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Galvanic Corrosion between Mild Steel and Iron Sulfides in Acidic
Solutions: Part I. Experimental Factors
Payman Sharifi Abdar,z Bruce Brown, and Srdjan Nesic

Institute for Corrosion and Multiphase Technology, Department of Chemical and Biomolecular Engineering, Ohio
University, Athens, 45701 Ohio, United States of America

With the increase in production of sour oil and gas fields, mitigation of production-related failures due to H2S corrosion of mild
steel is a key challenge. In H2S environments, most failures occur due to localized corrosion originating from the galvanic coupling
between mild steel and conductive iron sulfide corrosion products. However, the mechanism of the galvanic coupling between mild
steel and iron sulfides and the effect of influential parameters, have not been studied yet. Here, we provide a systematic
experimental investigation on the galvanic corrosion between mild steel and iron sulfides by examining the effect of the critical
factors: iron sulfide type, cathode to anode surface area ratio, and salt concentration. Specifically, we focus on pyrite and pyrrhotite
as the main corrosion products found in localized corrosion of mild steel in H2S environments. Our results show that the cathodic
current obtained on pyrrhotite was an order of magnitude higher than that obtained on pyrite, leading to a higher galvanic current
for coupled mild steel-pyrrhotite compared to coupled mild steel-pyrite. Moreover, our study reveals that the increase of cathode to
anode surface area ratio and, to some extent, the increase of salt concentration, enhance the galvanic current for the coupled
materials.
© 2025 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
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H2S corrosion, also known as “sour” corrosion, is one of the
well-researched types of mild steel degradation related to oil and gas
transmission pipelines. This is because localized corrosion is known
to be the main type of corrosion failure in sour environments which
caused 12% of all oilfield corrosion incidents according to a report
from 1996.1 That being the case, control and mitigation procedures
for this type of corrosion could prevent such failures in oil and gas
industries, and significantly enhance asset integrity while reducing
maintenance costs as well as eliminating environmental damages.

The unpredictability of localized corrosion in sour media is a
complicated challenge as several factors, such as the nature of the
corrosion products and the contribution of galvanic coupling, play a
role in this type of corrosion.2–4 Iron sulfides, as the corrosion
products in H2S corrosion of mild steel, consist of various
polymorphs (i.e., mackinawite, pyrite, pyrrhotite) with different
physicochemical and electrical properties. The physicochemical
and thermodynamic properties of iron sulfides have been investi-
gated previously.5–7 Although the formation of these iron sulfides
was shown to somewhat protect the surface of mild steel from
uniform corrosion by forming a diffusion barrier, their conductive
nature was directly associated with the presence of localized
attacks.4,8–12

The corrosive effect of various polymorphs of iron sulfides on
mild steel has been reported for decades.13,14 Although galvanic
coupling between iron sulfides and mild steel has been thought for a
long time to be the main mechanism leading to localized corrosion
on mild steel in H2S environments, the experimental verification of
this mechanism has been recently examined.15–17 In one of the first
studies done in this area, Ning et al.15 showed that galvanic coupling
between pyrite and mild steel could cause severe localized corrosion,
by designing a set of experiments to separate the influence of
galvanic coupling from the chemical effects on the localized
corrosion of mild steel in H2S environments. In these experiments,
the presence of pyrite particles on API 5L X65 steel surface in 1 wt.
% NaCl solution at pH 4, 25 °C, and 0.1 bar pH2S for one week,
resulted in severe localized attacks on the surface of mild steel. In
order to investigate the chemical effects, a thin nylon mesh with a
60 μm pore size was placed between pyrite particles and mild steel

surface in the exact same experimental conditions, and no localized
attack was observed. This study revealed that the localized corrosion
of mild steel in presence of iron sulfides has an electrochemical
nature, and thus proposed the galvanic coupling as the mechanism of
these localized attacks.15 However, the proposed mechanism is just
the first step for achieving the final goal, which is the prediction of
localized corrosion of mild steel in aqueous H2S solutions. Prior to
developing a prediction model, experimental data for the galvanic
corrosion of mild steel in presence of different iron sulfides as well
as for the surface chemistry of iron sulfides are required.

So far, only few studies, which were reported as conference
papers, have measured galvanic corrosion between iron sulfides and
mild steel in order to examine the proposed galvanic mechanism and
understand the effect of experimental parameters on it.16–19 In one of
the previous studies, Tjelta et al.16 experimented the electrochemical
behavior of iron sulfides including pyrite, pyrrhotite and troilite in
various pH values in aqueous H2S solutions. In addition, the
galvanic current and potential were measured when these iron
sulfides were coupled to API 5L X65 steel. The results revealed
that all iron sulfides act as cathodes when coupled to mild steel,
however, pyrite showed the largest ability to polarize the surface of
mild steel while pyrrhotite-steel couple produced the highest
galvanic current. The result seemed somewhat contradictory as the
material that polarizes the mild steel most is expected to produce the
highest galvanic current. The authors discussed that the source of
this discrepancy could emerge from the semiconductive character-
istic of pyrite leading to higher polarization of mild steel.16 Tjelta
et al. also tested the galvanic coupling between mackinawite and
mild steel and found that mackinawite causes small galvanic effect
when the sizes of cathode and anode are equal.20 In another research,
Yepez et al.17 studied the galvanic coupling between carbon steel
C1018 and two iron sulfide samples: pyrite, and mixture of
pyrrhotite and troilite. It was shown that corrosion current of mild
steel increased due to coupling to both samples when mixture of
pyrrhotite and troilite sample produced slightly higher current.17

Finally, in 2018 Navabzadeh19 investigated the galvanic coupling
between API 5L X65 steel and two iron sulfides: pyrite, and
pyrrhotite in various environment at pH 4. The results showed that
steel-pyrrhotite couple generates slightly higher galvanic current
compared with steel-pyrite couple in N2, CO2, and H2S sparged
solutions. However, a significant decline of galvanic current waszE-mail: ps782416@ohio.edu
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observed during all measurements which was associated with
surface reduction in case of pyrrhotite and hydrogen permeation in
case of pyrite. Furthermore, the surface area of iron sulfide cathodes
were not clearly determined in this study.19

Although these studies confirmed that the corrosion rate of mild
steel significantly increased due to the galvanic coupling with iron
sulfides, they lacked a systematic investigation of the effect of
various influential experimental parameters such as cathode to anode
surface area ratio, pH, etc. Apart from the discrepancies that were
mentioned above, the experimental designs of these studies are
subjected to one major drawback: the surface areas of the electrodes
were not properly defined. One of the decisive factors in galvanic
coupling phenomena is the ratio of cathode to anode surface area.
Specifically in the case of localized corrosion of mild steel in H2S
environments, the porosity of iron sulfides, in some cases, results in
a very high surface area of cathode which intensifies the rate of
cathodic current. Therefore, interpreting the results of galvanic
measurements while ignoring the surface area of electrodes is not
conclusive, and in some cases, could even be misleading.

After reviewing the literature dedicated to galvanic coupling
measurements, it would be beneficial to concisely review another
body of literature covering studies which investigated the under-
deposit corrosion of mild steel in presence of iron sulfides. In these
cases, the localized attack occurring in under-deposit corrosion also
stems from the galvanic coupling between the surface of mild steel
and the deposited particles. Thus, these studies might provide more
insights into the underlying mechanism. Unfortunately, the studies in
this area are also very limited. For instance, Kvarekval et al.21

studied the effect of FeS (mixture of pyrrhotite and troilite) deposits
on the surface of UNS K03014 carbon steel in H2S/CO2 environ-
ments. The results showed that the presence of FeS deposits
significantly increased the weight loss corrosion and created severe
localized attacks. The localized penetration depth increased 20 times
in some cases. The same experiments were performed in presence of
sand deposits, and the results indicted a very low rate of localized
corrosion.21 Ning et al.4,22 investigated the corrosion of API 5L X65
mild steel under pyrite and sand deposits in H2S and CO2

environments. Severe localized corrosion was observed in presence
of pyrite while no localized attack was observed in presence of sand
particles. In addition, the effect of the size of pyrite particles on
localized corrosion was examined and it was concluded that the
smaller particles lead to deeper localized pits. The authors stated that
smaller particles provides larger cathodic surface area.22 This
observation is evidence for the importance of cathode to anode
surface area ratio. Lastly, the influence of the presence of pyrrhotite
layer on mild steel surface in various NaCl concentrations in CO2

and mixed H2S/CO2 environments was investigated by Navabzadeh
et al.8,19 A significant observation was that the localized corrosion
rate in 1 wt.% NaCl solutions was reported three times higher than
the solution without NaCl. This result not only showed that the
presence of a pyrrhotite layer enhances localized corrosion of mild
steel, but also substantiated the galvanic nature of localized attack
due to its change with solution conductivity. In conclusion, all the
under-deposit studies mentioned here reaffirmed that the corrosion
rate of mild steel is increased when coupled to iron sulfides.

Following the gap analysis above, in the present work we aim to
extend the mechanistic understanding of localized corrosion of mild
steel in sour environments due to galvanic coupling between the
mild steel and iron sulfides. Herein, in the first part of our study, we

investigate the effect of influential experimental parameters: type of
iron sulfide, cathode to anode surface area ratio, and salt concentra-
tion, on the galvanic corrosion of mild steel due to coupling to iron
sulfides. Understanding the impact of these factors should lead to
revealing the proper mechanism of galvanic corrosion of mild steel
in sour environments. We selected pyrite and pyrrhotite as these
corrosion products have been mostly found when localized attack of
mild steel was observed in presence of H2S, according to previous
studies.4,9,10 Cathode to anode surface area ratio is another important
factor in this process as the high porosity of iron sulfides formed on
the surface of mild steel could increase the surface area of iron
sulfides (cathode) to one or two order of magnitudes higher than the
mild steel (anode). This high ratio could significantly amplify the
effect of galvanic coupling and intensify the localized attack. For
this reason, we designed a specific experimental setup in this study
such that the surface area of electrodes are clearly determined. We
also examined the effect of salt concentration as another influential
factor since higher salt concentration increases galvanic current by
facilitating the electrical current transfer in solution. It is worth
noting that all the experiments have been performed in acidic
solutions without the presence of dissolved H2S. This was done
for the sake of simplicity in this stage of research, in order to clearly
understand the importance of influential factors listed above.

Materials and Methods

Materials.—We designed a specific experimental setup for this
study in order to fulfill the objectives of galvanic coupling
measurements and avoid the discrepancies observed in previous
studies. API 5L X65 was selected to make a mild steel specimen
with the composition shown in Table I, and pyrite and pyrrhotite
were selected to make iron sulfides specimens. Mineral pyrite and
pyrrhotite were purchased from Ward’s Science. For purity analysis,
these rock-like minerals were powdered by pestle and mortar, then
characterized by XRD measurement using Cu Kα radiation as
shown in Fig. 1. Very high purity was observed for pyrite sample
when compared to the reference pattern ICDD# 00-0042-1340.23 For
pyrrhotite sample, comparing the XRD data to the reference pattern
ICSD# 01-079-596924 confirms that sample is mainly composed of
monoclinic crystal structure. In addition, the composition of the
pyrrhotite sample was calculated based on (1 0 2) peak of XRD data,
as shown in the supplementary materials, and it was found to have
the formulae of Fe0.92S. Small peaks that do not match the reference
pattern might originate from the fact that natural mineral pyrrhotite
is generally composed of various crystal structures, i.e., hexagonal,
with different non-stoichiometry compositions which show slightly
different XRD peaks.25 To ensure the purity of pyrrhotite specimen,
Raman spectroscopy was performed at the surface of polished
pyrrhotite electrode using a Bruker confocal Raman microscope
SENTERRA II, and the result (Fig. S1) fits very well with the
reference spectra of pyrrhotite.26,27 A more in-depth analysis of the
purity of pyrrhotite sample is provided in the supplementary
materials.

Experimental design.—As mentioned, we carefully manufac-
tured the exposed surface areas of the test specimen in order to
obtain the desired cathode to anode surface area ratios. The cathode
to anode surface area ratio varied from 1:1, and to the exact values of
8.2:1 and eventually 91.1:1. The goal was to change the area ratio by

Table I. Chemical composition of API 5L X65 carbon steel (in wt.%).

Cr Cu Mn Mo C Co Ni Si Ti As

0.25 0.17 1.51 0.09 0.05 <0.001 0.29 0.17 0.01 0.008

P S Al Sn Sb V Zr Nb Fe

0.004 <0.001 0.028 0.002 <0.001 0.04 <0.001 0.03 balance
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one and then two orders of magnitude in order to detect the
noticeable impact of this factor. In this study, in order to simplify
the illustrations, the ratios will be rounded off and reported as 1:1,
8:1, and 90:1. The actual size of specimens was selected based on
manufacturing limitations. The API 5L X65 steel and mineral iron
sulfides specimens with two different surface areas, 0.196 and
0.0177 cm2 for mild steel and 0.196 and 1.613 cm2 for iron sulfides,
were cut to the desired shape. The back of each of the iron sulfide
minerals were attached to a wire using silver conductive paste and
the whole assembly was embodied in epoxy leaving only the front
surface area exposed. The X65 steel samples were soldered to a wire
and also completely embodied in epoxy leaving only the front
surface area exposed. These two electrodes were placed on a
designed stainless-steel holder with a fixed distance of two cen-
timeters separating them, as shown in Fig. 2. The two electrodes
were insulated from each other while connected externally through a
zero-resistance ammeter (ZRA). A platinum-coated titanium mesh
counter electrode was placed in the middle between these two
electrodes. Also, a Luggin capillary connected to an Ag/AgCl (sat.
KCl) reference electrode (RE) was kept between the platinum
counter electrode (CE) and the working electrode (WE). The
electrodes were facing each other in this design so that the current
distribution would be uniform. The experiments were performed in
an unstirred condition to eliminate the effect of flow. The whole
electrochemical setup was placed in a 2-liter glass cell at 30 °C and
1 bar atmospheric pressure as seen in Fig. 2 (refer to Fig. S2 for the
actual images of specimens) for all the experimental measurements.

Electrochemical measurements.—Prior to each experiment, the
2-litter glass cell was filled with NaCl solution and de-aerated with
nitrogen for at least half an hour. A stir bar was used during this time
to achieve a uniformly mixed and deoxygenated solution, and then
the solution pH was set to the desired value. All electrodes were
polished with 400 and 600 grit abrasive papers, then washed with
isopropyl alcohol and finally dried with N2 gas. For the galvanic
coupling measurements, the mild steel electrode was immersed and
coupled to the iron sulfide electrode for 2 h during which galvanic
current and galvanic potential were measured using the zero-
resistance ammeter (ZRA) method. The 2-hour test duration was
chosen so that the measurements reach stability, but also to avoid
significant formation of corrosion product layers on the surface of
mild steel. In order to observe the behavior of mild steel electrode
during galvanic measurements, the open circuit potential (OCP) and
the corrosion rate of uncoupled steel were measured, using linear
polarization resistance (LPR) method. For this purpose, we un-
coupled the mild steel electrode from iron sulfide electrode every
30 min, performed the OCP and LPR measurements on the steel

specimen, then re-coupled the two and resumed with the galvanic
current and potential measurements. At the end of the two-hour long
galvanic experiment, potentiodynamic polarization sweeps with the
scan rate of 0.5 mV·s−1 were performed on both electrodes. Prior to
each experiment, solution resistance was also measured by per-
forming electrochemical impedance spectroscopy (EIS) experiment
at OCP in the frequency range of 10000–1 Hz with a peak-to-peak
AC voltage amplitude of 10 mV. The solution resistance data were
then used to correct the potentials for LPR, ZRA, and potentiody-
namic measurements. All electrochemical measurements were
performed using a Gamry potentiostat Reference 600.

The solution was kept at pH 5.0 for most experiments, using HCl
and NaOH, in order to mimic the pH in field conditions, and the pH
drift during the galvanic measurements was less than 0.1 which
therefore showed minimal impact on the results. However, we did
change the pH in a few experiments, which will be described in the
last section of the paper.

The effect of aqueous solution conductivity was investigated
using three different salt concentrations. We changed the initial
concentration of 1 wt.% NaCl in water, by an order of magnitude,
down to 0.1 wt.% and up to 10 wt.% NaCl.

In summary, using the experimental design and procedures
described above (see Table SI for the complete test matrix), we
were able to examine the effect of three key experimental parameters
on galvanic corrosion of mild steel when coupled with iron sulfide in

Figure 1. XRD analysis of mineral iron sulfide samples. (a) pyrite, (b) pyrrhotite.

Figure 2. Illustration of the experimental design and the arrangement of
electrochemical cell.
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aqueous solutions: iron sulfide type, cathode to anode surface area
ratio, and solution conductivity.

Results and Discussion

The system of galvanic coupling between mild steel and iron
sulfides can be schematized as Fig. 3a. When the materials are
coupled during the ZRA measurement, anodic and cathodic reactions
occur at the surface of both electrodes. In the case of mild steel
electrode, previous studies revealed that, in mildly acidic solutions,
iron dissolution (Reaction 1) occurs as the anodic reaction and
hydrogen evolution due to hydrogen ions (Reaction 2) as well as
water (Reaction 3) take place as the cathodic reactions.28,29

Regarding the iron sulfide electrode, the nature of the reactions
have not been identified yet, but we will review the potential
reactions that were proposed in literature in the following section.

Fe Fe e2 1s aq
2⇌ + [ ]( )

+
( )

−

H e H2 2 2aq g2+ ⇌ [ ]+
( )

−
( )

H O e H OH2 2 2 3l g aq2 2+ ⇌ + [ ]( )
−

( )
−

( )

Prior to presenting the results of galvanic coupling measure-
ments, it is worth mentioning that we have used the graphical
calculation of the galvanic current from polarization measurements
as an additional method to support our ZRA measurements and to
gain better mechanistic understanding of the results observed in
different conditions. However, it should be considered that ZRA
measurement is the most accurate technique for the measurement
of a galvanic coupling experiment in which the galvanic current
and potential are directly obtained. The polarization curves can be
also used for the estimation of galvanic corrosion as has been
shown in numerous studies.30–35 Hence, it could be valuable to
briefly describe how galvanic current can be quantified using this
method.

Figure 3b qualitatively represents the polarization curves for a
general galvanic coupling measurement and the method for deter-
mining the associated galvanic current and potential. In a general
case, the galvanic or coupled potential, in other words the potential
at which both electrodes stabilize, is found as the intersection of total
anodic currents and total cathodic currents. As a result, Eq. 4 applies
at coupled potential in which Ic coupled

A
, and Ia coupled

A
, are the cathodic

and anodic current of anode, while Ic coupled
C
, and Ia coupled

C
, indicate the

cathodic and anodic current of cathode. It should be considered that
Eq. 4 is only valid when the ohmic solution resistance is negligible.

I I I I 4c coupled
A

c coupled
C

a coupled
A

a coupled
C

, , , ,+ = + [ ]

Since anode, or the less noble metal, is corroded, the galvanic
current can be defined as the corrosion current of anode due to the
external cathode. Noting that the anodic reaction at the surface of
anode plays as the source of electrons for the cathodic reaction
occurs at the surface of anode as well as the one occurs at the surface
of external cathode. That being the case, the galvanic current,
Igalvanic, can be determined using Eq. 5.36,37

I I I 5galvanic a coupled
A

c coupled
A

, ,= − [ ]

As mentioned earlier, Eq. 5 represents the galvanic current for
any general case of galvanic coupling. However, in many practical
situations, the corrosion current due to the cathodic reaction at the
surface of anode is much smaller than that due to the external
cathode, and therefore it can be neglected. In this case, the galvanic
current is simply assumed as the intersection of cathode’s cathodic
curve and anode’s anodic curve which can also be represented as
Eq. 6. We will discuss later that this assumption is valid for all the
conditions studied here except one case.

I I I 6galvanic a coupled
A

c coupled
C

, ,= = [ ]

Effect of iron sulfide type on galvanic corrosion between mild
steel and iron sulfides.—As already mentioned, pyrite and pyr-
rhotite were selected as iron sulfide types to be investigated. This
section looks into how these iron sulfides behave differently when
coupled to X65 steel electrode and we will discuss the probable
origins of the difference between the electrochemical responses of
pyrite and pyrrhotite.

Figure 4 displays the cathodic and anodic polarization measure-
ments for X65 steel and iron sulfides at 1 wt.% NaCl and cathode to
anode surface area ratio of 1. It is worth mentioning that the axis
ranges of figures (a) and (b) are similar so that the results could be
visually comparable. It can be clearly seen that the cathodic current
of pyrrhotite is much greater than pyrite in the same experimental
condition, which would lead to a higher rate of galvanic current. For
each case, we calculated the total cathodic current (black dashed
lines) by adding the cathodic current of mild steel to that of
pyrrhotite or pyrite. The cathodic current of mild steel was simply

Figure 3. (a) Schema of coupled mild steel-iron sulfide system including the relevant electrochemical reactions. (b) A qualitative example of polarization curves
of anode (blue lines), cathode (red lines), and their associated galvanic couple (black lines) for a general galvanic couple cell.
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calculated as an extrapolation of measured cathodic current into the
more positive potential region using 0.12 V·decade−1 Tafel slope
associated with the H+ reduction (Reaction 2) occurring in this
region.28,38–40 Also noting that the anodic current related to the iron
sulfides has been disregarded since their values are much lower than
anodic current of mild steel in the potential range of interest. Also, it
should be considered that cathodic current of mild steel is slightly
higher than that of pyrite, and thus it should not be ignored. This fact
implies that the total corrosion current, Itotal, is not equal to the
galvanic corrosion current. Therefore, Eq. 5 should be applied in this
scenario to calculate the galvanic current. In addition, it can be
estimated graphically as simply the cathodic current of pyrite at the
coupled potential.

On the other hand, the total cathodic current of pyrrhotite is
approximately equivalent to the cathodic current of pyrrhotite as its
current is up to two orders of magnitude higher than the cathodic
current of mild steel. Accordingly, by neglecting the cathodic current
on steel, the intersection of cathodic current of pyrrhotite with
anodic current of steel can be estimated as galvanic current and
coupled potential. As we saw, this common simplification was not
true in one case of our study, i.e., mild steel-pyrite couple. For each
iron sulfide, we graphically estimated the galvanic current and
coupled potential. As illustrated in Fig. 4, the coupled potentials are
−0.735 and −0.66 V vs Ag/AgCl, and the galvanic currents are
around 5.3× 10−7 and 2.4× 10−5 A for pyrite and pyrrhotite,
respectively.

As observed in Fig. 4, pyrrhotite shows a very different cathodic
behavior compared with pyrite which resulted in around two orders
of magnitude higher galvanic current. The origin of this distinction
emerges from their different physicochemical characteristics which
cause different electrochemical reactions occurring on the surface of
iron sulfides. Although the electrochemical characteristic of iron
sulfides is very complex and thus it is beyond the scope of this paper,
we concisely describe the probable electrochemical reactions to
assist the interpretation of the results obtained here.

Pyrite with the chemical formulae of FeS2 is stoichiometric iron
sulfide and the most thermodynamically stable phase of the iron
sulfides.6 Pyrite was reported as the final phase of iron sulfide
transformation and thus as the long-term corrosion products of steel
in H2S environments.4,5 In contrast, pyrrhotite is defined a group of
non-stoichiometric iron sulfides formulated as Fe1−xS.

6 Therefore, it
is expected that pyrite has lower reactivity compared to pyrrhotite
due to its high stability.

Very few studies focused on the cathodic reactions occurring on
the iron sulfides specifically in acidic solutions. The only systematic
research, done by Navabzadeh et al.,41 investigated the cathodic
behavior of X65 steel, pyrite, and pyrrhotite in various acidic

solutions at different bulk solution pH using a rotating disk electrode
apparatus. At low pH values (pH ⩽ 4), and also at low overpotentials
where hydrogen evolution reactions due to H+ ion reduction as well
as water reduction are dominant, pyrite and pyrrhotite showed
similar cathodic current as X65 steel. But the cathodic current of
pyrrhotite was approximately one order of magnitude higher than
pyrite at pH 5, which agrees with the results obtained here indicating
the higher electrochemical activity of pyrrhotite.41 Navabzadeh et al.
further analyzed these reactions by comparing the cathodic current
of mineralogical pyrrhotite in various experimental conditions and
showed that the cathodic reaction occurring on pyrrhotite at more
positive overpotential is the conversion of pyrrhotite to troilite,
similar to what has been proposed by Mikhlin.42 These findings
suggest that where hydrogen evolution is not dominant (i.e., high
overpotential, pH 5), additional cathodic reactions could occur on
the surface of iron sulfides which leads to the higher cathodic current
produced by pyrrhotite.

Previous studies suggested various cathodic reactions taking
place on pyrite surface apart from hydrogen evolution reaction.
The main proposed cathodic reaction could be attributed to the
reduction of pyrite in acidic solutions according to Reaction 7,43,44

and the reduction of polysulfide (Reaction 8) as an impurity formed
during the geological formation of pyrite.45,46

FeS H e H S2 2 FeS 7s aq s g2 2+ + ⇌ + [ ]( )
+

( )
−

( ) ( )

S n e nS2 1 8n s s
2 2+ ( − ) → [ ]( )

− − −
( )

The investigation of cathodic reactions on the surface of
pyrrhotite was examined in more detail in several previous studies.
In earlier papers, Hamilton et al.47 believed that the reduction of iron
oxide could occur on pyrrhotite similar to what was observed on
pyrite. However, Nicol et al.48 suggested that non-stoichiometric
pyrrhotite could be reduced to stoichiometric iron sulfide FeS. The
reduction of pyrrhotite can occur in two different ways: solid-state
reduction of pyrrhotite to troilite,49 and reductive dissolution of
pyrrhotite,42,48 as represented by Reaction 9 and Reaction 10,
respectively. The reduction of polysulfides (Reaction 7) was also
proposed for pyrrhotite.42,45,50

Fe S xH xe x FeS xHS2 1 9x s aq s aq1 + + → ( − ) + [ ]( − ) ( )
+

( )
−

( )
−

( )

Fe S H xe x Fe HS2 1 10x s aq aq aq1
2+ + → ( − ) + [ ]( − ) ( )

+
( )

− +
( )

−
( )

Although these studies could not exactly identify the nature of the
electrochemical reactions, the higher cathodic current of pyrrhotite

Figure 4. Potentiodynamic polarizations curves and the associated galvanic coupling calculations for (a) mild steel-pyrite, and (b) mild steel-pyrrhotite couples
at 30 °C, 1 wt.% NaCl, pH 5, and cathode:anode surface area ratio of 1:1. (Ecoupled is the galvanic potential, Igalvanic is the galvanic current, and Itotal is the total
corrosion current. The blue dotted line is the calculated cathodic current on steel, and the black dashed lines are the calculated total cathodic currents.).
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can be associated with its lower stability as well as its higher
tendency to be reduced to different compounds in various corrosive
environments.45,51 It is worthful to discuss that in addition to the
reactivity of iron sulfides, their electronic properties might also play
a role in their cathodic behaviors. Pyrite has been reported to show
different semiconductive behavior including p-type, n-type, and
sometimes alternating n-p type semiconductors.52,53 According to
Abraitis et al.,52 the conductivity of pyrite ranges from 0.02 to
562 (Ω·cm)−1 with the mean value being 47.64 (Ω·cm)−1. However,
the conductivity significantly depends on the type of semiconductor
with n-type being more conductive than the p-type (mean con-
ductivity values for n-type and p-type samples are 65.08 and
0.53 (Ω·cm)−1, respectively).52 Pascual et al.54 observed that the
transition from pyrrhotite to pyrite is accompanied by the transition
from n-type to p-type behavior, and thus by the decrease in
conductivity. In a review paper by Pearce et al.,55 the electrical
resistivity of pyrrhotite samples were found to be much lower than
that of pyrite samples, and in some cases, pyrrhotite samples even
showed metallic behavior.55,56 Overall, these studies suggest that the
higher conductivity of pyrrhotite might also contribute to the higher
cathodic current observed here.

According to the experimental procedure described earlier, we
measured the coupled potential and the galvanic current for steel-
pyrite and steel-pyrrhotite couples using ZRA method, and the
results are plotted in Figs. 5a and 5b, respectively. The blue dotted
line represents the corrosion potential (Fig. 5a) and corrosion current
(Fig. 5b) of uncoupled steel which was measured every 30 min as
shown by points. Although these data represent the current and
potential of uncoupled steel only during mild steel-pyrite coupling
measurement, the values of current and potential during mild steel-
pyrrhotite couple measurement were only slightly different. More
importantly, we did not observe the change of potential and current
for uncoupled steel during any 2-hour galvanic coupling measure-
ments. This observation indicates that the mild steel surface have not
undergone any major changes during galvanic coupling. It is worth
noting that the spikes observed every 30 min in the data were due to
the disconnection and reconnection of the electrodes at these times,
used for measuring the potential and corrosion current of uncoupled
steel. When reconnecting the electrodes, the spikes appeared due to
the sudden polarization of the mild steel at the beginning of the
coupling followed by the quick stabilization of the measurement. It
should also be mentioned that the results shown in these graphs are
for one of the replicates in each condition. Since the results were
highly reproducible, and also for the sake of more clarity in the
graphs, only one replication was shown here. The reproducibility of
the results for two replications will be shown using error bars for the
corrosion rate data. As Fig. 5 shows, the increase in mild steel
potential when coupled to pyrite was less than 10 mV, while it was
around 100 mV when coupled to pyrrhotite, with its ability to

significantly polarize steel. The coupled potential found from
galvanic measurements (−0.733 V for pyrite and −0.646 V for
pyrrhotite) match very well with our predictions from measured
polarization curves.

Furthermore, the galvanic current of steel-pyrrhotite couple was
notably higher than the galvanic current of steel-pyrite couple which
was less than the intrinsic corrosion current of uncoupled steel. We
can derive the same conclusion obtained from polarization data that
the higher cathodic current on the pyrrhotite electrode could
originate from the higher reducibility of pyrrhotite as discussed
earlier. The values of galvanic current measured during galvanic
coupling experiments (3.90× 10–7 A for pyrite and 2.56× 10–5 A
for pyrrhotite) are in line with the values derived from polarization
measurements considering that the values calculated for galvanic
current measurements are the average values obtained during the
two-hour long experiments (also the average value of two repeats).
On that account, the results show the agreement between the
polarization and the galvanic coupling measurements.

Lastly, the corrosion rates of uncoupled steel, coupled steel-
pyrite, and coupled steel-pyrrhotite were determined for the above-
mentioned experiments and are presented in Fig. 6. The corrosion
rates were calculated using Eq. 11 in which MFe is molecular weight
of iron 55.845, Feρ is density of iron equal to 7874 Kg·m−3, n is
equivalent number of 2 for iron, and F is faraday constant
96485 s·A·mol−1.

Figure 5. (a) Galvanic potential, and (b) galvanic current of steel when coupled to pyrite and pyrrhotite at 30 °C, 1 wt.% NaCl, pH 5, cathode/anode ratio = 1.
(The blue dotted lines represent the open circuit potential and corrosion current of uncoupled steel measured every 0.5 h.).

Figure 6. Calculated corrosion rates of uncoupled X65 mild steel and
coupled mild steel-iron sulfides at 30 °C, 1 wt.% NaCl, pH 5, cathode:anode
surface area ratio of 1:1. The reported values are the average of two
replications with error bars representing the range of replications.
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Note that icorr is the total corrosion current density of steel which
includes the corrosion of steel due to the external connection to the
iron sulfide cathode as well as the cathodic reaction occurring
simultaneously on the mild steel surface. The most accurate way to
evaluate the total corrosion current is direct graphical estimation of
Itotal from polarization measurements. However, in cases when Eq. 6
applies (i.e., all cases except coupled steel-pyrite with cathode:anode
ratio of 1:1), the galvanic current value found from galvanic
coupling measurements can be used instead. As was seen and will
be shown later in a more complete format, the experimental results
from both methods agree very well, but for the sake of consistency,
all the corrosion rate calculations were based on the current values
from galvanic measurements. To conclude, Fig. 6 reveals that the
corrosion rate of steel does not significantly increase due to the
coupling to pyrite, while it increases by about an order of magnitude
when coupled to pyrrhotite.

Effect of cathode to anode surface area ratio on galvanic
corrosion between mild steel and iron sulfides.—The importance of
cathode to anode surface area ratio during galvanic corrosion
between two dissimilar metals has been subjected to many research
papers33,57,58 because in most situations, the surface area of cathode
differs from that of anode. In fact, the major issue is observed when
the cathode's surface area is much larger than the anode which
results in severe localized corrosion of anode. It has been previously
shown that the galvanic current of various materials including
carbon steel, when coupled to a more noble metal, is significantly
amplified by increasing the cathode to anode surface area
ratio.33,57–60 In corrosion of mild steel in H2S environments, in
some cases, the high porosity of the iron sulfide corrosion product
layer formed during the corrosion process increases the available
cathodic surface area compared with the surface of mild steel. We
investigated the effect of larger cathode to anode surface area ratio
by varying the surface areas of mild steel and iron sulfide specimens
in order to increase this ratio by approximately one and two orders of
magnitude. Figure 7 compares the galvanic potentials of mild steel-
pyrite and mild steel-pyrrhotite couples for different cathode to
anode surface area ratios, while all other experimental parameters
remained unchanged.

The coupled potential for both cases shifted to more positive
value with respect to the cathode to anode surface area ratio showing
that iron sulfides with the larger surface area ratio could enhance the
polarization of mild steel by forcing it to stabilize at overpotential
further from its intrinsic corrosion potential (∼−0.740 V vs
Ag/AgCl), as expected. The same observation was found when steel

was galvanically coupled to different materials.33,60 Furthermore, the
coupled potentials for all cathode to anode surface area ratios for
steel-pyrrhotite couples are more positive than the steel-pyrite
couples suggesting the higher ability of pyrrhotite to polarizing
mild steel. Galvanic current densities were also measured and
compared for different cathode to anode surface area ratios as
plotted in Fig. 8. It should be noted that galvanic current density was
represented for these cases instead of galvanic current as mild steel
sample with different surface area was used for obtaining the
cathode to anode surface area ratio of 90:1.

As clearly seen in Fig. 8, the current density was increased
around one and two orders of magnitude by increasing the cathode to
anode surface area ratio from 1 to 8 and 90. The increase in current
density was due to the increase of cathodic current associated with
the larger cathodic surface area. From the viewpoint of polarization
measurement, the effect of different surface areas of cathode or
anode, according to Hack,36 can be appreciated by the fact that the
current is the multiplication of current density by surface area. Thus,
larger surface area of cathode shifts its polarization curve to higher
currents (or to the right in polarization plot) driving the intersection
point of galvanic current to be placed at higher current values. We
can also interpret these results by considering that the coupled
potential, which is situated between the corrosion potential of each
electrode, shifts towards the cathode (more positive potential) in
case of larger cathodic surface area due to increase in its polarization
driving force. Thus, mild steed is forced to be held at more positive
coupled potential leading to the increase in its anodic current, and as
a result its corrosion rate. It should be noted that these interpretations
are valid by assuming that mild steel does not reach the passivation
region of anodic current.

Similar to the previous section, corrosion rates were estimated
from galvanic measurements for various cathode to anode surface
area ratios, remembering that the corrosion rates shown in Fig. 9 are
calculated based on the total corrosion current density as discussed
earlier. Noticing the logarithmic scale, the corrosion rate of both
steel-pyrite and steel-pyrrhotite couples are nearly one and two
orders of magnitudes higher for cathode to anode area ratios of 8:1
and 90:1, respectively, when compared to the corrosion rate of 1:1
cathode to anode surface area ratio. The intensification of cathodic
current of larger cathode, as we explained above, is the cause of
increase in corrosion rates. Still, the corrosion rates of mild steel-
pyrrhotite couple is much higher than mild steel-pyrite couple in all
cathode:anode surface area ratios thanks to its higher cathodic
activity.

Effect of aqueous solution conductivity (NaCl concentration)
on galvanic corrosion between mild steel and iron sulfides.—The
influence of changing aqueous solution conductivity via changing
NaCl concentration was another experimental factor that was
investigated. In theory, the degree of conductivity could determine

Figure 7. The effect of cathode to anode surface area ratio on the galvanic potential of mild steel when coupled to (a) pyrite, and (b) pyrrhotite at 30 °C, 1 wt.%
NaCl, and pH 5. (The blue dotted line shows the open circuit potential of uncoupled mild steel measured every 0.5 h.).
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the solution’s capacity to transfer ions. Improving the conductivity
of solutions in a galvanic couple facilitates the transfer of ions
between anode and cathode, thereby enhancing the reactions
occurring on both electrodes. Thus, we expect that increasing
NaCl concentration could lead to a higher galvanic current. The
NaCl concentration was changed from 0.1 to 10 wt.% (from 0.017 to
1.71 M) in this study. Our effort was to vary the NaCl concentration
by one and two orders of magnitude, such that the effect of this
factor would be clearly noticeable. The conductivity of the solutions,
based on the chemistry handbooks,61 are 0.15, 1.6, and 12.6 S·m−1

for 0.1, 1, and 10 wt.% NaCl, respectively, showing that the
conductivity is also increased by approximately the same order of
magnitude. The specific design of the electrochemical setup with a
small distance (2 cm) between cathode and anode effectively
minimized the ohmic resistance between the electrodes. The solution
resistance between the reference electrode (placed between the
anode and cathode) and mild steel were around 350, 40 and 7
ohms for 0.1, 1, and 10 wt.% NaCl, respectively. Considering the
low galvanic current values, the contribution of iR drop due to the
solution resistance was negligible, specifically for the cathode to
anode surface area ratios of 1:1 and 8:1 that were investigated in this
section.

Figure 10 compares the galvanic current for both steel-pyrite and
steel-pyrrhotite couples for solutions with various NaCl concentra-
tions for cathode to anode surface area ratio of 1:1. The corrosion

current of uncoupled steel is shown similar to previous figures, only
for 1 wt.% NaCl solution. As we will argue later, the corrosion
current of uncoupled steel itself is also changing with NaCl
concentration; however, this change is minimal compared to the
galvanic current change for galvanic couples.

For mild steel-pyrrhotite couple, the galvanic current increased
from 1.07× 10–5 A to 2.56× 10–5 A when NaCl concentration
changed from 0.1 wt.% to 1 wt.%. However, further increase of
NaCl concentration to 10 wt.% showed only a minor effect on
galvanic current. On the other hand, the change of NaCl concentra-
tion did not clearly impact the galvanic current of mild steel-pyrite
couple. As it is seen, the results did not meet the expectation that
higher conductivity generally enhances galvanic corrosion. Since the
effect of NaCl concentration was observed for mild steel-pyrrhotite
couple, we can initially select this case to analyze the obtained
results. In general, electrolytes with high conductivity produce better
current and potential distribution across the surface of anode leading
to higher galvanic corrosion.33,62 Furthermore, higher conductivity
accelerates the transport of the ionic electrical current in the solution
which results in higher rates of electrochemical reactions at the metal
surface. As a consequence, it is feasible to observe higher galvanic
current when NaCl concentration is increased from 0.1 to 1 wt.% in
mild steel-pyrrhotite couple. However, such an increase was not
observed when NaCl concentration changed from 1 wt.% to 10 wt.
%. This peculiarity can be clarified by investigating the effect of
NaCl concentration on electrochemical reactions of mild steel.

Salt concentration was extensively shown to influence the
electrochemical reaction rate, specifically iron dissolution
reaction.39,63,64 Madani Sani investigated the effect of a wide range
of NaCl concentration (from 0 to 20 wt.% NaCl) on corrosion rates
as well as electrochemical reactions of mild steel in weak acid
solutions (i.e., aqueous CO2 solution) and found that ion concentra-
tion changes the electrochemical reaction rate of both cathodic and
anodic reactions on the surface of steel due to the change of
exchange current density of these reactions. In particular, the rate of
iron dissolution reaction increased by the increase of NaCl con-
centration up to 3 wt.% and then dramatically decreased at higher
NaCl concentration.39 Similar trend for influence of NaCl on iron
dissolution reaction was observed in other studies, for instance,
papers by Fang et al. and Liu et al.63,65 Iron dissolution reaction
occurs through adsorption of OH- ion via either well-known Bockris
mechanism or catalytic mechanism proposed by Heusler.28,66 It was
suggested that Cl− ion can also adsorb to the surface of iron and
catalytically enhance the iron dissolution reaction through a similar
pathway parallel to OH- adsorption.63,67,68 However, it was shown
that the effect of OH− on iron dissolution rate is stronger than Cl−

ions.49 Therefore, very high concentration of Cl− ion could
significantly retard the adsorption of OH− ion, decrease its surface
coverage on iron surface, and consequently reduce the

Figure 8. The effect of cathode to anode surface area ratio on the galvanic current of mild steel when coupled to (a) pyrite, and (b) pyrrhotite at 30 °C, 1 wt.%
NaCl, and pH 5. (The blue dotted line shows corrosion current density of uncoupled mild steel measured every 0.5 h.).

Figure 9. The effect of cathode to anode surface area ratio on corrosion rates
of uncoupled X65 mild steel and coupled mild steel-iron sulfides at 30 °C,
1 wt.% NaCl, pH 5. For the data with error bars, the reported values are the
average of two replications with error bars representing the range of
replications.

Journal of The Electrochemical Society, 2025 172 011501



electrochemical reaction rate.69 In addition, it was suggested that the
retardation of iron dissolution rate could stem from the retardation of
water activity at high NaCl concentrations which was demonstrated
previously by Madani Sani et al.39,70

For further exploration, we have measured the cathodic and
anodic reaction of mild steel in all three NaCl concentrations (Fig.
S3). We should note here that we did not observe noticeable change
for the electrochemical reactions of iron sulfides in various NaCl
concentrations. The polarization results of mild steel (Fig. S3) were
in line with the previous studies showing that the rate of electro-
chemical reactions are slightly retarded when NaCl concentration
increased to 10 wt.% NaCl. The same observation was shown in a
recent paper by Standish et al. in which they measured the influence
of chloride concentration on the galvanic coupling between carbon
steel and copper.33 The galvanic current increased by increasing
NaCl concentration from 0.001 M up to 0.1 M, then decreased by
further increase of NaCl concentration to 3.0 M. The cause was
revealed by potentiodynamic polarization curves which showed the
retardation of both carbon steel anodic reaction rate as well as
copper cathodic reaction rate.33 In our case, the slight retardation of
electrochemical activity in 10 wt.% NaCl might be compromised by
slight enhancement in ion transport and current distribution in this
solution, which result in similar galvanic current for 1 and 10 wt.%
NaCl.

With regard to mild steel-pyrite couple, the indistinguishable
change of galvanic current in various NaCl concentrations could also
be explained through the effect of NaCl concentration on electro-
chemical reactions. For the cathode to anode surface area ratio of

1:1, the cathodic currents of both mild steel and pyrite contribute to
the total cathodic current (as seen in Fig. 4a) and thus to the final
coupled potential. Therefore, the retardation of cathodic current of
mild steel in 0.1 wt.% could only slightly decrease the total cathodic
current. Also, considering the small retardation of anodic current of
mild steel at the potential region just above OCP (Fig. S3), the
coupled potential of 0.1 wt.% NaCl would be minimally higher than
that of 1 wt.% NaCl. Since galvanic current is the cathodic current of
pyrite at coupled potential, the change of NaCl concentration does
not cause a noticeable change in the galvanic current values. For
further clarification, we examined the influence of NaCl concentra-
tion on the galvanic current for cathode to anode surface area ratio of
8:1 (Fig. S4). In this condition, the cathodic current of mild steel is
negligible compared with that of pyrite and the retardation of anodic
current is more notable at higher overpotential region. Although we
observed that the galvanic current slightly increased by the increase
of 0.1 to 1 wt.% NaCl, the results suggest that the solution
conductivity is not an important factor in galvanic corrosion of
mild steel-pyrite couple in the specific design of our study.

Lastly, corrosion rates were calculated for various NaCl con-
centrations for cathode to anode surface area ratios of 1:1 and 8:1, as
demonstrated in Fig. 11. The increase of NaCl concentration from
0.1 wt.% to 1 wt.% resulted in a notable increase in corrosion rate for
mild steel-pyrrhotite couple, however, the change of corrosion rate
was not significant when NaCl concentration increased to 10 wt.%.
For mild steel-pyrite couple, the corrosion rate was not affected by
NaCl concentration for cathode to anode surface area ratio of 1:1
since very low current was produced at this condition and low

Figure 10. The effect of NaCl concentrations on the galvanic current of mild steel when coupled to (a) pyrite, and (b) pyrrhotite at 30 °C, pH 5, and cathode:
anode surface area ratio of 1:1. (The blue dotted line shows corrosion current density of uncoupled mild steel measured every 0.5 h.).

Figure 11. The effect of NaCl concentration on corrosion rates of uncoupled X65 mild steel and coupled mild steel-iron sulfides at 30 °C, pH 5, and cathode:
anode surface area ratios of (a)1:1, and (b) 8:1. For the data with error bars, the reported values are the average of two replications with error bars representing the
range of replications.
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conductivity of 0.1 wt.% NaCl was capable of transporting this
current. However, a marginally higher corrosion rate for 1 wt.%
NaCl compared with 0.1 wt.% NaCl can be observed when cathode
to anode surface area ratio was 8:1. It is worth comparing that the
impact of NaCl concentration is not similar to the impact of cathode
to anode surface area ratio, in the sense that increase of NaCl
concentration by one and two orders of magnitude does not increase
the galvanic corrosion by the same orders.

A summary of the galvanic corrosion results obtained from ZRA
method at various experimental conditions is provided in Table II.
We should remind that, for the conditions with two replications
(shown with error bar in corrosion rate figures), the reported values
are the average of those replications. Furthermore, we discussed and
compared the corrosion rates data obtained from ZRA with those
from polarization measurements in supplementary materials (Figs.
S5–S8). The results showed very good agreement between the
corrosion rate data found from ZRA and polarization methods.

As a final consideration, we can report that the effect of pH was
also examined since it could play an important role in the galvanic
corrosion of mild steel in some cases with more acidic H2S
environments. However, this factor was not included in the main
text of this paper as the influence of pH on electrochemical reactions
of both iron sulfides and mild steel is very complex and is not fully
well-known. Here, it suffices to say that the measurements at pH 4
increased the galvanic corrosion rate of mild steel-pyrite couple but
had no influence on the mild steel-pyrrhotite couple (Figs. S9–S10).
We provided a brief discussion on the effect of pH in supplementary
materials.

Conclusions

In the present study, we investigated the impact of three
experimental factors on the galvanic corrosion between X65 carbon
steel and iron sulfides, namely: the type of iron sulfide, the cathode
to anode surface area ratio, and the concentration of NaCl. This was
done by monitoring galvanic current and coupled potential in zero-
resistance ammeter (ZRA) experiments as well as by analyzing the
polarization behavior of electrodes. Our main findings are:

• In the studied experimental conditions i.e., pH 5, at 30 °C, the
galvanic behavior of mild steel-pyrite distinctly differed from that of
mild steel-pyrrhotite couple. For cathode to anode surface area ratio

of 1:1, coupling of mild steel to pyrite did not significantly change
the corrosion rate of mild steel while its coupling to pyrrhotite
increased the corrosion rate of mild steel by around an order of
magnitude.

• This difference was related to the different electrochemical
behavior of pyrite and pyrrhotite by analyzing their polarization
response. In addition, the experimental data obtained from galvanic
corrosion measurements using ZRA method were in a very good
agreement with the values of galvanic current and couple potential
calculated through polarization graphs.

• When cathode to anode surface area ratio was increased to 8:1
and 90:1, the galvanic corrosion rates of both mild steel-pyrite and
mild steel-pyrrhotite couples were increased by approximately the
same order of magnitude.

• Finally, increasing the conductivity of the aqueous solution by
increasing the NaCl concentration from 0.1 wt.% to 1 wt.% slightly
increased the galvanic corrosion of mild steel-pyrrhotite couple in all
tested conditions and the galvanic corrosion of mild steel-pyrite
couple only for 8:1 surface area ratio. However, very high salt
concentrations i.e., 10 wt.% NaCl did not increase the galvanic
corrosion, even if the solution conductivity was much higher.
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