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Abstract
Corrosion and kinetics of electrode processes on St3 steel with a superhydrophobic coating
based on laser surface texturing followed by hydrophobization with fluoroxysilane (wetting
angle 165±2°, rolling angle 3±1°) have been studied in a highly mineralized chloride medium
(50 g/L NaCl) in the absence and presence of an additive of hydrogen sulfide (400 mg/L).
Similar studies were conducted with uncoated electrodes. The influence of a duration of an
exposure of the electrodes in a solution (0.25–96 hours) on kinetics of electrode processes and
corrosion rate of steel is considered. In the absence of hydrogen sulfide, a presence of a
superhydrophobic coating on steel causes a decrease in the corrosion rate by 67, 13, and
2 times after 0.25, 24, and 48 hours of exposure in a chloride solution. In time, the cathodic
process slows down and the anodic one accelerates, especially in a case of electrodes with a
hydrophobic coating. In the presence of hydrogen sulfide in a chloride solution, steel with a
superhydrophobic coating is characterized by more than an order of magnitude low corrosion
rate, compared with unprotected samples during a 96-hour exposure of the electrodes. In this
case, there is a slowdown in the anodic reaction and acceleration of the cathodic one compared
to the solution without hydrogen sulfide. The corrosion process proceeds with anodic control.
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Introduction
In recent decades, systematic studies of hydrophobization and superhydrophobization of
metals are carried out to increase their corrosion resistance [1–9]. Coatings are considered
that increase the angle of wetting with water to a range of ≥150° and reduce the angle of
rolling to ~10°. The greatest attention is paid to the application of superhydrophobic
protective coatings, allowing to increase the wetting angle to 165–171°. One of the main
mechanisms of the protective action of such coatings under conditions of electrochemical
corrosion is related to the fact that they prevent water molecules from being supplied to the
metal surface, the presence of which is necessary for partial electrode reactions to occur.
This mechanism was considered in more detail in [10], and other mechanisms conditional
on the superhydrophobic state of the surface – in [11].
In [12], the results of a study of the corrosion and electrochemical behavior of St3
carbon steel with a superhydrophobic surface layer in a 0.5M NaCl solution are presented.
The effect of two types of superhydrophobic coating was considered. To obtain a coating
of type I, the metal surface was textured with IR laser radiation nanosecond duration with
subsequent chemisorption of methoxy-{3-[(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctyl)-oxy]propyl}silane from a n-decane solution (MAF). To obtain a type II
coating, a nanosized composite layer consisting of Aerosil nanoparticle aggregates coated
with the same hydrophobic agent was additionally applied on the type I coating. The
contact angle on the initial steel sample was 85.3±2.7°, whereas that on the
superhydrophobic samples of both types was 168±1.5°. It was shown that upon reaching a
steady state (after 72 h), the corrosion rate of steel with a superhydrophobic coating of both
types is reduced by 23±3 times compared with unprotected samples. The corrosion
potential of protected steel immediately after immersing the electrodes in the solution is 0.140 V (Ecor of unprotected steel is –0.420 V), when a stationary state is reached, its value
is close to –0.6 V. The steel corrodes in the active state with cathodic control.
It is of interest to study the protective properties of superhydrophobic coatings on St3
steel in hydrogen sulfide environments that are widely encountered in oil production and
oil refining.
The aim of this work is to study the corrosion and electrochemical behavior of carbon
steel with a superhydrophobic coating of a different type than in [12], in a chloride solution
in the absence and presence of hydrogen sulfide additive.
Experimental
The electrochemical and corrosion behavior of St3 carbon steel with a superhydrophobic
coating was studied in a NaCl solution (50 g/L) in the absence and presence of H2S
additive (400 mg/L). The superhydrophobic coating was applied in the Laboratory of
Surface Forces at the Institute of Physical Chemistry and Electrochemistry, Russian
Academy of Sciences, to samples pressed into a fluoroplastic frame with a working surface
area close to 0.5 cm2. To obtain a coating, the working surface was textured with a
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nanosecond IR laser with the following laser processing parameters: pulse duration 50 ns,
pulse frequency 20 kHz, peak pulse power 0.95 mJ, linear laser beam rate 50 mm/s,
scanning density 150 lines per mm. Immediately after texturing with the indicated
parameters, the surface showed super hydrophilic properties – a drop of water when it
touched such a surface instantly spread into a thin film. To impart superhydrophobic
properties to the surface, the surface energy of the formed texture was lowered by
chemisorption of the hydrophobizing agent CF3(CF2)6(CH2)O(CH2)2C(OCH3)3 from the
vapor phase, followed by drying of the resulting coating at 130℃ for 1 hour. The wetting
angle on the obtained superhydrophobic samples was 165±2°, and the rolling angle for
droplets with a volume of 15 μL was 3±1°. The samples under study (due to design
features) were not subjected to ultraviolet irradiation in the presence of ozone plasma. Such
a treatment leads to an increase in the number of chemisorption-active centers in the form
of hydroxyl or carboxyl surface groups and promotes chemisorption of a hydrophobic
agent on them [2]. This was an additional interest in testing the protective abilities of
coatings in the proposed conditions. Polarization measurements were measured on
electrodes without a protective coating and with a protective coating in the studied media
using an IPC-Pro potentiostat (produced by A.N. Frumkin Institute of Physical Chemistry
and Electrochemistry, RAS) by the potentiodynamic method with a potential scan rate of
0.66 mV/s. The potentials were measured with respect to the saturated silver/silver chloride
electrode and were recalculated to the standard hydrogen scale. The counter electrode is a
smooth platinum. The studies were carried out at room temperature in aerated solutions in
a three-electrode cell with separated anode and cathode spaces on electrodes made of
carbon steel St3 with a chemical composition, mass %: C – 0.20; Mn – 0.50; Si – 0.15;
P – 0.04; S – 0.05; Cr – 0.30; Ni – 0.20; Cu – 0.20, Fe – 98.36. Polarization curves were
measured each time on a new electrode with a protective coating after appropriate exposure
in the test solution (day, two, three days).
Results and discussion
Chloride media
Uncoated steel after 15 minutes of immersion into NaCl solution is characterized by the
corrosion potential Ecor equal to –0.46 V (Figure1). The magnitude of Ecor of steel with a
superhydrophobic coating is close to –0.15 V (Figure 1). The polarization curves (PC) in
the absence of coating have slope coefficients of the linear Tafel sections dEа /dlgiа and
dEc /dlgic equal to 39 and 100 mV, respectively, and the corrosion rate icor, according to the
extrapolation of the PC to the corrosion potential, is 0.40 A/m2. Thus, the corrosion rate of
steel with a hydrophobic coating is reduced by a factor of 67, the anodic metal ionization
process is inhibited, and the cathodic oxygen depolarization process, on the contrary, is
facilitated compared to unprotected steel (Figure 1). Steel corrosion is limited by the anode
process.
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Figure 1. Polarization curves measured on a steel electrode without coating (1) and with
superhydrophobic coating (2) after exposure to NaCl solution for 0.25 h.

After a 24-hour exposure of the electrode with the protective coating in the same
corrosive medium, the corrosion potential sharply shifts to the region of more negative
potentials, assuming a value of −0.48 V. The Ecor of unprotected steel is changed less
significantly (−0.56 V) (Figure 2). The Tafel slope coefficient of the initial linear section of
the anode curve remains virtually unchanged, while the cathode slope coefficient decreases
to 80 mV on uncoated steel. On coated steel, the values of dEa/dlgiа and dEc/dlgic are 38
and 79 mV, respectively. The anodic metal ionization process is still inhibited compared to
unprotected steel, although to a lesser extent than at the moment of immersion. The value
of icor of coated steel is 13 times less than in the absence of coating, and increases,
compared with the value at the initial stage, to 0.012 A/m2. The contact angle after
24 hours of exposure is reduced to 141°.

Figure 2. Polarization curves measured on a steel electrode without coating (1) and with
superhydrophobic coating (2) after exposure to NaCl solution for 24 h.
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An increase in the duration of the corrosive action of medium up to 48 h does not
qualitatively change the situation in the case of uncoated steel compared to the previous
days, and for steel with a coating icor increases to 0.056 A/m2 and Ecor continues to shift to
the region of more negative potentials, reaching −0.58 V (Figure 3). The anode curves in
the region of active dissolution practically coincide for both electrodes near Ecor, and the
cathodic process on the hydrophobic electrode is inhibited. Moreover, on the anode curve
at E= −0.55 V, a transition to the limiting current section is observed, which, starting from 0.42 V, acquires a gentle course. The wetting angle is 133° (Figure 4). The value of icor of
coated steel is 2 times lower compared to an unprotected electrode.

Figure 3. Polarization curves measured on a steel electrode without coating (1) and with
superhydrophobic coating (2) after exposure to NaCl solution for 48 h.

Figure 4. The values of the contact angle on the electrode with superhydrophobic coating after
exposure in a chloride solution for 24 h (1) and 48 h (2): 1 − 141°, 2 − 133°.

After 72 hours, the values of icor of the electrodes with and without coating are almost
the same (Figure 5). Their Ecor are respectively –0.60 and –0.57 V. On the coated
electrode, the anodic process in the region of active dissolution is somewhat facilitated and
the cathodic one is inhibited compared to an uncoated electrode. On the anode curve of the
hydrophobic electrode at E=− 0.53 V, a transition to the limiting current region is
observed, as in the 48-hour exposure, which, starting from –0.42 V, acquires a gentle
course. The contact angle on the coated electrode in some parts of the surface is 128°, in
others – 80° (Figure 6). In the latter case, corrosion products are visualized on the surface.
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Figure 5. Polarization curves measured on a steel electrode without coating (1) and with
superhydrophobic coating (2) after exposure to NaCl solution for 72 h.

Figure 6. The values of the contct angle at different parts of the surface of the electrode with a
superhydrophobic coating after exposure to the chloride solution for 72 hours: 1 – 128°, 2 – 80°.

Thus, it is obvious that due to the lack of treatment of the electrodes before
hydrophobization with ultraviolet radiation, the superhydrophobic coating studied in this
work turned out to be less durable than in the presence of such treatment [2]. The bond of
the hydrophobic layer with the substrate when the electrode was in the chloride medium
was weakened over time and after 72 hours rather extensive areas with a broken coating
and a contact angle reduced to 80° were formed, where corrosion products were clearly
fixed.
Chloride-hydrogen sulfide environments
Let us compare the behavior of uncoated steel and with a superhydrophobic coating in a
solution with a composition of 50 g/L NaCl+400 mg/L H2S. The polarization curves
measured on uncoated steel are shown in Figure 7, which shows that with an increase in the
exposure time of the electrodes in solution up to 48 h, the anodic reaction accelerates, and
the cathodic reaction slows down. Further exposure to the solution up to 72 and 96 hours is
accompanied by a slowdown of the anode reaction and acceleration of the cathode one.
Correspondingly, the corrosion potential shifted to the negative region during the first two
days, and to the positive region on days 3 and 4. This situation can be explained by the initial
acceleration of the metal ionization process due to the participation of H2S and HS– adsorbed

Int. J. Corros. Scale Inhib., 2020, 9, no. 1, 171–181

177

on the surface and its subsequent inhibition by the surface film of sulfide corrosion products
formed over time, as it is usually observed in hydrogen sulfide media [13, 14].

Figure 7. Polarization curves measured on a steel electrode without coating after exposure to
NaCl+400 mg/L H2S solution for, h: 1 – 0,25, 2 – 24, 3 – 48, 4 – 72, 5 – 96.

Figure 8. Polarization curves measured on a steel electrode with superhydrophobic coating
after exposure to NaCl+400 mg/L H2S solution for, h: 1 – 0,25, 2 – 24, 3 – 48, 4 – 72, 5 – 96.

In the presence of a superhydrophobic coating on the electrode surface, an increase in
the exposure time of the electrodes in solution up to 3 days is accompanied by an
acceleration of the anode process and inhibition of the cathode one. On the 4th day, the
anodic reaction slows down, and the cathodic reaction accelerates (Figure 8). Accordingly,
Ecor is shifted to the negative region within 3 days, and on the 4th day – to the positive one.
The reason for this behavior is the same as in the case of unprotected electrodes, however,
the presence of a superhydrophobic coating, obviously, helps to slow down the formation
of a film of sulfide corrosion products, therefore, the inhibition of metal ionization begins
on the 4th day of the electrode being in solution. Corrosion currents on electrodes with
superhydrophobic coating are an order of magnitude or more lower than those on the
uncoated electrodes (Table 1).
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Table 1. Kinetic parameters of the St3 electrode without and with a hydrophobic coating in a solution of
50 g/L NaCl+400 mg/L H2S.
The time of
exposure, h

Electrode without coating

Electrode with coating

ba, mV

bc, mV

icor, А/m2

Ecor, V

ba, mV

bc, mV

icor, А/m2

Ecor, V

0.25

62

100

1.27

–0.48

60

90

0.100

–0.39

24

70

30

1.11

–0.59

70

69

0.027

–0.45

48

70

40

1.12

–0.58

60

41

0.047

–0.52

72

62

40

1.14

–0.52

71

32

0.060

–0.55

96

62

54

1.14

–0.49

78

52

0.050

–0.50

The preservation of the protective effect by a superhydrophobic coating in a chloride
medium in the presence of hydrogen sulfide for a longer time than in its absence is most
likely due to the formation of sulfide corrosion products that isolate wetted areas,being
present according to some researchers [15], on a superhydrophobic surface.
Let us evaluate the effect of the presence of H2S in a NaCl solution on the behavior of
a hydrophobic coated electrode. At the initial stage of corrosion (0.25 h), the presence of
H2S accelerates the anodic reaction and slows down the cathodic process on the
hydrophobic coated electrode compared to its behavior in the absence of hydrogen sulfide.
At the same time, Ecor shifts to the region of more negative potentials. The corrosion
process proceeds with cathodic control (Figure 9).

Figure 9. Polarization curves measured on a steel electrode after 0.25 hours of exposure in a
NaCl solution without (1, 2) and with 400 mg/L H2S (3, 4) in the absence (1, 3) and in the
presence of a hydrophobic coating on the electrode surface (2, 4).

When the electrode with a hydrophobic coating is exposed for 24-96 hours in a
solution with H2S, the anodic reaction slows down and the cathodic one accelerates as
compared to the solution without hydrogen sulfide. At the same time, Ecor shifts to the
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region of more positive potentials in the presence of H2S. The corrosion process proceeds
with anodic control.
Conclusion
In a highly mineralized chloride medium (50 g/L NaCl), the superhydrophobic coating
under study (contact angle 165°) causes a decrease in the corrosion rate 67, 13, and 2 fold
after 0.25, 24, and 48 hours of exposure. In this case, the contact angle decreases to 141,
133, and in the latter case, 128 and 80°, respectively, in different parts of the surface when
visualizing corrosion products.
At the initial stage of corrosion (0.25 h), the presence of H2S in the chloride medium
accelerates the anodic reaction and slows down the cathodic process on the electrode with
a hydrophobic coating in comparison with a solution without H2S. At the same time, Ecor
shifts to the region of more negative potentials. The corrosion process proceeds with
cathodic control.
When the electrode with a hydrophobic coating is exposed for 24-96 hours in the
solution with H2S, the anodic reaction slows down and the cathodic one accelerates,
compared with a solution without hydrogen sulfide. At the same time, Ecor shifts to the
region of more positive potentials. The corrosion process proceeds with anodic control.
The corrosion rate of steel with a superhydrophobic coating in the solutions
containing 400 mg/L H2S is an order of magnitude or more lower than without coating
during 96 hours of exposure in solution.
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