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ABSTRACT

With an increasing number of sour oil and gas fields in the world, mitigation of production related failures
due to H2S corrosion is a key challenge. In H»S environments, the corrosion product layer could include
different types of iron sulfides with various electrical and physiochemical properties. One of the main
characteristics of iron sulfides is their semiconductive nature which could enhance the galvanic coupling
between steel and this type of corrosion product layer. On that account, galvanic coupling between steel
and iron sulfides is considered as the main culprit related to the higher risk of localized corrosion in H2S
environments. However, the mechanism of galvanic coupling between steel and iron sulfides are still
unclear as the nature of iron sulfides transformation and their electrochemical behavior have not been
fully understood yet. The objective of this study is to investigate and model the electrochemical behavior
of iron sulfides by specifically focusing on their cathodic characteristics in acidic solutions. Pyrite and
pyrrhotite were used as the iron sulfides for these tests since they have been found when localized
corrosion of steel was observed in sour pipeline conditions in the field. A rotating disk electrode (RDE)
has been utilized for investigation of cathodic reactions occurring on the surface of pyrite, pyrrhotite, and
X65 steel. Experiments have been performed in several pH values as well as different rotational speeds
in order to characterize the nature of cathodic reactions. In addition, a mathematical model was
developed to predict the cathodic current of iron sulfides, and then the results were compared with the
experimental data.
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INTRODUCTION

H2S corrosion, also known as sour corrosion, is a very serious type of metal degradation in oil and gas
transmission pipelines. When H»S is present in an operating pipeline, localized corrosion is the type of
attack which contributes to the most failures in oilfields, consequently, its impact on the economics of oil
and gas production is indisputable. Therefore, mitigation of this type of corrosion could prevent such
failures and significantly enhance asset integrity while reducing maintenance costs as well as eliminating
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environmental damage. The unpredictability of pitting and localized corrosion in sour media is a
complicated challenge in this area as factors such as the nature of corrosion products, the formation of
inhomogeneous corrosion product layers, and the contribution of galvanic coupling play a role in this type
of corrosion'?.

Galvanic coupling between iron sulfides and mild steel is thought to be an important mechanism leading
to localized corrosion in H,S environments. Research done by Ning® proved that galvanic coupling
between pyrite and steel caused severe localized corrosion. In a set of experiments designed to separate
the galvanic effect from the chemical effects, pyrite particles and a thin nylon mesh were used. Pyrite
particles were placed directly on a steel surface at 25 °C, pH2S of 0.1 bar, 1 wt.% NaCl and pH 4 which
resulted in severe localized corrosion. In the same conditions, when a 60 um nylon mesh was placed
between the pyrite particles and the steel surface, no localized attack was observed when the pyrite was
not in direct contact with the metal surface. This experiment showed that the localized corrosion process
has an electrochemical nature* because the initiation of pitting corrosion was dependent upon physical
contact for transfer of electrons and not just close physical proximity for chemical reactions to occur.

The galvanic coupling between steel and iron sulfides and the effect of experimental parameters including
iron sulfide type, cathode to anode surface area ratio, and salt concentration, have been systematically
investigated by the authors in a previous study*. However, the prediction of galvanic current is not
achievable without understanding the electrochemical characteristics of iron sulfides. Since iron sulfides
act as the cathode in a steel-iron sulfide couple, the cathodic current of iron sulfides should be known to
predict the accurate galvanic current. Very few studies have investigated the electrochemical reactions,
specifically cathodic reactions, occurring on iron sulfides. The only systematic research to date was done
by Navabzadeh et al.5, which investigated the cathodic behavior of X65 steel, pyrite, and pyrrhotite in
various acidic solutions at different pH values using a rotating disk electrode (RDE) apparatus. Therefore,
this study aims to investigate the cathodic behavior of iron sulfides in various experimental conditions in
strong acid solutions using the same type RDE system. Strong acid solutions were selected because the
presence of H,S has been observed to enhance the cathodic current of steel and iron sulfides by
contributing to limiting current through the buffering effect®®, but a significant chemical interaction
between H,S and iron sulfides has not been observed®. In addition, a mathematical model was developed
for modeling the cathodic current on iron sulfides.

EXPERIMENTAL PROCEDURE

In this study, a rotating disk electrode (RDE) has been used which is a very useful system for
electrochemical measurements since its hydrodynamics and mass transfer have been well defined in the
literature’. Two types of iron sulfides (pyrite and pyrrhotite) have been used as well as API 5L X65 steel
(composition shown in Table 1) for comparison with the iron sulfide results. Mineral pyrite and pyrrhotite
were purchased from Ward’s Science. For purity analysis, these minerals were powdered by pestle and
mortar, then characterized by XRD measurement using Cu Ka radiation as shown in Figure 1. Very high
purity was observed for the pyrite sample when compared to the reference pattern ICDD# 00-0042-1340.
The purity of the pyrrhotite sample was also verified according to the reference pattern ICSD# 01-079-
5969, however, minor impurities are present. These mineral iron sulfides were cut to the right shape and
embedded in epoxy fitted in the rotating disk electrode system. In addition, a silver conductive paste was
placed on the back of the mineral samples to improve the conductivity for the gold spring contact inside
the RDE holder.
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Table 1

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

Cr Cu Mn Mo C Co Ni Si Ti As
0.15 0.14 1.51 0.16 0.05 0.012 0.38 0.25 0.01 0.015
P S Al Sn Sb V Zr Nb Fe
0.004 0.001 0.033 0.035 0.012 0.04 0.004 0.03 balance
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Figure 1: XRD analysis of mineral iron sulfide samples. A) pyrite, B) pyrrhotite

A platinum mesh counter electrode (CE) and a saturated Ag/AgCl reference electrode (RE) were used.
The experiments were performed in strong acid solutions with 1 wt.% NaCl. In order to characterize the
nature of cathodic reactions, the experiments were done in various pH (3, 4, and 5) and rotational speeds
(100 and 1000 rpm). Electrochemical impedance spectroscopy was utilized for the measurement and
compensation of solution resistance. Cathodic polarizations were performed with the scan rate of 0.5
mV/s after running open circuit potential measurements for about 30 minutes using a Gamry Reference
600 potentiostat. An overview of the experimental setup and text matrix are shown in Figure 2.

Parameter Conditions
Material X65, Pyrite, Pyrrhotite
Steel Size 5mm g
pH 3.0,4.0,5.0+0.1
rom 100, 1000
Temperature 25°C
Electrolyte 1 wt.% NaCl
Sparge Gas N2
Electrochemical Cathodic polarization 0.5 mV/s
Techniques EIS for solution resistance

Figure 2: Overview of the RDE experimental setup and test matrix.
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RESULTS

Cathodic Current on Steel and Iron Sulfides

The cathodic polarizations of steel and pyrite in pH values of 3 and 4, at two rotational speeds are shown
in Figure 3. As seen in the figure, two major reduction reactions occur on the surface of steel in strong
acid solutions: hydrogen ion reduction (at more positive potentials close the open circuit potential, OCP)
and water reduction (at more negative potentials). Similar reduction reactions can be found on the surface
of pyrite, in addition, a third reduction reaction was observed to occur at even more positive potentials
which was not observed for steel. These three reduction reactions will be discussed in the following in
order to gain an understanding of cathodic characteristics of pyrite.

Figure 3: Comparison of cathodic current densities on the surface of steel and pyrite for 100
and 1000 rpm at A) pH 3, and B) pH 4 (RDE, 25°C, 1 wt.% NacCl, 1 bar, sparged with Ny).

The limiting current value can be verified by comparing to the theoretical limiting current density
developed for rotating disk electrode system using Levich equation as shown below’.

i, =0.62nFD?/3) u1/Dyp(=1/6) ¢, (1)

where n is the number of electrons transferred in the reaction, F is the Faraday constant, D is the
diffusivity, w is the rotational speed in rad/s, v is the kinematic viscosity of solution, and C, is the
concentration of species [ H'] in the bulk solution. The Levich equation depends on two experimental
parameters, which are the concentration of ions, or pH, and rotational speed. The limiting current should
be associated with the hydrogen reduction reaction, as influenced by the bulk concentration of species,
independent of the type of material.

As can be observed from Figure 3, the limiting current density on the surface of pyrite fits to that obtained
on steel surface at different pH values for both rotational speeds. Furthermore, the measured value of
limiting current densities in all conditions agree well with the theoretical calculated values using Levich
equation. These results clearly confirm the occurrence of hydrogen reduction reaction on pyrite surface
at potentials around the open circuit potential of steel. The charge transfer part (~120 mV/dec Tafel slope)
of this reaction does seem to be detectable for steel at 1000 rpm and pH 3, but not at the other tested
conditions. However, the charge transfer part can be clearly identified for pyrite in all four cathodic sweeps
in Figure 3. The charge transfer current density does not change with rotational speed at a constant pH
which implies that it only depends on the concentration of H*. With regards to the water reduction reaction

occurring at very low potentials, the results show that the onset potential of this reaction on the surface
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