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Reduction Reactions on Iron Sulfides in Aqueous Acidic Solutions
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Iron sulfide corrosion product layers commonly form on mild steel surfaces corroding in aqueous H2S environments. These porous
layers present a barrier which may reduce the corrosion rate, however, their semi-conductive nature leads to an acceleration of
corrosion via galvanic coupling, by increasing the cathodic surface area. The electrocatalytic properties of different iron sulfides,
which are important in this process, were unknown. The current study looks at the cathodic reaction rates on the surfaces of geological
pyrite, geological pyrrhotite, and mild steel in HCl, CO2 and H2S aqueous solutions at different pH. Results show that in solutions
where H+ reduction dominates, pyrite has similar electroactivity as X65 steel, while pyrrhotite exhibits approximately one order of
magnitude smaller current densities. An extra wave observed in the cathodic sweeps on pyrrhotite was due to conversion of pyrrhotite
to troilite. In aqueous CO2 solutions, similar results were obtained, while in H2S aqueous environments, both pyrite and pyrrhotite
showed similar electroactivity that was slightly lesser than that of X65 steel.
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Iron sulfides can be found in various forms, the most common
being: mackinawite (FeS) that has a tetragonal crystalline structure,
cubic ferrous sulfide (FeS), troilite (FeS) with a hexagonal structure,
polymorphous pyrrhotite (Fe1-xS), hexagonal smythite (Fe3+xS4), cu-
bic greigite (Fe3S4), cubic pyrite (FeS2) and orthorhombic marcasite
(FeS2).1 They contain iron in different oxidation states (Fe2+ and
Fe3+), with a broad range of non-stoichiometric compositions and
have distinct physicochemical and electrical properties. Iron sulfides
are classified as semiconductors1 with their electrochemistry being an
important area of investigation across different fields of application,
including clean energy related research,2–6 corrosion of steel in H2S
containing environments,7–12 geochemical studies,12–15 etc. For exam-
ple pyrite, and pyrrhotite are two most abundant iron sulfides found
in the Earth’s crust1,16–18 and are at the same time among the most
common corrosion products of steel corrosion due to H2S.

Pyrite is the most thermodynamically stable stoichiometric iron
sulfide,1 having the lowest solubility in water as compared to other
iron sulfides.19 Pyrite is a semiconductor with a resistivity in the
range of 10−5 _ 101 �m20–22 and is found as both n-type and p-
type.23 Pyrrhotite (Fe(1-x)S (x = 0–0.2))17,24–27 is an iron deficient
iron sulfide, with a crystalline structure changing from monoclinic
to hexagonal depending on its iron deficiency. For example, hexago-
nal stoichiometric pyrrhotite is known as troilite. Both pyrrhotite and
troilite are p-type semiconductors with a resistivity20–22 in the range of
10−6 _ 10−1 �m.1

The electrochemistry of iron sulfides investigated to date, has been
mostly focused on anodic reactions, such as phase transformation and
dissolution28–32 which are predominantly important in weathering of
iron sulfides in nature, oxidation during mining33,34 and transportation
and metal extraction.28,29,35 Other researchers in the same field focused
almost exclusively on O2 reduction on the surface of iron sulfides,
which is the most important cathodic process in such systems.36–38

Limited work has been reported on cathodic reactions in acidic media.
In a study that was mostly focused on iron sulfide dissolution by both
anodic and cathodic currents, Peters30 stated that pyrite facilitates H+

reduction due to its low overpotential. Some additional information
on rates of hydrogen evolution on iron sulfide surfaces was reported
in fuel cell related research, where it was found that pyrite is more
active than greigite and pyrrhotite.5,39

The formation of iron sulfide corrosion product layers on mild
steel corroding in aqueous H2S environment is common across a
broad range of conditions. These porous layers offer some degree of
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protection by presenting a diffusion barrier and by covering the steel
surface, leading to retardation in anodic dissolution of iron. However,
the semi-conductive nature of the iron sulfide of the corrosion product
layers could also result in an acceleration of corrosion by signifi-
cantly increasing the surface area for the cathodic reactions, leading
to a galvanic coupling.40 The significance of this effect remains un-
clear since the electrocatalytic properties of different iron sulfides are
unknown. Furthermore, the presence of different iron sulfide layers
has been associated with onset of localized corrosion.8,41–43 The exact
mechanism behind this phenomenon is not yet clear. One possible
explanation is related to different electroactivity of the various iron
sulfides. Therefore, understanding of the rate of cathodic reduction of
corrosive species in acidic media on different iron sulfide surfaces, as
compared to steel, is of crucial importance. The current study cov-
ers an investigation of the cathodic reaction rates on the surfaces of
pyrite, pyrrhotite, troilite, and mild steel in HCl, CO2 and H2S aqueous
solutions at different pH.

Experimental

Experiments were carried out in a glass cell containing 2 liters of
deionized water (DI) and 20.2 gram analytical grade sodium chloride
(NaCl). The key experimental conditions are summarized in Table I.
Prior to each experiment, the solution was deoxygenated with N2 or
CO2 gas for at least 3 hours. For the H2S experiments, following the N2

purge, H2S was added to the gas stream introduced into the glass cell.
The gas flow was maintained continuously throughout the duration of

Table I. Experimental Matrix.

Parameters Conditions

Total pressure 0.1 MPa
Temperature 30◦C
Solution 1 wt% NaCl
Test condition 250, 1000 rpm
Material API 5L X65, pyrite,

pyrrhotite, troilite
Methods EIS, and Potentiodynamic

Sweep
Purged gas HCI solution 0.096 MPa N2

aqueous CO2 solution 0.096 MPa CO2
aqueous H2S solution 0.01 MPa H2S, 0.086 MPa N2

pH value 2.0, 3.0, 4.0 and 5.0 (± 0.1)
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Figure 1. XRD data (a) geological pyrite (b) geological pyrrhotite (c) synthesized troilite.

the experiments. Upon exiting the glass cell, the gas containing H2S
was scrubbed by using a 5 molL−1 sodium hydroxide (NaOH) solution
and multiple dry carbon scrubbers. The solution pH was monitored
by an OMEGA 5992–02 pH probe, deoxygenated hydrochloric acid
(HCl) or NaOH solution was used to adjust the pH.

Four different types of working electrode were used in the current
study, made from: API 5L X65 steel, geological specimens of pyrite
and pyrrhotite, and synthesized troilite. Scientific grade pyrite was
purchased from Alfa Asar, pyrrhotite specimens were provided by
Ward’s Science and synthesized troilite was purchased from Merck
Group. XRD analyses were conducted on the powdered samples of the
iron sulfides to assure that there were no substantial impurities present.
The results of XRD analyses are shown in Figure 1 confirming that
the specimens did not contain any appreciable amount of impurities.

The X65 steel electrode was machined into a disc with a diam-
eter of 5 mm and mounted onto a rotating disc Teflon holder. To
make the iron sulfide electrodes, iron sulfide particles 3 to 7 mm in
size were selected; they were palladium (Pd) coated on one side and
connected to a wire using a silver paste, then embedded in a clear
epoxy and mounted onto a rotating disc Teflon holder. The Pd coat
was implemented to enhance the wiring connection with the iron sul-
fide surface, and minimize ohmic drop, which could interfere with
the electrochemical measurements. The specimens were then sequen-
tially abraded and polished down to a finish obtained with a 0.25 μm
diamond suspension, rinsed with DI water and cleaned with alcohol in
an ultrasonic bath. Then they were dried using N2 and photographed.
Soon after, they were inserted into the experimental cell so that the

exposure to air was minimized in order to avoid any oxide formation.
The photographs were processed using ImageJ open source software,
in order to determine the irregularly shaped surface area of the iron
sulfide working electrodes. Due to the deviation from a perfect circle,
some discrepancy between measured and calculated limiting current
densities was to be expected.

Electrochemical measurements were conducted using a Gamry
Reference 600 potentiostat on rotating disc electrodes (RDEs) in a
conventional three electrode setup, where a platinum mesh was used
as a counter electrode and a saturated silver/silver chloride (Ag/AgCl)
reference electrode, connected via a KCl salt bridge and a Luggin
capillary. Open circuit potential (OCP) measurements were conducted
prior to each potentiodynamic sweep, in order to make sure that it was
stable, which took typically less than 5 minutes. X65 steel exposed
to H2S environment is subject to formation of iron sulfide in H2S
environments, given the relatively fast kinetics of reactions in such
environments. However, due to a short term exposure before each po-
tentiodynamic sweep, the possible interference of the iron sulfide layer
on the measurements was minimized as previously demonstrated.44,45

Electrochemical impedance spectroscopy (EIS) (DC potential 0 mV
vs. OCP, AC potential 10 mV, frequency range 10 KHz to 1 Hz at
10 points/dec), was performed in order to determine the ohmic drop
in the solution at high frequencies (ca. 10 kHz), which was used to
correct the raw potentiodynamic sweep data. Potentiodynamic sweeps
were performed by polarizing the working electrode from the OCP
in the cathodic direction at a scan rate of 1 mVs−1. The potentiody-
namic sweeps were repeated at least three times for each condition, in
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Figure 2. Potentiodynamic sweeps on X65 mild steel, pyrite, and pyrrhotite in N2 purged solutions, 1 wt% NaCl, 30◦C, and 1000 rpm RDE, scan rate 1 mVs−1,
(a) pH 2.0, (b) pH 3.0, (c) pH 4.0 (d) pH 5.0.

some cases without removing the electrode from the solution and in
other cases by using freshly polished electrodes in a newly prepared
solution. The data reported below are the averages obtained in multiple
repeats.

Results and Discussion

HCl aqueous solutions.—In the first series of experiments shown
in Figure 2, cathodic sweeps were obtained on pyrite, pyrrhotite, and
X65 steel in NaCl + HCl aqueous solutions purged by N2 at pH 2.0, pH
3.0, pH 4.0, and pH 5.0; the data were collected at room temperature.
The points shown represent the average value of the current density
obtained in different repeats at the same potential, while the error bars
denote the maximum and minimum values. The lines represent the
calculated current density for H+ reduction on a mild steel surface
obtained by using an electrochemical model previously proposed by
Zheng et al.46 and Esmaeely et al.45

In the current series of experiments, H+ reduction was considered
as the main cathodic reaction:

2H+ + 2e− → H2 [1]

and water reduction was neglected.
In the HCl solution at pH 2.0 and pH 3.0, the pyrite surface showed

similar electroactivity as the X65 steel surface (Figures 2a and 2b). A
full overlap of the H+ reduction curves can be seen in both the charge
transfer and the mass transfer controlled regions, agreeing well with
the model. However, the charge transfer rate for H+ reduction on
pyrrhotite was approximately an order of magnitude slower, while
the limiting current density was the same as on pyrite and X65 steel.

Since the limiting current density is mass transfer controlled, one
would expect that it is independent of the nature of the substrate. At
pH 4.0 this behavior was not as obvious, while at pH 5.0 no clear
limiting current density could be observed and the electroactivity of
the different surfaces does not appear to follow the trend seen at lower
pH(Figures 2c and 2d). This will be discussed in more details further
below.

At pH 2.0, pH 3.0, and pH 4.0 the potentiodynamic sweeps on
pyrrhotite showed an extra “wave”, with a limiting current density
in the range much smaller than what was observed for H+ mass
transfer. In order to understand the nature of the reduction reaction
behind this extra wave, the potentiodynamic sweeps were conducted
on pyrrhotite at different pH as shown in Figure 3. It can be observed
that the position of this wave changes with pH, with a limiting current
density decreasing at higher pH values. This was further investigated
by conducting potentiodynamic sweeps at different rotational speeds,
as shown in Figure 4. There it can be seen that the limiting current
densities for both H+ reduction and the extra wave approximately
halved when the rotational speed decreased by a factor of 4. This
is consistent with the RDE mass transfer limiting current density
expression defined by Levich.

iL = (0.620)nFD
2
3 �

1
2 ν

−1
6 C [2]

where iL is the mass transfer limiting current density (A m−2), n is
the number moles of electrons transferred in the half reaction, F is
the Faraday’s constant (C mol−1), D is the diffusion coefficient (m2

s−1), � is the rotational velocity (rad s−1), ν is the kinematic viscosity
(m2 s−1), and C is the concentration of the reactant (mol m−3).
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Figure 3. Potentiodynamic sweeps on pyrrhotite in N2 purged solutions,
1 wt% NaCl, 30◦C, scan rate 1 mVs−1, 1000 rpm at different pH.

These experiments provided evidence that the extra wave obtained
on the pyrrhotite surface was related, at least in part, to bulk conditions.
Considering that in a deoxygenated HCl solution the only reducible
species are H+ and H2O, the reaction behind the extra wave must have
involved H+ as one of the reactants. Given that the extra wave was
seen only on pyrrhotite it was presumed that the reaction involved both
pyrrhotite and the H+ ions. Nicol et al.,47 and Mikhlin et al.48 proposed
that the following reactions take place upon pyrrhotite exposure to an
acidic solution: pyrrhotite first reduces to troilite, followed by the
chemical dissolution of troilite with release of H2S.

Fe1−xS + 2xe− + 2xH+ → (1 − x)FeS + xH2S [3]

FeS + 2H+ ⇀↽ Fe2+ + H2S [4]

The first reduction Reaction 3 is pH dependent, with an H+ depen-
dency order of 2x (where x = 0 − 0.2 is the extent of Fe2+ deficiency
in the pyrrhotite crystal lattice).25 This reaction proceeds faster at
higher H+ concentrations. Therefore, it is here hypothesized that the
extra wave was due to reduction of pyrrhotite to troilite according to
Reaction 3. The pH and velocity dependency shown in Figure 3 and
Figure 4, as well as the order of the reaction are all consistent with
this hypothesis.

To confirm that the extra wave is reduction of pyrrhotite to troilite,
potentiodynamic sweeps were repeated on troilite electrodes. Results
obtained at two different pH values are compared with the ones from
a pyrrhotite electrode in Figure 5. The absence of the extra wave on
troilite and the overlap of the sweeps at both pH values provided con-
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Figure 4. Potentiodynamic sweeps on pyrrhotite in N2 purged solutions,
1 wt% NaCl, 30◦C, scan rate 1 mVs−1, pH 3.0, at different rotational ve-
locity.

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.1 1 10 100 1000

E
 v

s.
 A

gA
gC

l /
 V

i / Am-2

Pyrrhotite pH 5.0 Troilite pH 5.0 Pyrrhotite pH 3.0 Troilite pH 3.0

Figure 5. Potentiodynamic sweeps on pyrrhotite and troilite in N2 purged
solutions, 1 wt% NaCl, 30◦C, scan rate 1 mVs−1, different pH at 1000 rpm.

vincing evidence for the abovementioned assumption. Therefore, we
can conclude that upon cathodic polarization the surface of pyrrhotite
converts to troilite, and the H+ reduction on pyrrhotite and troilite
surfaces proceeds at practically the same rates.

It should be noted that XRD analysis was not conducted to investi-
gate this transformation process, due to the very thin surface layer of
troilite that would have formed. As a result, conventional XRD would
not be able to detect such a thin layer of troilite. More sensitive tech-
niques such as XPS would be required for such analyses. Furthermore,
preservation of the specimen surface following the removal from the
experimental cell and during the ex-situ analyses poses additional
challenges that would have made the results questionable.

In all experiments conducted on iron sulfide electrodes, another
minor “wave” was obtained in the potentiodynamic sweeps at very
low current densities in the OCP range for the iron sulfides, not shown
in the graphs; this was presumed to be related to the impurities present
at the surface of the electrodes, thus it was ignored. Peters and Majima
also observed similar behavior during polarization of iron sulfides and
attributed it to minor impurities in the parent material.29,30

The electroactivity of pyrite at higher pH values (pH 4.0 and pH
5.0) slightly decreased when compared to X65 steel (Figures 2c and
2d) and the reason behind this behavior is unclear. Pyrrhotite at pH
4.0 showed similar behavior to that seen at lower pH values, how-
ever, at pH 5.0, the potentiodynamic sweeps on pyrrhotite were very
different, as it appeared that there is an acceleration of the H+ re-
duction. It is believed that this is an experimental artifact and is the
result of H2S production due to pyrrhotite conversion to troilite and
troilite dissolution according to Reaction 3 and Reaction 4. The pro-
duced H2S, in the vicinity of the electrode surface alters the surface
pH through a buffering effect. Moreover, produced H2S at the surface
can be reduced, which leads to even larger overall cathodic current
densities. At pH 2.0, pH 3.0, and even pH 4.0, due to a considerably
higher H+ concentration, the generation of a small amount of H2S did
not produced a significant interference. In summary, the potentiody-
namic sweeps obtained at pH 4.0 and particularly at pH 5.0 should be
interpreted with this in mind.

Aqueous CO2 solution.—In an aqueous CO2 solutions, CO2 hy-
dration results in carbonic acid (H2CO3) formation (Reaction 5).
H2CO3 is a weak acid that contributes to the corrosion process through
the buffering effect (Reaction 7) where additional H+ ions are pro-
duced and possibly via direct reduction at the electrode surface (Re-
action 6). The direct reduction of H2CO3 mechanism was broadly
accepted over the past forty years.49 However, it was challenged in
recent years.50–52 The exact mechanism of H2CO3 reduction remains
open to discussion; in the current study, it was assumed that in addi-
tion to H+ reduction there was a direct reduction of H2CO3. The H2O
reduction was not considered here.

CO2 hydration CO2 + H2O → H2CO3 [5]
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Figure 6. Potentiodynamic sweeps on X65 mild steel, pyrite and pyrrhotite in CO2 purged solutions, 1 wt% NaCl, 30◦C, 1000 rpm, scan rate 1 mVs−1, (a) pH
2.0, (b) pH 3.0, (c) pH 4.0 (d) pH 5.0.

direct reduction 2H2CO3 + 2e− → H2 + HCO3
− [6]

buffering effect H2CO3 → H+ + HCO3
− [7]

Similar behavior to what was observed in HCl experiments was
observed in aqueous CO2 solutions (Figure 6). At lower pH values
pyrite showed similar electroactivity to what was obtained on X65
steel when exposed to the same condition. The measured current
densities on pyrrhotite surfaces, were approximately one order of
magnitude smaller. The extra wave attributed to reduction of pyrrhotite
to troilite was also present across all the experimental conditions in
aqueous CO2 solutions. At pH 2.0 and pH 3.0, the cathodic reaction
was dominated by H+ reduction, just like what was seen in HCl
solutions at the same pH, as indicated by the lines generated using
the model. At pH 4.0 and pH 5.0, the potentiodynamic sweeps are
more complicated to interpret in the same way as they were in HCl
solutions without CO2. At pH 4.0, the rate of reactions on pyrite
appears to be somewhat slower than on X65 steel, for reasons that
are not well understood. The same is true at pH 5.0, however, it also
seems that the reactions on pyrrhotite are greatly accelerated at this
pH. Just like in HCl solutions, this is an artifact of the experimental
conditions, where small amounts of H2S produced by conversion of
pyrrhotite to troilite and troilite dissolution (Reaction 3 and Reaction
4 respectively) were immediately reduced leading to higher current
densities.

Aqueous H2S solution.—In aqueous H2S solutions, in addition to
H+ reduction, the dissolved H2S is also directly reduced on the surface

of the electrode (Reaction 8), which manifests itself in the form of
an extra wave on the potentiodynamic sweeps. This was discussed in
detail in recent publications by Zheng et al.,44,46 Kittel et al.53 and
Esmaeely et al.45

2H2 S + 2e− → H2 + 2H S− [8]

Potentiodynamic sweeps conducted at pH 2.0 in an aqueous H2S
solution are shown in Figure 7a, where the dominant cathodic reaction
was H+ reduction. The relatively large error in the measured limiting
current could be attributed to the irregular surface geometry of the
electrodes as was noted above. There, similar behavior was seen to
what was observed in HCl solution shown in Figure 5a; reduction
rates of H+ on pyrite and mild steel overlapped, while on pyrrhotite
approximately one order of magnitude smaller current density was
observed. The extra wave related to reduction of pyrrhotite to troilite
was also present. However, at higher pH values, the H2S reduction is
dominant (Figures 7b–7d). There, it is observed that the H2S reduction
rate is slightly lower (2 to 3 times) on both pyrite and pyrrhotite as
compared to the rate on the X65 steel surface. Thus, the H+ reduction
wave, which was overpowered by the H2S reduction on X65 steel, was
observable on both pyrite and pyrrhotite (Figures 5b–5d). The H2S
reduction rates on pyrrhotite and pyrite were approximately the same.
The pyrrhotite to troilite reduction wave was consistently present
across all the experimental conditions. However, in aqueous H2S so-
lutions the artifact related to H2S production as a result of the reduction
of pyrrhotite to troilite and troilite dissolution, which were observed in
the HCl and aqueous CO2 solution, was not observed here; the small
amounts of produced H2S were negligible in H2S saturated solutions.
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Figure 7. Potentiodynamic sweeps on X65 mild steel, pyrite, and pyrrhotite in aqueous solutions with 0.01 MPa H2S, 1 wt% NaCl, 30◦C, 1000 rpm, scan rate
1 mVs−1, (a) pH 2.0, (b) pH 3.0, (c) pH 4.0, (d) pH 5.0.

Conclusions

Cathodic potentiodynamic sweeps were conducted on the surfaces
of different iron sulfides including pyrite, pyrrhotite and troilite in
deoxygenated acidic aqueous solutions. A comparison of the data ob-
tained on iron sulfides with what was observed on X65 steel showed
that in conditions dominated by H+ reduction, pyrite had similar elec-
troactivity as the steel. There was some minor deviation at pH 4.0
and pH 5.0, for reasons that remain unclear. In the same conditions,
the cathodic current densities obtained on pyrrhotite were almost
the same and approximately one order of magnitude smaller than
what was observed on pyrite and X65 steel. Cathodic sweeps data
on pyrrhotite showed an extra wave at the lower current densities ob-
tained at more positive range of potentials, which was identified to
be due to pyrrhotite reduction to troilite. In aqueous CO2 solutions,
similar results were obtained as in HCl solutions. In H2S containing
aqueous environments, both pyrite and pyrrhotite showed similar elec-
troactivity with corrosion current densities that were slightly smaller
than what was measured on X65 steel.
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