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Superhydrophobic anticorrosion layers of various thicknesses were deposited onto low carbon
steel. The layer is comprised of MnO2/Polystyrene nanocomposite with a hierarchical
structure. AFM imaging of the nanocomposite illustrated a very rough surface with rms
roughness of 109 nm. A polarization method was applied to measure the corrosion potential
and corrosion current by using a potentiostat device. Two corrosive solutions were utilized in
this study (NaCl & HCI). Strong concentrations of 1M HCI and 5000ppm NaCl were used in
this work. The results revealed that the nanocomposite exhibits better corrosion inhibition after
24h immersion time in NaCl compared to HCI, where the corrosion current density is 0.56
pnA/cm2 in NaCl against 24.3 pA/cm2 in HCl. The uncoated sample presented a higher
corrosion current density after 24h immersion time with values of 14.4 pA/cm2 and 83.6
nA/cm?2 in NaCl and HCI, respectively. Moreover, the ultrathin layers of the nanocomposite
demonstrated better corrosion inhibition than the relatively thicker layers. This result was
elucidated by the peeling effect of the thick samples. Immersion time was also considered in
this study by leaving the samples over a course of 30 days in the solution and performing the
measurements for every 10 days’ span. The activation energy of the surface was determined
using Arrhenius method by varying the solution temperature during measurements. Corrosion
protection efficiency showed excellent results with up to 96.1% in NaCl solution. Pitting
potential was also determined in this work.
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1. Introduction

Corrosion of metals in a general sense is a natural process in which metal is gradually
destructed in a chemical or electrical media to a more chemically stable form, such as metal
oxide. Most metals are very vulnerable to environment and easy to corrode to return back to
their stable oxide forms (the ore forms) [1]. Corrosion is a major headache in the industry. The
global annual loss due to corrosion is estimated to be up to 5% of the economy [2]. Steel (iron
alloys) is one of the largest metal industry. However, corrosion takes place in steel more than
any other metals. According to NACE International study published in 2016, steel corrosion
losses are estimated to be 15% — 35% [3]. Several methods have been used to prevent corrosion,
such as cathodic protection, corrosion inhibitors, and protective coatings. The last one is the
most commonly used method [4]. The protective coatings have other advantages in addition to
corrosion protection over other methods; they improve the wear resistance and could also adorn
the surface in some circumstances. Polystyrene is one of the widely used and preferred
polymeric protective coatings [5]. However, polymeric coating has some obstacles such as low
adhesion and thermal mismatch which can cause peeling off the polymer layer [6]. This
problem becomes more manifest when the polymer layer is thick. On the other hand, coating
with thin layer is hard to be achieved with pore-free surface. Pores create corrosion sites and
reduce the corrosion protection. Another type of protective coatings is the nanostructured
coatings. Nanostructures exhibit better corrosion resistance by eliminating the localized
corrosion [4]. Nanomaterials can be blended with polymers to form a polymer-based
nanocomposite. This composite combines the advantages of polymer and nanomaterials.
Superhydrophobic coating is one of these polymer-based nanocomposites.
Superhydrophobicity (so-called lotus effect) is a property of some rough surfaces to repel
water. The criterion of this property is the high contact angle (>150°). In rough surfaces,
wetting can be classified into homogeneous wetting and heterogeneous wetting [7]. In the first
one, the liquid penetrates the grooves of the roughness, while in the latest one, the liquid stays
over the summits of the hills leaving a buffer layer of air between the liquid and the surface.
This case makes the liquid in the least contact with the surface. The contact angle (6*) in
heterogeneous wetting is given by Cassie-Baxter equation [8]: cos(0*) = rf cos(0y) + f — 1,
where Oy is the ideal Young contact angle, rf is the roughness ratio of the solid surface area
wetted by the liquid, and f is the fraction of the solid surface area wetted by the liquid. For a
repeating pattern of structures, f = (area of top structure)/ (area of repeating lattice). Therefore,
for a smooth surface, f = 1, and the Cassie-Baxter model collapses into a trivial solution of
Wenzel [cos(Bw) = r cos(0y)], where Ow is Wenzel contact angle, and r is the roughness ratio.
The wetting regime that gives the lowest contact angle is the more stable topography with high
surface energy. Therefore, obtaining a superhydrophobic surface with low surface energy is a
matter of sophisticated technology. The superhydrophobic surface has a unique topography so-
called “hierarchical structure” which is a set of hills, each one has plenty of protrusions of
nanorods. Figure (1) illustrates the hierarchical structure in lotus leaf. This structure can
maintain a low surface energy and a high contact angle (usually >150°) which are the main
features of superhydrophobicity.
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Figure (1) The hierarchical structure of the surface of lotus leaf. This figure is reproduced from

[9].

Superhydrophobic coatings have received an increasing attention in recent years because of
their high water repellency. This unique feature helps with a wide range of applications such
as self-cleaning surfaces [10] and corrosion-proof metal surfaces [11]. Compared to
anticorrosion in traditional protective coatings, superhydrophobic coating can be much
efficient to reduce corrosion because it reduces the interaction between metal surface and
corrosive species. To achieve that, several methods have been applied to produce a
superhydrophobic surface such as wet chemical reaction [12], etching [13], and nanocomposite
coating [14]. In nanocomposite coating, a bottom-up approach is used to grow a thin layer of
well-chosen nanocomposite to create the superhydrophobization on the metal surface. The
superhydrophobicity is created by the nanoparticles, while the polymer serves as a binder to
connect the nanoparticles. When string bonding is achieved between polymer and
nanoparticles, the mechanical properties of the coating will be enhanced [11]. Since polymers
can be dissolved in a plenty of solvents, the spray deposition technique can be a suitable way
to coat the metal where the solvent is evaporated rapidly after spraying and simply leaving a
thin superhydrophobic coating on the surface of the metal. Therefore, spray method is
appropriate for large-scale coating. The durability of nanocomposite superhydrophobic
coatings is high, for instance, using SiO2 nanoparticles with epoxy shows sustainability after
250min scouring test at 10m/s running water [15].

The anticorrosion mechanism of superhydrophobic coatings is described by formation of a thin
air film between the liquid and the surface, which in turns reduces the contact area between
them. This thin air film is called a nonconductive barrier and it is formed when air is trapped
during immersion of the metal into the liquid. Therefore, the surface will be isolated from the
surrounding liquid. Figure (2) illustrates the formation of the thin air film in the interface of a
copper plate immersed in saline water [16]. The plate in the figure was half coated with
superhydrophobic layer. As seen from the figure, the uncoated part is in intimate contact with
the water with no interface barrier and it shows the red-orange color of the Cu plate, while the
coated part forms a barrier of thin air that isolates the Cu surface from the saline water as it
appears as a bubble-like region. This barrier reduces the contact area between the plate and
water and hence, reduces the corrosion significantly.
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Uncoated part

Coated part

Figure (2) Cu plate immersed into 3.5 wt.% NaCl solution. This figure is reproduced from
[16].

Despite that superhydrophobic nanocomposite applications have been widely investigated in
the last recent years, the use of them as anticorrosion layer in low carbon steel is still immature
with a little literature available [17,18]. The merit of this coating is that it is much more efficient
than traditional anticorrosion coatings and it can be made as a very thin layer which makes it
economically more viable. Thin layer is also more adhesive than thick layer with a less chance
of peeling-off. This paper is an attempt to study the anticorrosion resistance of low carbon steel
(coated with manganese dioxide/polystyrene superhydrophobic nanocomposite) in aggressive
media of acidic and saline solutions.

2. Experimental Procedure

Manganese dioxide/polystyrene (MnO2/PS) nanocomposites have been purchased from SAR
Incorporation. The nanocomposite is comprised of MnO2 nanoparticles in polystyrene matrix.
The material was pre-dissolved in organic solvent and sold as a liquid-phase. The exact formula
and synthesis recipe are the company know-how. The liquid-phase nanocomposite can be
deposited by spray method. The deposited film has a free surface energy of ~13 mN/m and can
achieve a contact angle of ~150° according to the company datasheet. These specifications
represent superhydrophobicity features.

Low carbon steel (LCS) round samples of ~16 mm in diameter and 1 mm thick were used as a
corrosion metal. The samples’ chemical composition was determined using Optical Emission
Spectrometer (OES) type ARL 3460. Table (1) shows the chemical composition of the used
low carbon steel.

Table (1) Chemical composition of the used alloy.

Element C Si S P Mn Ni Cr Mo Cu
Percent (%) 0.05 | 0.007 | 0.040 | 0.015| 0.39 | 0.03 | 0.005 | 0.004 | 0.046

The samples were coated with the nanocomposite by spray method. Thickness of the coating
was controlled by spraying time and estimated roughly using a gravimetric method. Five
samples were prepared and marked as (Si1, Sz, Ss, S4, and Ss) with approximate thickness of
(21, 36, 77, 159, and 178 nm), respectively. Uncoated LCS was also used as a control sample
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and denoted as So. Figure (3) shows a photograph of the used samples after coating. Atomic
Force Microscopy (AFM) type (Nanosurf FlexAFM) was used to probe the surface topography
of the films.

Figure (3) The used samples after coating with MnO2/PS nanocomposites.

Three-electrode potentiostat/galvanostat (Type M Lab) was used to carry out the
electrochemical analysis. Saturated calomel was used as a reference electrode (the potential vs.
the normal hydrogen electrode equals to +0.244V), graphite was served as a counter electrode,
and the working electrode was the low carbon steel sample. Two corrosive solutions of 1M
HCI and 5000ppm NaCl were used to investigate the corrosion. The exposed area of the
samples was fixed at 0.79cm?. Figure (4) shows a photograph of the experimental setup used
in this work. Prior to the electrochemical measurements, the samples were kept in the solution
for 15 min in order to stabilize the open circuit voltage. Polarization curves were recorded with
a scan rate of 5mV/s. Samples were polarized according to the open circuit voltage (Voc) of
the sample, i.e. from -Voc to +Voc. Corrosion current density (J) of the samples was calculated
using Tafel method. The corrosion current density was obtained from dividing the measured
current by the sample area. Using current density is important to normalize the results so that
the comparison between different samples is possible. The corrosion current was measured at
various solution temperatures (20, 35, and 50°C) and from which, the activation energy (Ea)
was calculated from Arrhenius equation [19]:

Ea
log(lCOrr) = lOg(A) - 2,303 RT (1)

where: A is pre-exponential factor, R is the universal gas constant (8.314 J/K.mol), and T is
the absolute temperature (in Kelvin). Corrosion protection efficiency (PE) was evaluated from
[20]:

PE (%) = [1 - :C—] x 100% 2)

Corr

where: 1% and Icorr are the corrosion currents of the superhydrophobic coated and uncoated
LCS samples, respectively.

w

Figure (4) The experimental setup used in this work.
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3. Results and Discussion

Superhydrophobicity is a feature of the surface morphology rather than surface chemistry. It
has been shown that a hierarchical structure can produce a superhydrophobic phenomenon [21].
This type of topography is characterized by the pyramid-like structure. Figure 5 shows a 3D
AFM image of the MnO/PS nanocomposite film. The rms roughness is 109 nm which
represents a very rough surface. The pinhole in the surface is due to a nonuniform deposition.
The density of summit is low, but the summits are pyramid-like. Pinholes introduce corrosion
sites and lessen the anticorrosion properties of the protective layer. To overcome this problem,
different deposition methods such as printing method should be used in any future work.

Pinhole Hills

Figure (5) AFM image in a 3D mode for MnO2/PS nanocomposite deposited on LCS

surface.

Tafel method is used to determine the corrosion current density and the corrosion potential
from the plot of the electrochemical redox process. The plot in Figure (6) shows two branches
of reaction: anodic (in which a metal is oxidized), and cathodic (in which solution species are
reduced). Absolute values of current density are plotted on a log-scale axis to undergo Tafel
equation. Corrosion current density (Jcorr) and corrosion potential (Ecorr) are estimated from the
intersection of the tangents of anodic and cathodic curves as demonstrated in this figure. The
fitted tangents of all samples in this work were obtained with the aid of OriginLab software to
perform best possible fitting with a statistical value of R-Squared of 0.99758. Fitting
parameters are unified in all samples to cancel out any segment of error that may occur. The
fitting lines were extrapolated so that they intersect, where intersection point represents Jcor
and Ecorr according to Tafel method as it is portrayed in the example of Figure (6).
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Figure (6) Tafel method used to determine corrosion parameters. The plot of this figure is for
uncoated steel sample in 1M HCI solution.

Figure (7) illustrates potentiodynamic polarization curves in 1M HCI and 5000ppm NaCl
aqueous solutions for Sp and S after 24 hours’ immersion in the solutions. The Jcorr 0f So and
S1in HCl is 83.6 pA/cm? and 24.3 pA/cm?, respectively. Whereas, Jcorr 0f So and Sz in NaCl is
14.4 pA/cm? and 0.56 pA/cm?, respectively. The results show a significant decrease in
corrosion current for the coated sample (S1) compared with the uncoated control sample (So)
in both solutions. Moreover, both coated and uncoated samples exhibit less corrosion current
in NaCl solution than HCI solution. This is because LCS shows less corrosion in NaCl than
HCI. Since HCI is a more aggressive solution, it may produce pinholes in the coated sample
and penetrates into the LCS surface. However, the coating layer is still providing protection
against the acid compared to the control sample.
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Figure (7) Potentiodynamic polarization curves in 1M HCI and 5000ppm NaCl for coated and

uncoated samples.
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Corrosion current density for uncoated sample and coated samples with different
superhydrophobic layer thicknesses are presented in Figure (8). In the saline solution (NaCl),
the corrosion current of S; sample exhibits a decrease around 25 folds in magnitude compared
to the uncoated sample (So). Surprisingly, increasing thickness of the superhydrophobic layer
results in an increase in the corrosion current. This indicates that in superhydrophobic coating,
very thin layers provide better corrosion inhibition than thick layers. This can be attributed to
the peeling effect for thicker layers. In addition, thick layers are less uniform and have more
pinholes compared to thin layers. In the acidic solution (HCI), the corrosion current of S;
sample exhibits a decrease around 3.5 folds in magnitude compared to the unprotected sample
(So). This result shows that the MnO2/PS superhydrophobic layer is less resistive in acidic
media than saline media which driving this type toward the saline media applications rather
than acidic media applications. The effect of thickness in the acidic solution is less than that of
saline solution, where corrosion current shows a slight increase with increasing the coating

layer.
90

—a— N HCI
75+ —e—in NaCl

Figure (8) Corrosion current density for uncoated and coated samples with various thicknesses

immersed in HCI and NaCl solutions for 24 hours.

Exposure time is a key factor in corrosion. To investigate the influence of immersion time on
the evolution of corrosion current, the samples were immersed for one month in HCI and
characterized every ten days, starting from 24 h immersion time. During the experiment, the
samples kept in the solutions permanently for the whole month. The uncoated sample shows a
sharp increase in corrosion current with time especially after 20 days. The coated sample shows
an increase in corrosion with time, as well, but with a significantly less rate. The increased
corrosion for the coated sample can be ascribed to the decrease in contact angle as acid removes
some of the coated layer [17]. Decreasing contact angle results in wider contact between the
acid and sample surface.
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Figure (9) Corrosion current density for uncoated and coated samples with various immersion

times in HCI solution.

Solution temperature impact on corrosion current for the samples in HCI solution is explored
as shown in Figure (10-a). As solution temperature increases, the corrosion increases. This
normal behavior can be exploited to determine activation energy of the surface as depicted in
Figure (10-b) and described by Arrhenius [19] as shown earlier in Eq. (1). Activation energy
of 34.7 kJ/mol and 47.3 kJ/mol for So and Ss, respectively, are in fair agreement with literature
for LCS [19]. The coated sample shows higher activation energy which is an indication of
improving surface inhibition against corrosion.
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Figure (10) (a) Corrosion current density for uncoated and coated samples with various HCI
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solution temperatures, (b) Corrosion current density vs. the reciprocal of temperature.
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Corrosion protection efficiency (PE) of the coated samples were calculated using Eq. (2) and
presented in Figure (11). Lower thickness (S1) shows better efficiency for both HCI and NaCl
solutions, which can be attributed to the lower corrosion current for this sample as discussed
in Figure (8) earlier. The efficiency decreases with increasing coating thickness which is
consistent with the behavior of Figure (8). Highest efficiency recorded for S1 sample at NaCl
soltion with a value of 96.1%. However, steeper decrease in efficiency with coating thickness
is observed in NaCl solution compared to HCI solution.

Pitting potential is determined in the forward scan. This is a destructive test for the coating,
therefore, it was done at the last step of the measurement (after collecting the data of one month
for the samples in HCI). The pitting potentials of So and S: were 389 mV and 491 mV,
respectively. The higher value of pitting potential for the coated sample indicates that the
hydrophobic surface shows higher resistance against corrosion than the pristine sample.

100
—a— in HCI
—e— in NaCl
80 -
S
H_J 60 4
40 -
20 | | | | | | |
S1 S2 S3 S4 S5

Sample
Figure (11) Protection efficiencies at various thicknesses of the coated samples.

4. Conclusions

Superhydrophobic surface comprised of MnO2/PS nanocomposite layer can be used efficiently
as anticorrosion coating in low carbon steel. The coating shows better inhibition in a saline
medium (NaCl) than an acidic medium (HCI) with protection efficiency of up to 96.1% in NaCl
solution. This result indicates that MnO/PS superhydrophobic nanocomposite layer is a
candidate material for corrosion protection in the saline media. Various thicknesses of the
nanocomposite were investigated in this work. Thickness showed a noticeable effect on the
corrosion. Lower thickness has better inhibition than higher thickness. This is considered an
economically viable result in the mass production industry.
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