. The
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TABLE 2
Corrosion Exposure Sequence for Individual
Corrosion Experiments

CE Corrosion Exposure Sequence
1 Anaerobic — anaerobic + HS™
2 Anaerobic + HS™
3 Preconditioned — anaerobic — aerobic — ... —»

anaerobic + HS™

Preconditioning cell Corrosion cell

Ar purge Ar ;;urge

Potential (E/V)

RICIINE) 4 ® |

Time (day)

FIGURE 1. General potential (E)-time profile used to prepare
electrodes and specimens (including the preconditioning solution
used in CE3) and throughout the corrosion experiment. The various
stages used for individual experiments are described in the text and
in Tables 1 and 2.

TABLE 3
Expected Raman Peak Positions
for Various Iron Oxide/Sulfide Phases

Chemical
Compound Formula Raman Shift/cm™ Reference
Ferrous sulfate FeSO, 990 20
Mackinawite Fe .S 254, 307, 318, 354 17
Maghemite v-Fe,O4 358, 499, 678, 710 16
Magnetite Fe,04 297, 523, 666 16
Siderite FeCO, 734, 1,089, 1,443, 1,736 18
Sulfur s° 150, 220, 475 21

expected Raman peak positions for various Fe oxide/
sulfide phases are summarized in Table 3.'%*'

RESULTS AND DISCUSSION

CE1: Effect of Sulfide on Steel Covered by a Thin,

Anaerobically Formed Oxide/Carbonate Layer

In this experiment, sulfide was added to the
exposure solution cell after anaerobic corrosion of
untreated steel for 35 days. Figure 2 shows the behav-
ior of Ecorg and Ry (proportional to the CR [assuming
uniform corrosion]), over the duration of the experi-
ment. The initial decreases in E oz and R, indicate
the formation of a partially protective corrosion prod-
uct deposit. Once established, the steady-state Eqqgg
value remained low (-820 mV) and R, remained con-
stant at ~1 x 10™* Q' cm™. Similar corrosion behavior
was observed previously on an electrode pretreated to
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FIGURE 2. CE1: The change of corrosion potential (Ecorp, broken
line) and inverse polarization resistance (Ry"', proportional to the CR
[assuming uniform corrosion]; data dots) of untreated steel measured
under anaerobic conditions. Aliquots of HS™ were added at various
stages, and the labeled HS™ concentration is that prevailing during
a specific period. Noise in Ecops between 5 and 35 days is from
electrochemical equipment and is <56 mV in amplitude. Electrical
interference between days 38 and 39 resulted in a potential variance
of ~40 mV.

form a magnetite/siderite deposit;” the values of both
Ecore and R, are typical for anaerobic corrosion.”®

The addition of 1 x 10 mol L™ HS™ on day 35 led
to an initial decrease in E oz but eventually to a
more substantial increase to =775 mV (35 to 45 days).
These changes were accompanied by a peak in R,
(~42 days). Beyond 45 days, a steady decrease in
Ecorr Was accompanied by a corresponding increase
in Ry'. The further addition of HS, to a total concen-
tration of 5 x 10 mol L™ (day 55) did not influence
Ecors but led to an increase in Ry before a slight
decrease over the period from 55 to 62 days. The vari-
ations in Eqgrr and R, during the 6 to 7 days after
HS™ addition indicate an increased activation of the
steel on exposure to sulfide. This behavior is similar
to that observed on switching from anaerobic to aero-
bic corrosion.® Also, in both cases, the surface is sub-
sequently partially repassivated by the formation of
corrosion products.”® In the present case, the ongoing
decrease in E.orgz accompanied by an increase in R,
at times beyond 45 days indicates an overall activa-
tion of the surface corrosion process, as the anaero-
bically grown oxide is replaced by sulfide (refer to
Figures 3 and 5 for comparison). The small influence
of increasing [HS] by a factor of 5 after 55 days indi-
cates that the primary feature leading to the overall
activation of the surface is not controlled by the abso-
lute concentration of HS", consistent with the sugges-
tion that the changes in R, are primarily attributable
to changes in the properties of the corrosion product
deposits.

Figures 3(a) and (b) show SEM micrographs of
the steel surface after the anaerobic corrosion period
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(up to 35 days) but before HS™ addition. Raman spec-
troscopy, Figure 4(a), identified the cubic crystals

as siderite, FeCO; (731 ecm™ and 1,082 cm™; vs. ref.
734 cm™ and 1,084 cm™),'® and the layered crystal
stacks as ferrous sulfate, FeSO, (995 cm™; vs. ref.
990 cm™);* the latter is presumed to have precipi-
tated from solution during surface drying, since it is
expected to be a soluble species. Figure 3(a) shows
the base layer under the siderite and sulfate deposits
to be thin and coherent at some locations but appar-
ently porous at others. The high-magnification SEM
image in Figure 3(b) shows this base layer to be ridged
and covered with finely particulate material. Raman
analysis yields a peak at 667 cm™, suggesting that
this thin layer may be magnetite (vs. ref. 666 cm™),'®
Figure 4(b). However, the sample fluoresces above
1,000 cm™, as a result of electronic excitations of the
underlying steel surface induced by the laser. The
observed corrosion product deposits (i.e., siderite and
magnetite) and R, values (i.e., <1 x 10™* Q' cm™?, Fig-
ure 2) are consistent with published observations on
steel under anaerobic conditions.”

SEM micrographs (Figures 5[a] and [b]) show the
film morphology at the end of the experiment (day 62)
after exposure to 1 x 10*mol L' and 5 x 10™* mol L™
HS solutions. The surface was uniformly covered by
a “whiskery” corrosion product deposit with a fine
porous structure. An EDX analysis, Figure 6(a), indi-
cated that S, Fe, O, C, and Na were present on the
surface. One possible source of silicon was the steel,
which is known to contain Si (0.26%). The strength of
the S peak in the EDX spectrum compared to that for
O suggests that substantial amounts of iron sulfide
are present.

Raman analysis of the film, Figure 6(b), reveals
the presence of mackinawite identified by the peak at
315 ecm™ (vs. ref. 318 ecm™)'” and magnetite (661 cm™),
although unidentified peaks are also observed at
330 cm™ and 366 cm™. The broadening of the 661 cm™
peak (vs. ref. 667 cm™)'¢ for Fe,0, could be because of
its presence underneath a mackinawite layer. Surpris-
ingly, Raman did not detect even a weak siderite sig-
nal at ~1,082 cm™. One possibility is that the siderite
was covered with deposited sulfide. There is no reason
to suspect that siderite reacted with HS; in fact, Jack,
et al.,' showed that siderite and mackinawite coexist
under field conditions.

The dominance of mackinawite on the surface,
but with residual magnetite, possibly in a sublayer,
is consistent with the observed increase in E gz and
R;™ (Figure 2). The increase in these parameters on
the first addition of HS™ is not unexpected based on
the observation that the Fe;O, base layer is porous
prior to HS™ addition (Figure 3[b]) and hence suscep-
tible to accelerated active corrosion. The subsequent
increase in Eqorg and decrease in R, (40 to 45 days,
Figure 2) suggests that the mackinawite layer is ini-
tially partially passivating. However, this state is tem-
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FIGURE 3. CE1: (a) SEM micrographs of an anaerobically corroded steel surface before HS™ addition on day 35; (b) a close

up of the base layer in (a).
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FIGURE 4. CE1: Raman spectra recorded on anaerobically corroded steel before the addition of HS™ (35 days). Spectra
recorded on (a) the cubic crystals shown in Figure 3(a), and (b) the base layer shown in Figure 3(b). Also shown in (b) is a

reference spectrum for magnetite.

porary, and passivity is not maintained, as indicated
by the long-term trend in Ecugg (from ~ -780 mV to
-800 mV) accompanied by an increasing R;™. This
long-term increase in R, ' and the accumulation of
mackinawite at the film-solution interface indicates
the ongoing transport of Fe** out of the pores in the
magnetite sublayer. This observation is consistent
with the mechanism claimed by Newman, et al.,’ that
consumption of HS™ at the outer film surface leads
to its depletion at the metal interface at the base of
pores and, hence, the maintenance of the pore struc-
ture. The persistence of Fe;O, on the surface is also
not unexpected since Poulton, et al.,?” have shown
that the direct reaction of magnetite with HS™ is slow
on the time scale of this experiment. In addition,

at the prevailing negative E.orr values, it is possi-

ble that the corrosion process could be sustained by

CORROSION—Vol. 69, No. 1

proton reduction on the outer Fe;O, and Fe,,,S sur-
faces, which should occur below -772 mV, at pH 9. If
the cathodic reaction were to be separated spatially
from the anodic reaction in this manner, then the sul-
fide-depleted locations at the base of the pores could
become slightly acidified by Fe** hydrolysis.

The Eqorr and Ry behaviors suggest that anaer-
obic corrosion of the magnetite/siderite-covered sur-
face proceeds in stages after the addition of HS". The
initial increase in these two parameters suggests that
HS™ accelerates corrosion within pores in the surface
deposits. Since the solution contains a large inventory
of H* stored in the HCO;/CO3 buffer, it is likely that
this acceleration is driven by proton reduction on the
outer surfaces of the magnetite deposit.” Transport of
dissolved Fe** out of the pores would initiate the gen-
eral deposition of mackinawite across the surface,
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FIGURE 5. CE1: (a) Low- and (b) high-magnification SEM micrographs recorded on an anaerobically corroded steel surface

after 61 days of exposure, the final 26 days with sulfide present.
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FIGURE 6. CET1: (a) an EDX spectrum and (b) Raman spectra recorded on the surface shown in Figure 5. Also shown in (b)

are reference spectra for magnetite and mackinawite.

as indicated by the SEM/EDX and Raman analyses.
Hansson, et al.,?® also proposed that Fe** could diffuse
out of porous magnetite films and react with HS™ to
form mackinawite at the mouth of pores. A sche-
matic illustration of this process is shown in Figure
7(a). With time, however, the eventual accumulation of
mackinawite within the pores leads to blockage of the
corrosion process, Figure 7(b), which would account
for the decrease in Ry™.

The steady increase in R, and decrease in Egogg
at longer exposure times (>45 days, Figure 2) suggest
a further replacement of the magnetite by porous and
less protective mackinawite. It is well established that
HS™ can reduce oxy-hydroxides and oxides, including
magnetite, by a surface process.?” Under the acidic-
to-neutral conditions likely in the pores of deposits,
magnetite can be dissolved slowly and reductively by
reaction with HS™:

72

Fe;0, +4HS™ +4H" — 3FeS+S° + 4H,0 (1)

Such a reaction could account for the slow
decrease in Eqorg and increase in R, for exposure
times longer than 45 days (Figure 2). Since no S° was
detected by Raman spectroscopy, the occurrence of
this reaction cannot be confirmed. The relative insen-
sitivity of R, to a five-fold increase in [HS] indicates
that the rate of this oxide-to-sulfide conversion pro-
cess is controlled by slow surface kinetics and, hence,
effectively independent of [HS]. Based on thermody-
namics®* and field observations,'* siderite would be
expected to remain unaffected by the presence of HS".

CE2: Effect of Sulfide on Steel with No

Anaerobically Formed Oxide/Carbonate Layer
In this experiment, one freshly polished steel elec-
trode was exposed to a solution containing anion con-
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centrations more representative of those anticipated
on pipelines. A key difference between this solution
and that used in CE1 is the much lower HCO;/COj3;"
concentration, Table 1. In principle, this will limit the
availability of protons, supplied by HCOj; dissociation,
able to support corrosion. A second difference is the
presence of HS™ from the beginning of the experiment.
According to Newman, et al.,® passivating sulfide films
would be expected in the absence of any pre-corrosion
of the steel.

Figure 8 shows the changes in E.opg and Rp™
recorded over the 78 day duration of the experiment.
Overall, E.ozr Was significantly lower, by up to 80 mV,
than the values recorded under anaerobic conditions
in the absence of HS™ (CE1, up to 35 days). Over the
course of the experiment E oy exhibited a series of
rises (from ~ -900 mV to ~ -830 mV) followed by peri-
odic decreases to values close to the initial value.
Despite these sudden changes, only a small change
in Ry, was observed: its value approximately doubles,
from 2.5 x 10° Q' cm™ to 5.0 x 10° Q' cm™, over
the duration of the experiment. Additionally, periodic
increases in [HS7] did not cause noticeable changes in
either Eqqpr OF Ry, and overall a nine-fold increase in
[HS] was accompanied by only a doubling in Ry™". The
mean value of Ry in the presence of sulfide is 4.5 +
0.6 x 10° Q' cm™, which is effectively the same as
the value recorded under anaerobic conditions in the
absence of sulfide (4.4 + 1.2 x 10° Q! cm™®.”

Figure 9(a) shows a low-resolution SEM micro-
graph depicting the uniform morphology of the cor-
roded surface after 44 days. The visibility of the
polishing lines demonstrates that the surface film
was thin, as expected for the low R, values mea-
sured (i.e., 4.5 = 0.6 x 10®° Q™ cm™). The high-reso-
lution image in Figure 9(b) suggests that the film was
porous. Raman analysis shows the film was predomi-
nantly mackinawite (250, 308, and 351 cm™) and sul-
fur (217 and 474 cm™; vs. ref. 220 and 475 cm™),??
Figure 9(c). The very broad peak with a maximum
between 600 cm™ and 700 cm™ suggests the presence
of magnetite (666 cm™); possibly as a film on the steel
surface beneath the outer mackinawite layer. While
this analysis shows mackinawite to be the dominant
corrosion product, the identification of S° adds cred-
ibility to the claim that magnetite is present, since S°
formation would be expected via the conversion pro-
cess, Reaction (1). There appear to be two possible
reasons for the low corrosion rate:

—the magnetite/mackinawite film is compact and

protective;

—the low concentration of stored protons (as

HCOj) limits the rate of the cathodic reaction.

CE3: Effect of Sulfide on Carbon Steel Covered
by a Thick Oxide Corrosion Product Layer

Figure 10 shows Eqrr and Ry values recorded
over the last two anaerobic sections of a long experi-

CORROSION—Vol. 69, No. 1

Steel
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Hz + 2CO32_

el

(a) (b)
FIGURE 7. Schematic illustrating (a) sulfide-accelerated steel
corrosion in pores in the siderite/magnetite film and (b) partial
passivation of the pores by the accumulation of mackinawite.
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FIGURE 8. CE2: Corrosion potential (Eorn, broken line) and inverse
polarization resistances (R,"', data dots) recorded on steel exposed
to anaerobic conditions in a solution containing sulfide. Aliquots of
HS™ were added at various times and the labeled HS™ concentration
is cumulative for a specific period.

ment involving a series of anaerobic-aerobic cycles
over the first 202 days (CE3). The behavior observed
through these cycles has been described in detail else-
where.®® By the time sulfide was added (202 days,
Figure 10), a portion of the surface was covered by

an orange tubercle (~3 mm to 4 mm in cross section),
beneath which the steel was pitted to a depth of

~275 ym. However, the majority of the surface was
uniformly corroded and covered with a black, compact
magnetite (Fe;O,)/maghemite (y-Fe,O,)-dominated film
(~4.5 um thick).® Despite the variations in Eqgzz over
the final anaerobic period prior to HS™ addition (140
to 202 days, Figure 10), R, showed only minor fluc-
tuations, which is consistent with the conclusions
drawn previously,® that corrosion was concentrated
within the tubercle-covered site® and that the surface
beneath the thick oxide film was largely protected and
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FIGURE 9. CE2: (a,b) SEM micrographs of a steel surface after
anaerobic corrosion in a sulfide-containing solution for 44 days and
(c) a Raman spectrum recorded on the same area. A reference
spectrum for mackinawite is also shown.

inert.® Consequently, added sulfide does not gain
access to the active steel surface under the tubercle.
EDX® and back-scattered electron (BSE) analyses,
Figure 11, performed on termination of the experi-
ment after 238 days detected nano-sized S-containing
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FIGURE 10. CE3: The change of corrosion potential (Ecopgs, broken
line) and inverse polarization resistance (R,™', data dots) measured
during the final anaerobic period after a series of alternating
anaerobic-aerobic cycles in CE3. Details regarding the corrosion
behavior before day 140 can be found elsewhere.®® On day 202, 1 x
10° mol L' HS™ was added to the exposure solution.

particles, presumed to be mackinawite, on the outer
surface of the oxide. However, SEM/EDX analysis of
cross sections of the ~4.5 um oxide, prepared using
focused ion beam milling, revealed no penetration of
HS™ through pores in the oxide.? The minor surface
sulfide deposits indicated a very slow reaction of HS
with the maghemite-covered surface, as expected from
the results of Poulton, et al.,”* indicating that such an
oxide-to-sulfide conversion reaction would be slow.

Anaerobic Corrosion Rates in the Presence
of Sulfide

The R, values calculated for the various phases
in each experiment are plotted in Figure 12. The error
bars in this figure illustrate one half the standard
error associated with the calculated mean values.

The calculated R, values, and the exposure intervals
over which they were calculated, are shown in Table
4. The term “pre-transition” refers to R, values mea-
sured under anaerobic conditions while E oz was

< -800 mV and “post-transition” to values measured
under anaerobic conditions after E.qzz has undergone
a transition to a value of > -550 mV.

In all the experiments described here (where cor-
rosion is effectively uniform), these values can be
taken as relative CR. In this study, a thorough Tafel
analysis was not performed on carbon steel exposed
to sulfide. As the Tafel slopes are expected to change
depending upon the concentration of sulfide exposed
to the steel, no attempt is made to quantify a “real”
CR that could be applied to a predictive model. Nev-
ertheless, comparison of the relative CR measured
in CE1 and CE2 clearly demonstrate that the corro-
sion behavior is influenced by the corrosion history of
the steel prior to the addition of HS". When the steel
has been subjected to a period of anaerobic corro-
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FIGURE 11. CE3: BSE micrographs of the compact black surface
layer covering the majority of the steel surface after 238 days of
exposure. EDX analysis detected S in the small, submicron white
particles.
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FIGURE 12. Comparison of relative anaerobic R, values for
individual corrosion experiments calculated over specified intervals.
R, values were calculated as described in Table 4.

TABLE 4
Summary of Calculated R, Values (Proportional to Corrosion Rate) for Individual Experiments
Under Specific Exposure Conditions

Corrosion Period Over Which the Average Rate/
Experiment Exposure Conditions Rate was Calculated 107 Q"' ecm™
CE1 (i) Anaerobic (pre-transition) 10 to 35 days (Figure 2) 1.05+0.06
(i) Anaerobic (with HS?) 35 to 60 days (Figure 2) 3.13+0.61
CE2 (i) Anaerobic (with HS") 0 to 79 days (Figure 8) 0.45+0.06
CES (i) Anaerobic (pre-transition) 0 to 25 days’ 0.44+0.12
(i) Anaerobic (post-transition) 25 to 45 days® 3.09+0.27
(iii) Anaerobic (with HS") 202 to 238 days (Figure 10) 2.82+0.10

sion prior to HS™ addition (CE1), the rate is increased
substantially by HS™ addition and is dependent on
[HS'], Figure 2. The rate obtained in CE2 is effectively
the same as the anaerobic rate obtained in the early
stages of CE3, measured with a preformed magnetite/
siderite layer present in the absence of HS™.*® This
suggests that the CR is controlled by the properties
of the corrosion product film, irrespective of whether
this is magnetite/siderite (CE3) or mackinawite (CE2).
An additional difference between experiments CE2
and CE3 is the HCO3/CO? concentration, which is
high in CE3 and low in CE2 (Table 2). As discussed
above, a high concentration provides a large inventory
of protons that potentially can support the cathodic
corrosion reaction. The similar CR in CE2 and in CE3
under early anaerobic conditions in the absence of
HS  indicate, therefore, that the corrosion process is
not cathodically controlled, consistent with our claim
that the CR is anodically controlled by the properties
of the surface deposits.

In experiment CE1, which was also performed
in a solution containing a high HCO;/CO?", the addi-
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tion of HS increases the CR considerably, despite an
attempt to repassivate, over 26 days, Figure 2. As dis-
cussed above, and illustrated schematically in Fig-
ure 13, this increased CR can be attributed to the
ability of HS to accelerate corrosion initially in pores
in the preformed magnetite/siderite layer. Since sul-
fide formation does not passivate the surface, in this
case, control of the overall CR by the corrosion prod-
uct deposit is destroyed. It is possible, but pres-

ently unproven, that the enhanced anodic demand

is provided by H* reduction on conducting magnetite
and mackinawite surfaces. The dependence on sul-
fide concentration then could be explained as from a
rebalancing of anodic and cathodic kinetics since con-
ducting magnetite deposits are converted to macki-
nawite by reaction with HS™ via Reaction (1).

CONCLUSIONS

The influence of sulfide on the anaerobic corro-
sion of carbon steel has been studied in a range of
conditions:
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FIGURE 13. Schematic illustration of the reaction of sulfide with a
precorroded steel surface under anaerobic conditions.

% When sulfide is present from the beginning of steel
exposure to aqueous solution, a layer of mackinawite
is formed. The CR is independent of [HS7], indicating
that the rate is controlled by the properties of the sul-
fide film in dilute simulated ground waters.

% If the steel has undergone a period of anaerobic
corrosion leading to the formation of a magnetite/sid-
erite film, the addition of sulfide causes an increase in
the CR initially within pores in the film. However, the
mackinawite deposit that has formed does not passiv-
ate the surface and the chemical conversion of mag-
netite by reaction with HS™ to form mackinawite leads
to a steady ongoing increase in CR. Therefore, corro-
sion appears to be sustained by proton reduction

on magnetite/mackinawite surfaces when the [HCOj]
is high.

% When a thick magnetite/maghemite film is present,
as a consequence of a sequence of anaerobic-aerobic
corrosion cycles, the addition of sulfide has no imme-
diate effect on the CR. The presence of small amounts
of mackinawite on the oxide surface implies minor
chemical conversion of the thick film, suggesting that
CR could increase eventually.
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