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Localized Corrosion of Mild Steel in HyS
Containing Agqueous Environments—Case
Studies and Common Mechanisms

Saba Navabzadeh Esmaeely** and Srdjan Nesi¢**

The current study is aimed at proposing a common mechanism of localized corrosion of mild steel in H,S containing aqueous environments,
by utilizing experimental findings reported in a number of studies from the open literature. It is hypothesized that a discontinuity in an iron sulfide
corrosion product layer due to poor formation or a disruption results in initiation of localized corrosion. Then a galvanic coupling between the
underlying steel and the conductive iron sulfide corrosion product layer leads to propagation of localized corrosion at an enhanced rate. This
hypothesis was tested by using five different cases where localized corrosion was observed, which were all in support of the proposed
mechanism. These were Case 1: a poorly formed mackinawite layer Case 2: a partially dissolved pyrrhotite layer Case 3: a disrupted pyrrhotite
layer due to pyrite formation Case 4: a disrupted pyrrhotite layer due to presence of sand, and, finally, Case 5: a disrupted mackinawite layer

due to interference by pyrite.
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INTRODUCTION

I n aqueous H,S environments, localized corrosion of mild
steel is one of the main concerns and has required a con-
siderable effort to understand and ultimately prevent its
occurrence. Localized corrosion often proceeds at a high rate at
locations where the corrosion product layer is incomplete or
damaged."? One of the complicating factors involving aqueous
H>S corrosion of mild steel is the role of different iron sul-
fides®® that could form as a corrosion product layer with distinct
physicochemical and electrical properties.'®'® The iron sulfide
corrosion product layer's thermodynamics and properties have
been investigated and reported in details in prior publica-
tions.’®2" The electrochemical reactions involved in the corro-
sion process may be accelerated through a galvanic effect
due to the additional cathodic surface area that is provided by the
conductive iron sulfide corrosion product layer.'”21-25

Based on the general understanding described in the
literature, the main reasons for localized corrosion in conductive
aqueous H,S solutions can be ascribed to three reasons: the
formation of elemental sulfur,26"2° partial formation/failure of
the iron sulfide corrosion product layer,’®3° and formation of
multiple iron sulfide polymorphs in a corrosion product layer,
leading to nonuniform electrical conductivity.3'-33Although
most of the individual studies found in the open literature'®-26-33
present findings that appear to be valid in isolation, none of
them put forward a common mechanism that can explain lo-
calized corrosion beyond their specific conditions. Even the
first questions that one faces dealing with H,S corrosion: which
iron sulfide is the most detrimental when it comes to localized
corrosion, is in dispute. Therefore, the present study attempts to

bridge these gaps and propose an overarching explanation of
mild steel localized corrosion in aqueous H,S solutions and the
role of different iron sulfides.

In the current study we hypothesize the following:

* a condition leading to poor formation or disruption of
the iron sulfide corrosion product layer results in initiation
of localized corrosion;

* localized corrosion then propagates at that disconti-
nuity in the corrosion product layer via galvanic coupling
between the underlying steel and the conductive iron
sulfide layer.

As obvious as this hypothesis may seem, which has been
an accepted mechanism for corrosion resistance alloys and
stainless steel materials, it was not previously proposed in any
of the H,S studies found in the open literature, covering a broad
range of scenarios in which localized corrosion was observed.

In order to verify this hypothesis, the current study examines five
rather different conditions of steel corroding in aqueous H,S
solutions in which localized corrosion was observed,'81981-3234
The criteria used to select these representative cases were as
follows: the experimental study had to be executed under well
controlled conditions; the study had to be long enough so that
localized corrosion could develop and be unambiguously
detected; and proper surface analysis was executed enabling
the phase identifications and pit depth measurements.

Each of the five selected conditions is described below in
some detail, followed by a discussion explaining the probable
localized corrosion mechanism and how it is consistent with
the proposed hypothesis. These cases include the following:

— Case 1: a poorly formed mackinawite layer;

— Case 2: a partially dissolved pyrrhotite layer;
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— Case 3: a disrupted pyrrhotite layer due to pyrite
formation;

— Case 4: a discontinuous pyrrhotite layer due to pres-
ence of sand,

— Case 5: a disrupted mackinawite layer due to the
interference by pyrite.

CASE ANALYSIS AND DISCUSSION

2.1/ Case 1-A Poorly Formed Mackinawite Layer

It has been reported that a thin iron sulfide corrosion
product layer—mackinawite—is formed on mild steel exposed
to agueous H,S/CO, environments, which typically decreases
the uniform corrosion rate.®353° However, when very small
(trace) amounts of H,S are present in CO,, this leads to
formation of a partially protective mackinawite layer, which
results in localized corrosion.'®3%4%-41 For example, mild steel
underwent localized corrosion when exposed to an aqueous
solution saturated with =100 ppm, H,S in a CO, gas phase, at
atmospheric conditions, where the bulk solution was under-
saturated with respect to both mackinawite and iron carbonate
and trace amounts of dissolved oxygen were present (in the ppb
range).’® However, no localized corrosion occurred when
H,S/CO, was either larger than 100 ppm, or in the absence of
H,S and trace amounts of oxygen (Figure 1).

Mackinawite is the least thermodynamically stable iron
sulfide with the fastest kinetics of formation. Therefore it is
always found as the initial corrosion product; it eventually
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transforms to other more stable forms of iron sulfides, such as
pyrrhotite and pyrite.*? It has been reported that mackinawite
usually forms as a series of thin layers parallel to the steel
surface, consistent with its two dimensional/planar molecular
structure.>“® This leads to anisotropic electronic conductivity of
mackinawite with much higher conductivity in the planar di-
rection.***> When a protective mackinawite layer forms on the
surface of the steel, it leads to retardation of the mass transfer
of the species involved in the corrosion process (Fe?* away from
the surface and H* towards the surface).

Under a poorly formed mackinawite layer, localized cor-
rosion initiates as a result of discontinuities in the layer. This
allows the corrosive species such as H*, to reach the mild steel
surface and be reduced there, while Fe?* leaves the steel lattice
more readily and diffuses away, allowing the corrosion process
to proceed unimpeded at these locations. Given that the
pitting penetration rates reported in above mentioned study
(Figure 1), were significantly higher than the bare steel uniform
corrosion rate at the same conditions, one can conclude that
this is due to a galvanic coupling between the poorly protected
mild steel and the conductive mackinawite layer.

2.2 | Case 2-A Partially Dissolved Pyrrhotite Layer
Pyrrhotite is one of the most abundant iron sulfides found in
the Earth's crust,"**¢*8 which is also a corrosion product com-
monly formed in aqueous H,S corrosion of mild steel. Pyrrhotite
(Fep xS (x = 0-0.2))*74°%2 is an iron-deficient iron sulfide, with a
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FIGURE 1. X65 specimens (a) no H.S, (b) 40 ppm H,S, (c) 90 ppm H,S (d) 150 ppm H,S exposed to an aqueous solution in CO, at 30°C and

pH 5.0, 1 wt% NaCl, 6 d exposure.?’
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monoclinic or hexagonal crystalline structure, depending on its
iron deficiency. Hexagonal stoichiometric pyrrhotite is known as
troilite. Pyrrhotite is a p-type semiconductor'®"? and given its
more positive open circuit potential versus mild steel, there is a
possibility of galvanic coupling.®>° Additionally, pyrrhotite is
electroactive®® %8 with a similar electroactivity as mild steel, when it
comes to H* or H,S reduction."”” When conditions are such that
pyrrhotite forms as a dense uniform corrosion product layer that is
well attached to the steel surface, it offers some protection to
the steel underneath, via retardation of the anodic reaction due to
surface blockage.?” Being a semiconductive layer, pyrrhotite
enables the corrosive species such as H" and/or H,S to be reduced
at the outer surface of the layer, without needing to diffuse all the
way to the steel surface. Under such conditions, the rate deter-
mining step is the rate of mass transfer of ferrous ions produced
by the iron oxidation/dissolution away from the surface, rather than
the mass transfer rate of the cathodic species H* and/or H,S.
However, a pyrrhotite layer can also have a detrimental role when it
is not dense or uniform (similar to what was described above for
mackinawite).

In a previously published study,'® it was shown that mild
steel specimens, with a preformed nonprotective pyrrhotite layer,
experienced localized attack when exposed to aqueous CO, or
aqueous CO,/H,S solutions. In those experiments, the steel was
pretreated at high-temperature in a sulfur-containing oil in
order to form a layer of pyrrhotite via direct sulfidation. The
pretreated specimens were then exposed to a range of
aqueous CO, and H,S corrosion environments. In an aqueous
CO,, solution, the pyrrhotite layer underwent partial dissolution
whereas in a mixed CO,/H,S solution, the preformed pyrrhotite
layer partially transformed to troilite, with some mackinawite
formation at the steel surface. Under both conditions, initiation
of localized corrosion was observed: Fe?* dissolution from the
steel lattice occurred more readily at the sites where the
pyrrhotite layer dissolved or transformed into troilite.

It was reported that the pitting penetration rate increased
significantly when a more conductive electrolyte was used, ap-
proximately 4 mm/y in a solution without salt, and 14 mm/y in a
1 wt% NaCl solution (see Figure 2). The semiconductive
pyrrhotite layer surrounding the pit led to galvanically driven
localized corrosion more so in a more conductive electrolyte.'®

According to the main hypothesis proposed in the present
study, the localized attack was initiated as a result of partial
dissolution/transformation of the preformed pyrrhotite layer.'®
Subsequently, the localized corrosion attack propagated at a high

rate due to the galvanic coupling between the exposed mild
steel surface and the surrounding conductive pyrrhotite layer.?’

2.3/ Case 3-A Disrupted Pyrrhotite Layer Due to
Pyrite Formation

Formation of iron sulfide corrosion products is a transient
process; the initial product is mackinawite, having the fastest
kinetics of formation. The corrosion product layer ultimately
evolves to a more stable layer containing thermodynamically
stable specious such as pyrrhotite or pyrite if the environ-
mental condition allows it.383439.59-63

Localized corrosion associated with a pyrrhotite or pyr-
rhotite/pyrite mixed corrosion product layer has been observed
across a wide range of experimental conditions. Gao, et al.3*
conducted autoclave experiments at constant aqueous H,S
concentration (0.00385 mol/L, where pH,S was in the range of
0.1 bar to 0.18 bar) at different temperatures (80°C to 200°C).
They reported localized corrosion under pyrrhotite/pyrite
layers. In another study,?° conducted at high-temperature (120°C)
and high partial pressures of H,S (0.1 bar to 2 bar), similar
results were observed by the same authors. Under these two
rather distinct sets of conditions, one at a lower temperature
(120°C)?° with 1 bar pH,S and the other at a higher temperature
(200°C) at lower pH,S (0.18 bar), localized corrosion occurred
only when a mixed pyrrhotite/pyrite layer was observed. What
seemed to be common between these two cases was for-
mation of pyrite in a matrix of pyrrhotite. This is consistent with
the hypothesis where disruption of pyrrhotite corrosion
product layer by pyrite led to initiation of localized corrosion.

The disruption of a pyrrhotite layer by pyrite nucleation
has been investigated in mineralogy in great depth,®4®° where
disruptive nucleation of different phases in a “parent” phase
(here pyrite within the pyrrhotite layer) has been well established.
Although there is a grave difference in the duration of pro-
cesses, the well understood transformation process in geological
systems could be used to better understand such phenomena
in a less established field such as aqueous H,S corrosion of mils
steel. As the pyrite phase nucleates in the parent pyrrhotite
phase, microcracks form; this results in a disruption in the
pyrrhotite layer depending on the pathway that this process
follows. Pyrrhotite transformation to pyrite has been postulated
to take place via one of three possible pathways:

(@) It could happen through formation of an intermediary

phase, marcasite by solid-state reaction, where,
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FIGURE 2. Pretreated specimens after exposure to aqueous CO, solution at 30°C and pH 4.0 (a) 1 wt% NaCl, (b) no NaCl.?’
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marcasite crystals follow the preferred orientation— corrosion initiation. It explains why in Gao's2® experiments

hexagonal symmetry of the parent pyrrhotite; this pyrite formation within a pyrrhotite layer led to disruption fol-
transformation results in a volume reduction of iron lowed by galvanic attack stemming from the conductive nature
sulfide by approximately 30% and large micron-size of the pyrrhotite/pyrite layer in a conductive electrolyte. This

cracks; this is followed by solidstate transformation of resulted in propagation of localized corrosion.
marcasite to pyrite with further formation of smaller
cracks, due to additional volume reduction of approxi-

mately 39%.5° 2.4 | Case 4-A Disrupted Pyrrhotite Layer Due to

Presence of Sand

(b) The second pathway is similar, except that the trans- . : n . . i .
formation of pyrrhotite to marcasite is by dissolution/ Solid deposits containing various iron sulfide particles
precipitation with a random orientation for the crystals; ~ Mixed with sand and organic particles are 0e7r12countered
this also results in the formation of micron-size cracks. N the field leading to localized corrosion.™ = Kvarekval and

(c) Pyrrhotite is directly transformed into pyrite by oxidative ~Svenningsen®? reported localized corrosion under pyrrhotite/
dissolution of pyrrhotite, followed by direct precipita- troilite deposit layers exposed to aqueous solutions at room
tion of pyrite, with the final outcome being a porous temperature under high-pressure conditions (10 bar H,S and
layer with very fine cracks and lower porosity.54%° 10 bar CO,). In their study, the cross section images of tested

These iron sulfide phase transformations occurring in a specimens showed that the corrosion product layers under the
corrosion product layer play a significant role in localized pyrrhotite/troilite particles had noticeable defects with the
Fe: Iron M: Mackinawite T: Troilite Py: Pyrrhotite P: Pyrite
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FIGURE 3. X-ray diffraction (XRD) and profilometry analysis of the specimen postexposure to a constant H,S concentration of 0.00385 mol/L at
different temperatures, initial pH 4.0, and 4 d exposure.>*
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deposited particles penetrating into corrosion product layer,
thereby disrupting it. The authors also reported localized
attack under a mixed pyrrhotite/troilite layer including sand when
exposed to similar conditions. In a recent study, corrosion of
mild steel under deposit layers containing pyrrhotite, pyrite, and
sand particles was investigated by Esmaeely.?" In different
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100 um 15 58 SEI

14 54 SEI
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experiments the pyrrhotite particles were mixed with pyrite
particles or sand. In aqueous CO, conditions at atmospheric
pressure, localized corrosion was not observed under deposits
of very fine pyrrhotite particles. However, localized corrosion
was observed under layers containing larger pyrrhotite particles
and under a mixed pyrrhotite/pyrite or pyrrhotite/sand layer.
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FIGURE 4. X65 scanning electron microscope (SEM) and profilometry image under (a) 0.25 g/cm? pyrrhotite (b) 0.125 g/cm? pyrrhotite +
0.125 g/cm? pyrite, and (c) 0.125 g/cm? pyrrhotite + 0.125 g/cm? sand in aqueous CO; solutions at pH 4.0, 30°C, 1 wt% NaCl, (particle size

400 pm to 1,000 um).%’
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(@)

" (b)

FIGURE 5. X65 under 2 mm thick pyrite deposit, (a) with the corrosion product layer (b) without the corrosion product layer exposed to an
aqueous solution sparged with pH,S = 0.1 bar at 25°C, 1 wt% NaCl, Initial pH 4.0.7°

Compared to a pure pyrrhotite layer, the intensity of localized
attack was higher when pyrrhotite was mixed with pyrite and
highest when it was mixed with sand (Figure 4).

In the experiments reported above, the mixed layer was
used in an attempt to simulate the effect of a disrupted pyrrhotite
layer. The experimental results showed that localized corro-
sion initiated as a result of that discontinuity/disruption and
propagated due to the galvanic coupling of the steel surface
and the semiconductive pyrrhotite containing deposit layer, what
is consistent with the hypothesis proposed above.?’

2.5 Case 5-A Disrupted Crystalline Mackinawite
Layer Due to Interference by Pyrite

In a study conducted by Ning,'® localized corrosion was
reported under a pyrite deposit layer placed on a mild steel
specimen surface exposed to an aqueous H»,S solution. In the
absence of pyrite particles these conditions lead to formation of
a protective mackinawite layer. It was suggested by Ning'®
that pyrite formation enhances the mackinawite layer's con-
ductivity in the direction perpendicular to the steel surface
which led to a more effective galvanic coupling. Ultimately, this
resulted in localized corrosion according to Ning'® (Figure 5).

However, the proposed increase in conductivity of the
mackinawite layer does not seem to fully explain the occurrence
of localized corrosion, as reported by Ning."® A uniform
mackinawite layer (with an improved conductivity) would lead to
uniform corrosion, possibly at a higher rate due to a galvanic
coupling. For localized corrosion to happen there needs to be a
local disruption of the mackinawite layer, where corrosion
happens unimpeded at a higher rate. This amounts to an initiation
of localized attack. Subsequently, the attack propagates much
faster because of galvanic coupling of the exposed steel and the
mixed iron sulfide corrosion product layer.

DISCUSSION

Based on the proposed mechanism and the evidence in
the open literature, it may be useful for practical applications to
identify some of the root causes of localized corrosion of mild
steel in aqueous H,S solutions:"

) The exception that is not included in the current discussion is localized
corrosion due to the presence of elemental sulfur, which appears to have a
different mechanism.

Trace amounts of H,S in the presence of CO,,
commonly known as marginally sour conditions. Under
these conditions, the mackinawite layer that forms is
not continuous, which results in localized corrosion ini-
tiation. The propagation of localized attack is aggra-
vated due to galvanic coupling between the mild steel and
the conductive mackinawite layer.

Water chemistry changes leading to dissolution of
the iron sulfide corrosion product layer. Changes in
solubility of iron sulfides are brought about by changes

in operating conditions such as pH, temperature, partial
pressure of H,S, salt concentration, etc. Under those
conditions in which the solubility of iron sulfides
decreases, the layer undergoes dissolution, which is a
nonuniform process; this leads to initiation of localized
corrosion at locations that dissolve first, followed by
propagation due to galvanic coupling.

Conditions leading to transformations from one form
of iron sulfide to another. Some of these transformations
are a result of differences in thermodynamic stability
and kinetics of formation of various iron sulfides (such as,
for example, transformation of mackinawite to troilite
and pyrrhotite). Other transformations are caused by
water chemistry changes either in the bulk solution or
within the corrosion product layer. The best example is the
transformation of pyrrhotite into pyrite, which can lead
to disruptions in the layer due to their different crystal
structures, followed by localized corrosion propagation.
Presence of deposits. Solid deposits are a common
occurrence in oil and gas transportation lines due to
settling at low flow velocities. They can include pro-
duced sand, particles formed by spalling of the corrosion
product layer such as iron carbonate and iron sulfides,
scale particles such as calcium carbonate, barium sulfate,
etc., and organic matter such as asphaltenes and waxes.
The presence of these deposits interferes with the iron
sulfide corrosion product formation which results in a
noncontinuous layer. This may lead to localized corrosion
initiation and propagation due to the galvanic effect.
Chlorides. The CI”ionis commonly referred to as one of
the main causes that leads to localized corrosion for a
broad range of metals and alloys in a wide variety of
environments. Although this is well documented and
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explained for the case of passive metals, there is much
less clarity when it comes to the direct effect of CI” on
localized corrosion of mild steel. Although some cir-
cumstantial evidence exists linking the presence of CI”
with occurrence of localized attack, systematic studies
explaining the mechanisms are lacking. What seems to be
the case is that elevated CI” concentration increases
the solubility of the protective corrosion product layers
such as iron carbonate’® and possibly iron sulfides. This
may lead to partial dissolution of the protective layer and
initiation of localized corrosion described above. Fur-
thermore, the presence of CI” increases the conductivity
of the aqueous solution, which enhances the galvanic
coupling and the rate of localized attack propagation.

CONCLUSIONS

> |t was shown that the localized corrosion observed under
different conditions, discussed in the present study, seems to
share a common mechanism. Whenever an iron sulfide cor-
rosion product layer did not form uniformly or was disrupted, this
led to a discontinuity that resulted in initiation of localized
corrosion. Localized corrosion then propagated at that discon-
tinuity via galvanic coupling between the underlying steel and
the conductive iron sulfide corrosion product layer around it.
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