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ABSTRACT: Losses from corrosion contribute roughly 3−5% of
the gross domestic product of developed nations, and among the
many methods used to avoid corrosion, using silane-based coatings
is seen to be of the biggest importance due to their low toxicity and
superior adhesive qualities. It is essential to develop an anti-
corrosion coating that is efficient, economical, and eco-friendly.
The corrosion resistance and durability of various silane-based
coatings such as 1,2-bis(triethoxysilyl)ethane (BTSE), bis[3-
(triethoxysilyl)propyl]tetrasulfide (TESPT), and vinyltrimethylsi-
lane (VTES) for carbon steel 1018 substrates were investigated in
a high-salinity environment (4.5 wt % NaCl). The corrosion
resistance performance was evaluated via potentiodynamic polar-
ization (PDP) and electrochemical impedance spectroscopy (EIS) techniques. Results revealed that the TESPT film (pH ≈ 7) has
the best corrosion resistance performance on the carbon steel surface in the aggressive chloride environment, that is, 99.6%. The
high corrosion resistance of the TESPT film is due to the hydrophobic nature of this silane, which leads to the formation of a stable
and dense film. These results were supported by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDX) analyses.

1. INTRODUCTION
One of the major problems across many industries is metal
corrosion, which raises manufacturing costs and compromises
safety and performance. Metal and related alloys such as mild
steel, magnesium, copper, and aluminum are highly susceptible
to corrosion in aggressive environments leading to consid-
erable economic loss and safety failures.1 Carbon steel is widely
used as a raw material in the metallurgical industry where it is
one of the most important raw materials. Marine environments
are among the most prone to corrosion because of temperature
gradients, fluctuations in flow velocity, and the presence of
corrosive constituents such as inorganic salts, bio contami-
nants, dissolved oxygen along with other gases, and high
chloride concentrations.2−4 Consequently, if extra efforts and
well-planned practices are utilized to control the corrosion
process, the corrosion losses and associated economic effects
could be dramatically reduced. Different methods have been
employed to control the corrosion process, including material
selection,5 using corrosion inhibitors,6 cathodic protection,7

anodic protection,8 and the use of protective coatings.9

Corrosion-resistant coatings act as barriers that isolate the
metal surface from the corrosive environments. This method of
protecting metals against corrosion is widely used for metallic
equipment in chemical plants, offshore structures, and
underground structures (e.g., tanks, oil, gas pipelines, etc.).
Anti-corrosion coatings include metallic coatings, conversion

coatings, glass coatings, ceramic coatings, and organic coatings.

The metallic coating could be either thin nanometer-sized
single-metal or multicomponent alloy layers or thicker coatings
with nanoparticles of a second phase.10 One of the most
economical methods of surface modification of steel substrates
is chemical conversion coatings or surface passivation.
Electrochemical or chemical processes are used to turn the
covered surface into a coating. The most common processes
for forming conversion coatings are phosphatizing,11 chromat-
ing,12 and anodic oxidation.13 The phosphate coating is
resulted from immersing into or spraying the metal surface
with acidic phosphate solutions. It is commonly used for zinc,
steel, and aluminum. The resulting porous phosphate layer is
characterized by strong adhesion to metals and good corrosion
resistance. The other form of conversion coating is the
chromate conversion coating, which is frequently applied on
aluminum, zinc, and magnesium. This coating layer is formed
from a reaction between the metal surface and an acidic
chromate solution, most commonly sodium bichromate. The
use of chromium-based conversion coatings is currently
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prohibited. On the other hand, the anodic oxidation process
produces an oxide film on the metal surface by electrolysis for
the purpose of increasing the corrosion resistance of the
surface. These coatings involve aluminum, vanadium, zirco-
nium, molybdenum, cerium, nickel, potassium, and zinc-rich
layers.
Some metals are surrounded by highly corrosive environ-

ments that need protective coatings with thick layers to protect
the metal from corrosion attacks. In such conditions, it is
preferable to use glass coating,14 cured inorganic silicates,15

ceramic coating,16 sulfur,17 graphite,18 and carbon.19,20 Glass
and ceramic coatings can handle all environments except in
hydrofluoric and caustic ones. Some limitations may restrict
the use of glass and ceramics where they are brittle and
sensitive to thermal shock and their mechanical strength is low.
Graphite and carbon have the ability to withstand rapid
changes in temperature.1

The organic coating consists of a thin barrier that is applied
on the metal to isolate its surface from aggressive environ-
ments. This type of coating involves paints, lacquers,21 and
varnishes,22 which are frequently used for coating large areas.
Meanwhile, organic polymeric coatings are the most common
type of protective materials.23,24

Merging the properties of organic materials and inorganic
ones led to novel hybrid organic−inorganic corrosion
resistance coatings, which become one of the most effective
techniques of surface protection.25,26 The most widely applied
hybrid inorganic−organic material is modified organosilanes
(adhesion promoter).27,28 They are a great replacement for
chromate and phosphate coatings because they are non-toxic
and inexpensive as well as environmentally safe. These
compounds have a general formula RnSiX4−n, where R is an
organic group, for example, alkyl, glycidoxypropyl, amidogen,
or others, and X is a hydrolyzable group (alkoxy: −OMe or
−OEt). Owing to its unique chemical structure, the organo-
silane film serves as a bridge between the metal and the anti-
corrosion coating. Their molecules demonstrate a dual
functionality that links an inorganic substrate via an −O−
Si− group and an organic polymer via an organic functional
group −R.29 Layers of organosilane are formed in a sequence
as follows: (i) hydrolysis of alkoxysilanes to silanols (RnSi-
(OH)4−n), (ii) deposition of films via different methods, and
(iii) curing of the films at an elevated temperature to ensure
condensation to siloxanes and polysiloxanes ((R−S−O−Si)n)
and polymerization and to eliminate water.30 The formed films
act as a physical barrier restricting the penetration of corrosive
species to the metal surface.31,32

A literature survey revealed that the protection behavior of a
variety of silane sol−gel coatings such as tetraethoxysilane
(TEOS),33 trimethoxypropylsilane (TMPSi),33 3-glycidoxy-
propyl trimethoxysilane (GPTMS),34 tris(2-methoxyethoxy)-
vinylsilane (VTMOEO),35 3-aminopropyltriethoxysilane
(APS),36 (3-mercaptopropyl)triethoxysilane (MPTES),37 tet-
raethylorthosilicate (TEOS),38 1,2-bis(triethoxysilyl)ethane
(BTSE),39,40 and bis[3-(triethoxysilyl)propyl]tetrasulfide
(TESPT)41 have been largely studied as attractive alternatives
to the chromate. These coatings are a rapidly expanding
technology resulting from their main advantages: good
compatibility and high adhesion to a wide range of inorganic
and organic interfaces, minimal environmental impact, and
competitive pricing.42,43 Furthermore, another important
feature of these coatings is the barrier performance against
electrolyte diffusion to the substrate, which is based on forming

a dense layer with a three-dimensional network of
siloxane.44−46 Several factors such as the curing time, aging,
concentration, pH, and chemical structure of the silanes are the
main parameters that influence the properties of the final
coating.47−49

In this article, the corrosion resistance and durability of three
silanes (i.e., TESPT, BTSE, and VTES) for carbon steel 1018
substrates in an extremely high-salinity environment (4.5 wt %
NaCl) is investigated. Carbon steel alloy was selected for this
study since it is the main material used in building seawater
desalination plant structures, water storage, tanks, and
pipelines despite its low corrosion resistance. Also, a
comparative study on the corrosion resistance of the three
silanes was carried out along with the surface film character-
ization of each silane. The artificial seawater in this study has a
sodium chloride concentration of 4.5 wt %, whereas other salts
with trace amounts are neglected.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. 1,2-Bis(triethoxysilyl)ethane (BTSE),

bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT), and vinyl
trimethylsilane (VTMS) with a purity of 96, ≥90, and 97%,
respectively, were bought from Sigma-Aldrich (USA). The
received silanes were used directly without any pretreatments.
Figure 1 displays the molecular structures of each silane used

in this study. The carbon steel 1018 bar with a diameter of 10
mm and length of 240 mm was bought from BDH Lab and
Scientific Equipment Company (USA). The chemical
composition of the carbon steel is mentioned in Table 1.
The bar was cut into cylindrical pieces of 10 mm in thickness/
height. Each piece was pre-fitted and sealed in a glass sleeve to
cover the side of the cylindrical sample, exposing only the top
and bottom. During corrosion testing, only the top surface was

Figure 1. Molecular structures of different silanes.

Table 1. Chemical Composition (wt %) of Carbon Steel
(Grade 1018)

element composition (wt %)

carbon (C) 0.15−0.20
silicon (Si) 0.17−0.37
manganese (Mn) 0.60−0.90
sulfur (S) ≤0.050
phosphorus (P) ≤0.040
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exposed to the NaCl electrolyte where the exposed area was
0.785 cm2, while the other side was used for electrical contact.

2.2. Silane Solution Preparation. Three silane solutions
were prepared to be investigated in this study. BTSE solution
was prepared by mixing 4% BTSE, 0.4% acetic acid, 6%
deionized water, and 89.6% methanol by volume. Then, the
mixture was stirred for 1 h.50 The pH of the prepared BTSE
solution was measured to be 4.2. The TESPT solution with a
5% concentration by volume was prepared by adding the silane
to a mixture of ethanol and deionized water then stirring for 10
min. The ratio of TESPT/deionized water/ethanol was 5/5/
90, respectively. The pH of the TESPT solution was measured
to be 7.2.51 VTMS solution was prepared following the same
preparation procedure of TESPT solution. The ratio of
VTMS/deionaized water/ethanol was 5/5/90, respectively.
The pH of the VTMS solution was measured to be 8.9. The
TESPT and VTMS solutions in this work were prepared at a
concentration of 5% by volume. All prepared silane solutions
were maintained at room temperature for at least 48 h before
use in order to increase the number of hydrolyzed silane
molecules.51

2.3. Surface Treatment. Before applying the silane
coating, the carbon steel pieces were polished with silicon
carbide grinding papers gradually up to 3000 grade finishes.
The polished surfaces were degreased using ultrasonic bath
containing acetone for 5 min followed by another 5 min of
degreasing using methanol. After cleaning the steel surface, it
was immersed in a 2.5% sodium hydroxide solution for 10 min
in order to improve the surface wettability. After this step (i.e.,
alkaline degreasing), the substrate surface became a water-
break-free surface, meaning that the surface became completely
free of contaminants, which decreases the number of active
areas available for reacting with silanol groups in silane
solution.40 Afterward, the pretreated surface was rinsed with
deionized water and dried with a hot air stream. Once the
substrate surface pretreatment is finished, the steel surface
becomes ready to be dipped into the prepared silane solutions.
Based on the literature, all data presented in this study were
obtained at a dipping time of 25 min.52,53 Then, the effect of
the curing time was tested to obtain the optimum curing time
to be applied in this study. Potentiodynamic polarization tests
were carried out in 4.5 wt % NaCl solution for silane-coated
samples that were heated up to 120 °C for different time
periods (10, 60, and 100 min) to evaluate the effect of the
curing time on coating performance. The changes in the
obtained corrosion current density (jcorr) with respect to the
variation in the curing time are presented in Figure 2. Results
showed that the jcorr for silane-treated samples remains the
same (∼0.058 μA/cm2) throughout all tested times, which
means that the protective performance of silane-treated
samples against corrosion is independent of the curing time.
Since there is no effect for the curing time, 60 min was
considered a moderate time, and it was chosen in this study to
be applied to all studied cases. The same coating procedure
was followed for the formation of BTSE, TESPT, and VTMS
coatings.

2.4. Corrosion Testing. An Autolab PGSTAT302N was
used to apply potentiodynamic polarization (PDP), and
electrochemical impedance spectroscopy (EIS) techniques
were applied to evaluate the corrosion resistance performance
of each silane coating in 4.5 wt % sodium chloride solution
before and after the coating process on carbon steel substrates.
Nova 2.0 software was utilized to control, monitor, and provide

the experimental data as well as the resultant plots. The
electrochemical testing was performed with a three-electrode
electrochemical cell, which is composed of the freshly prepared
carbon steel samples as the working electrode, a saturated Ag/
AgCl reference electrode, and the counter electrode (platinum
foil, 1 cm2). In order to check the reliability and reproducibility
of the resultant data, all experiments were repeated two to
three times under the same conditions. Before starting any
electrochemical measurements, the open-circuit potential
(EOCP) was tracked to reach a stable status to ensure the
stability of the working electrode. The required test temper-
ature was maintained using a constant temperature water bath.
After pre-immersing the silane-coated samples in sodium

chloride to obtain the open-circuit potential EOCP value, the
PDP curves were recorded at a scan rate of 1 mV/s. The
electrode potential was scanned within a range from −0.4 to 1
V with respect to the EOCP (ASTM standards G5-87). All EIS
tests were performed over a range of frequencies varying from
100 kHz to 0.1 Hz with 10 readings per decade. The AC signal
amplitude was 10 mV.

2.5. Silane Film Analysis. Several techniques were applied
in this work to analyze the characteristics of the silane film
formed on the carbon steel substrate, such as Fourier-
transform infrared reflection−absorption (FTIR-RA), X-ray
photoelectron spectroscopy (XPS), scanning electron micros-
copy (SEM), and energy-dispersive X-ray spectroscopy (EDX).
All surface measurements were performed on the carbon steel
samples immediately after the corrosion testing.
FTIR-RA measurements were recorded using Tensor 27

(Bruker, Ettingen Germany) equipped with an attenuated total
reflection (ATR) system. OPUS computer software (Bruker
Germany) was used to collect the IR absorption spectra. The
scans of wavelengths between 600 and 1400 cm−1 were
obtained with a spectrum resolution of 4 cm−1, and the
number of scans was 16.
XPS spectra were collected on a Thermo ESCALAB 250 Xi

system equipped with a monochromatic Al Kα X-ray source
(1486.6 eV) with a spot size of 850 μm. The spectra were
taken using Thermo Avantage software version 5.956. The
analysis was performed using parameters for a narrow scan as
follows: pass energy of 20 eV, 50 ms dwell time, and 0.1 eV

Figure 2. Change of the corrosion rate (jcorr) of TESPT-coated
carbon steel samples immersed in 4.5 wt % NaCl solution at different
curing times.
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step size. All binding energy values were determined with
reference to the C 1s peak at 284.6 eV.
SEM and EDX were used to study the morphology and the

chemical composition of the silane film. This data was
collected using a JEOL JSM-7001F scanning electron micro-
scope (SEM) (JEOL Ltd., Tokyo, Japan) equipped with an
Oxford INCAx-act energy-dispersive spectrometer (EDS). The
applied acceleration voltage was 10 kV.

3. RESULTS AND DISCUSSION
3.1. Electrochemical Investigation for Different

Silane Solutions. 3.1.1. Potentiodynamic Polarization

Test. Figure 3 shows the potentiodynamic polarization curves
for the corrosion behavior of uncoated and coated carbon steel
with different silanes exposed to 4.5 wt % NaCl solution at 25
°C for 45 min. From the cathodic behavior of the polarization
curves, it can be observed that both BTSE and TESPT
coatings resulted in a decrease in the cathodic current
densities. Regarding the VTES-coated carbon steel, no
significant improvement in the cathodic current density value
was observed, which is related to the high percentage of defects
in the formed film. This result was proved also using the SEM
test as will be discussed in Section 3.2.3. The decrease in the
cathodic current density values is attributed to the coverage of
the cathodic areas on the carbon steel surface by the silane
film, which leads to a lower corrosion rate. This is an indication
of the formation of a dense siloxane network at the coating−
metal interface. The cathodic region of the polarization plot for
each silane coating clearly shows that the TESPT has the
lowest current density compared to others, thus showing
99.6% of a lower j than bare carbon steel.

The anodic current densities for all silane-coated surfaces
were decreased, and the TESPT-coated carbon steel also
showed the most significant reduction of j. Moreover, from the
anodic scan of the VTES coating, a rapid increase in the anodic
current density as the applied potential increases can be
observed, and this is due to the quick dissolution rate. On the
other hand, the sample coated with TESPT shows a
considerably slow increase in the anodic current density as
the applied potential increases. From the polarization plot, the
VTES coating is inadequate in protecting the carbon steel from
corrosion, while the TESPT coating provides the best
corrosion protection. The protection efficiency of the TESPT
results from the fully cross-linked silane film formed on the
carbon steel surface. The characterization of the formed silane
films will be explained in detail in the following sections using
surface analysis techniques. Upon the completion of the
polarization test, the carbon steel surfaces coated with VTES
were damaged when they were inspected visually, while
samples coated with TESPT were intact, which indicates that
the quality of the protection of the TESPT coating is better
than that of VTES.
The electrochemical polarization parameters are listed in

Table 2: corrosion potential (Ecorr), corrosion current density
(jcorr), cathodic and anodic Tafel slopes (βc and βa), corrosion
rate, and protection efficiency (ηP). The corrosion current
density (jcorr) was obtained from the extrapolation of Tafel
lines. However, all these electrochemical polarization param-
eters were determined using Nova software. From Table 2, it
can be noticed that the Ecorr of all carbon steel samples coated
with BTSE, VTES, and TESPT shifted toward a positive
direction by 70, 220, and 90 mV, respectively, versus Ag/AgCl.
Although the Ecorr value has been considerably improved after
the application of the VTES coating, the corrosion rate was
higher than in other samples due to the higher jcorr value as
compared with BTSE and TESPT. The high corrosion current
value means that, once the system exceeds the corrosion
potential value (Ecorr), the carbon steel surface will start to
corrode rapidly.
The protection efficiencies for coated carbon steel samples

were calculated using the equation below and are tabulated in
Table 2:54

j j

j
(%)

( (bare) (coated)

(bare)
100P

corr corr

corr

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
= ×

(1)

As per Table 2, the coatings with regard to their corrosion
resistance efficiencies in a descending order are TESPT, BTSE,
and VTES. Also, a decreasing trend in the corrosion rate can
be observed with the bare surface having the highest value and
the surface with the TESPT coating having the lowest value.
All data obtained from the potentiodynamic polarization data
show the great potential of the TESPT coating in protecting

Figure 3. Potentiodynamic polarization curves of carbon steel in 4.5
wt % NaCl at 25 °C before and after coating the surface with different
silane solutions vs Ag/AgCl.

Table 2. Electrochemical Data Calculated Using the Potentiodynamic Polarization Method for Carbon Steel in 4.5 wt % NaCl
at 25 °C Before and After the Formation of Different Silane Solutions versus Ag/AgCl

silane solution jcorr (μA/cm2) Ecorr (V) βc (mV/decade) βa (mV/decade) corrosion rate (mm/year) ηP (%)
bare 13.6 −0.61 190 85 0.315
BTSE 5.3 −0.54 130 110 0.124 60.6
VTES 10.9 −0.39 210 80 0.253 19.9
TESPT 5.8 × 10−2 −0.52 197 112 0.136 × 10−2 99.6
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carbon steel from corrosion during exposure to an aggressive
chloride environment.
3.1.2. Electrochemical Impedance Spectroscopy (EIS). EIS

was performed on uncoated and coated carbon steel with
different silane films during the exposure to 4.5 wt % NaCl

solution to examine the corrosion protection efficiency of each
silane. Figures 4 and 5 show Bode and Nyquist plots for the
corrosion behavior of uncoated and coated carbon steel with
different silane films exposed to 4.5 wt % NaCl solution at 25
°C, respectively. For Bode plots, it has been known that the
impedance at low frequencies is related to the corrosion
resistance of samples, that is, the higher the impedance, the
better the corrosion resistance of that system.41,55 As expected
from the polarization plot in Figure 3, the samples coated with
BTSE and VTES silanes show a small improvement in the
impedance values compared with the bare sample. On the
other hand, carbon steel samples coated with TESPT solution
show higher impedance values than the other silanes for the
entire frequency region. Moreover, the Nyquist plot (Figure 5)
shows that the samples coated with TESPT solution reveal the
highest corrosion resistance to our corrosive medium (489 kΩ
cm2) compared with the uncoated one (1 kΩ cm2), BTSE
coating (4 kΩ cm2), and VTES coating (2 kΩ cm2).
As seen in Figure 4b, the bare carbon steel and the VTES-

coated sample have one time constant at low frequencies
(approximately below 102 Hz), which may refer to the
formation of an oxide layer.56 In the case of samples coated
with TESPT and BTSE, a time constant showed up in the

Figure 4. Bode plots of carbon steel in 4.5 wt % NaCl at 25 °C before and after coating the surface with different silane solutions: (a) log f vs log Z
and (b) log f vs phase angle.

Figure 5. Nyquist plots of carbon steel in 4.5 wt % NaCl at 25 °C before and after coating the surface with different silane solutions. (The right
graph shows the enlargement near the origin.)

Figure 6. Equivalent electrical circuit model used for EIS data fitting
for bare carbon steel.
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high-frequency region (around 105 Hz) in the phase angle plot.
This time constant can be attributed to the silane film.56,57 The
absence of the time constant at the high-frequency region in
the phase angle plot of the VTES-coated sample may refer to
the poor protective nature of the formed silane film.
Different equivalent electrical circuit (EEC) models have

been applied to find the best fitted one for each studied case.
Initially, the suggested EEC models were extracted from the
number of time constants in the phase angle plot of each case.
The best EEC models, which were utilized in fitting the
impedance data of the studied cases, are illustrated in Figures 6

and 7. Two plots are displayed as examples to show the good
agreement between the fitted and experimental data (Figures
S1 and S2). Figure S1 shows the agreement between the fitted
and recorded data for bare carbon steel sample in 4.5 wt %
NaCl using the EEC model shown in Figure 6. Also, Figure S2
shows the agreement between the fitted and recorded data for
BTSE-carbon steel samples using the EEC models illustrated in
Figure 7. Values of these electrochemical parameters were
calculated by fitting the EIS experimental data to the EEC
model using Nova software. Constant-phase element (CPE)
components are used in these circuits instead of the capacitive

Figure 7. Equivalent electrical circuit models used for EIS data fitting for coated carbon steel with (a) TESPT and BTSE and (b) VTES.

Table 3. Impedance Parameters for Uncoated and Coated Carbon Steel with Different Silane Solutions in 4.5 wt % NaCl at 25
°C

silane coating oxide film

Qc Qdl

silane solution Rs (Ω cm2) Rc (kΩ cm2) Yoc (μF/cm2) nc Rct (kΩ cm2) Yodl (μF/cm2) ndl W (μF/cm2)
bare 8.10 1.34 625.34 0.77
TESPT 0.88 8.73 1.38 0.65 73.65 0.45 0.76
BTSE 4.70 3.63 115.26 0.69 1.95 101.15 0.89
VTES 6.67 1.70 424.61 0.79 9.47 × 10−3

Figure 8. Change of resistances and CPE parameters of coated carbon steel samples with different silane solutions immersed in 4.5 wt % NaCl
solution: (a) for VTES, BTSE, and TESPT and (b) for bare, BTSE, and TESPT.
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elements in order to reduce the errors caused by surface
roughness and the non-ideal deposition process of coating
layers. The CPE components in these EEC models are named
Q and defined by the CPE parameters ( Y0 and n). The EIS
parameters obtained for the studied cases using EEC models
are tabulated in Table 3.
Figure 6 illustrates the EEC model selected for the bare

carbon steel immersed in 4.5 wt % NaCl at 25 °C. This EEC
model includes one time constant and consists of the reference
electrode, working electrode (i.e., carbon steel electrode),
electrolyte resistance Rs, charge transfer resistance Rct, and
CPE of the double layer Qdl, where Rct and Qdl parameters
indicate the formation of an oxide layer after the exposure to
the sodium chloride medium.
Regarding the coated samples with silane solutions, different

EEC models were applied according to the time constants of
each silane to give the best fitting results. Figure 7a illustrates
the EEC model used for carbon steel coated with TESPT and
BTSE that has two time constants and consists of the
electrolyte resistance Rs, coating resistance Rc, and CPE of the
silane coating Qc, where the Rc and Qc parameters are
associated with the presence of a dense silane coating. The
presence of the parameters (Rct and Qdl) indicates the
formation of an oxide layer, indicating that water and chloride
ions penetrate into the film and reach the metal surface,
resulting in metal dissolution.58 Nevertheless, from Table 3,
which will be discussed below, it will be observed that the Rct
value of the TESPT-treated sample is much higher than that
for the BTSE-treated sample, as shown in Figure 8b. This
means that the formed BTSE layer was less dense and more
porous, while the TESPT film was less porous due to the
strong cross-linking of siloxane molecules. For the VTES-
coated carbon steel immersed in 4.5 wt % NaCl solution, the
designated EEC model consists of one time constant and
includes the solution resistance Rs, coating resistance Rc, CPE
of the silane coating Qc, and Warburg impedance W (Figure
7b). The presence of the Warburg element is an indication that
the diffusion rate was affecting the system where the electrolyte
(water and ions) penetration through the coating film was the
reason behind the diffusion in the EIS response due to the
saturation of that film with the electrolyte. This means that the
VTES film was very porous and could be easily penetrated by
the corrosive ions.58,59

The change of the Rc and Qc values of the coated carbon
steel samples with different silane solutions is illustrated in
Figure 8a. The strength of the cross-linking at the coating−
metal interface can be estimated by the change in the Rc value
because, as the silane film becomes denser, a high number of

Table 4. XPS Surface Composition (%) of VTES and
TESPT-Coated Carbon Steel Before and After the
Corrosion Testing

VTES TESPT

element
before
corrosion

after
corrosion

before
corrosion

after
corrosion

C 22.04 18.59 55.38 54.68
O 58.84 54.04 22.51 24.74
Si 2.94 1.10 11.73 8.66
S 10.38 10.58
Fe 16.18 18.08 0.87
Cu 0.81 0.46
Cl 7.38

Figure 9. SEM micrographs of a carbon steel surface: (a) bare sample,
(b) TESPT-coated sample, and (c) VTES-coated sample before the
corrosion testing.

Table 5. Surface Composition (wt %) of Coated Carbon
Steel with TESPT and VTES Silanes

element TESPT VTES

Fe 42.8 90.2
C 14.5 4.0
O 15.5 3.8
Si 11.4 2.0
S 15.7
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pores in that film is blocked and a high amount of water is
evaporated, resulting in a decrease in the total pore area Ap,
and thus the coating resistance increases. At the same time, the
evaporation of water causes a decrease in the coating
capacitance value Qc.

51 Regarding the two electrochemical
parameters related to the coating−metal interface (i.e., Rct and
Cdl), they are considered as an indication of the delamination
of the formed coating and the initiation of the corrosion
process. Consequently, the silane film that provides better
protective performance against corrosion should result in a
higher Rc, lower Cc, and higher W (if present) compared with
the less efficient coating.60 From Table 3, it can be observed
that the coating resistance Rc value for carbon steel coated with
the TESPT solution is much higher than that for the coated
samples with BTSE and VTES solutions. The high value of Rc
is associated with the formation of a denser and more uniform
film formed by the TESPT solution, compared with the other
two studied solutions. On the other hand, the coating
capacitance for the three silanes is ascending in the following
order TESPT, BTSE, and VTES. The decrease in the coating
capacitance value supports the conclusion that the TESPT film
is denser and more cross-linked than the other two silanes.
This is because the formation of a stronger siloxane network
reduces the amount of water absorbed through the film, and
thus the Cc value decreases.

61 This is in case the coating
thickness d of the three layers was assumed to be almost the
same. Another reasonable justification for the decrease in the
capacitance Cc is that the thickness of the TESPT layer formed
on the carbon steel was larger than that of BTSE and VTES
where the capacitance decreases as the coating thickness
increases.
Based on the above results, it can be concluded that the

TESPT silane film provides excellent and promising corrosion
resistance for the carbon steel surface in 4.5 wt % NaCl
solution compared to the VTES film, which showed poor

corrosion protection performance. The corrosion resistance
efficiency can be related to the pH of the silane solution and
the isoelectric point (IEP) of the substrate surface, which is
equal to the pH of the surface where the net charge is zero. It
has been reported that, when the pH of the silane is higher
than the pH of the IEP, the surface gains negative charges and
vice versa.62 In this study, the VTES film was prepared from a
solution of pH ≈ 9, and since the isoelectric point (IEP) of the
iron surface (∼8) is below 9,63 the surface becomes charged
negatively when immersed in the silane solution. As the iron
surface is negative, the positive species of the silane solution
will be absorbed by the surface. This results in an increase in
the acidic character of the surface coated with the VTES
solution. Since the steel surface becomes negatively charged, a
number of CH2 � CH − SiO− molecules will not completely
react with the oxide layer during the condensation process.
The presence of the unreacted VTES molecules at the
coating−metal interface contributes to forming a low cross-
linked structure and enhances the rate of water uptake into the
film, thus reducing coating barrier properties. In addition, the
acidic character causes a strong attraction of chloride ions
toward the surface, hence the silane film resulting in defects in
the coating film as well as accelerating substrate corrosion
reactions.64 Conversely, the TESPT film is prepared from a
neutral solution (pH ≈ 7), and since the isoelectric point
(IEP) of the iron surface (∼8) is greater than 7,63 the surface
becomes charged positively when immersed in the TESPT
solution. In this way, the negative species of the silane solution
are attracted to the positively charged surface and more
covalent bonds are created between the silane film and the
charged surface. In addition, this interaction results in an
increase in the basic character of the coated surface. Thus, in
the case of the formed TESPT film, there is no attraction force
that promotes the penetration of chloride ions Cl− into the
film, which considers an indication of the high hydrophobicity
of the TESPT.31,52,64

From electrochemical measurements illustrated in this
section, it was concluded that, among the studied silanes in
this work, the TESPT film exhibits the best corrosion
protection performance while the VTES film performs the
worst corrosion protection on carbon steel. For further
verification, XPS, EDX, and SEM tests were conducted in
this study to compare these two silanes (TESPT and VTES)
only.

3.2. Surface Analysis of the Coated Carbon Steel.
3.2.1. X-ray Photoelectron Spectroscopy (XPS). To support
the concept mentioned above, both TESPT and VTES films
were examined using the X-ray photoelectron spectroscopy
(XPS) technique before and after the exposure to the corrosive
environment at 25 °C. By using this technique, we can identify
the different elements present on the surface (and near-
surface) of each film as well as the elemental changes that
occurred after the exposure to NaCl solution. The XPS results
of carbon steel surfaces coated with VTES and TESPT films
are tabulated in Table 4. The XPS analysis performed on the
TESPT-coated samples before being corroded did not show
any iron or copper peak, meaning that a homogeneous silane
film has covered the whole surface of the carbon steel
substrate. In the case of the VTES film, the Fe peak was
detected on the film surface before the exposure, meaning that
the formed VTES film was not uniform and/or not completely
covering the surface55 as seen also in the SEM micrograph
(Figure 9).

Table 6. Surface Composition (Wt %) of TESPT-Coated
and Uncoated Carbon Steel before and after the Exposure
to 4.5 Wt.% NaCl at 25 °C

bare TESPT

element
before
corrosion

after
corrosion

before
corrosion

after
corrosion

Fe 99.3 98.0 42.8 51.7
Mn 0.4
Cr 0.1
O 0.9 15.5 14.6
S 15.7 13.7
C 14.5 12.1
Si 0.3 11.4 7.9
Na 0.8
Cl 0.3

Figure 10. Poorly coated carbon steel substrate with a VTES silane
film.
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The silicon peak (Si 2p) at binding energies of 101.8 eV,
shown in Figure S3, was obtained on the carbon steel surface

coated with the TESPT film, which refers to the presence of Si
− O bonds.53 A minor reduction was observed in the atomic

Figure 11. SEM micrographs of carbon steel surface: (a) bare sample after the exposure to 4.5 wt % NaCl solution at 25 °C and (b) TESPT-coated
sample after the exposure to 4.5 wt % NaCl solution at 25 °C.
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percentage of silicon in the TESPT film before and after
exposure, that is, 11.73% and 8.66%, respectively. Also, it can
be observed from Table 4 that the TESPT film was able to
retain most of its sulfur content after the application of the
corrosion test. The results indicate that TESPT films on
carbon steel surfaces remain stable even after being exposed to
extremely high-chloride environments. The Si − O bonding
suggests strong cross-linking at the film−metal interface. It is
worth mentioning that the absence of the silane peak (Si 2p) at
a binding energy of ∼103 eV, which is related to the presence
of Si − OH bonds, means that no unhydrolyzed molecules
were found in the formed TESPT film on the carbon steel
surface as expected.53,55

However, the same silicon peak was present in the XPS data
of the VTES-coated surface but with a low atomic percentage
compared to that of TESPT. The silicon concentrations of the
VTES and TESPT films were 2.94% and 11.73%, respectively,
as listed in Table 4. The lower value suggests that the VTES
film is not well cross-linked at the interface due to the presence
of a number of unreacted molecules with OH groups of the
substrate surface. As seen in Figure S4, the oxygen (O 1s) peak
at a binding energy of 532 eV, which refers to the presence of
O − Si bonds, was obtained for both tested films. In the case of
the VTES film, another oxygen peak with a lower binding
energy (530 eV) was observed, indicating the presence of
oxygen as iron oxides (O − Fe).50 This is an indication that
the carbon steel substrate was poorly covered by the VTES
film as the surrounding oxygen was not perfectly isolated from
the alloy surface, which could be attributed to the presence of
unreacted VTES molecules at the interface, resulting in a
poorly cross-linked and high-porosity structure. In the case of
the surface coated with TESPT solution, the oxygen peak at
530 eV was observed only after the exposure to sodium
chloride solution (the substrate was fully covered with a dense
layer of silane), as seen in Figure S5, with a low atomic
percentage of this bond (1.97%).
The XPS analysis performed on VTES and TESPT films,

before being corroded, showed carbon peaks at different
binding energies, as seen in Figure S6. The carbon peak at
284.6 eV refers to the formation of C − H bonds, while the
peak at ∼286 eV corresponds to the formation of C − O
bonds.53 These two carbon peaks were also observed on the
substrate surfaces coated with VTES and TESPT solutions.
Another carbon peak at 288.3 eV was detected only on the
surface coated with the VTES film, suggesting the formation of
C � O bonds. The existence of the C � O bonds may refer
to the degradation of the outer layers of the VTES film
resulting from the oxidation of some carbon molecules
contained in the silane film. All these observations indicate
that the substrate was poorly covered by the VTES film. From
Table 4, the XPS spectra of the TESPT film did not include
any chlorine or sodium peaks after the exposure to sodium
chloride solution. In the VTES film, on the contrary, a
detectable amount of chloride ion was found after immersion
in 4.5 wt % NaCl. The data obtained from the XPS strongly
supports our preceding results on TESPT, which are further
verified by the EDX results discussed in the following section.
3.2.2. Energy-Dispersive X-ray Spectroscopy (EDX). The

energy-dispersive X-ray spectroscopy (EDX) technique was
performed on the coated carbon steel samples with VTES and
TESPT solutions in order to support the results obtained from
XPS tests and electrochemical measurements. The EDX
spectra of the carbon steel surfaces coated with TESPT and

VTES silanes are shown in Figure S7, and the data are listed in
Table 5. The results showed that the percentage of iron on the
TESPT-coated surface was significantly less than that of the
surface coated with the VTES film. This is due to the nature of
the VTES film (less dense, porous, poor surface coverage, etc.).
Furthermore, EDX results showed that the TESPT film has a

silicon content of 11.4%, while the VTES film has a silicon
content of 2%. The low silicon content, again, is an indication
of the formation of a non-uniform VTES film on the carbon
steel surface. This may result from the poorly defined cross-
linking of the silane with the substrate due to the deficiency of
the CH2 � CH − SiO− molecules in the VTES film to react
with an iron oxide film.
The EDX test was also performed for TESPT-coated and

uncoated carbon steel before and after the exposure to 4.5 wt
% NaCl solution at 25 °C. The EDX spectra of the bare carbon
steel surface before and after the immersion in sodium chloride
solution are shown in Figure S8, while the EDX spectra of the
TESPT-coated carbon steel surface before and after the
corrosion testing are shown in Figure S9. EDX results
confirmed the results obtained from the XPS data presented
earlier, which are listed in Table 6. In the case of the uncoated
surface, the results showed that the amount of iron was
maintained before and after the corrosion testing and, since
bare carbon steel alloys normally contain manganese and
silicon elements (as mentioned in Table 1), small peaks of
these elements were also observed. As expected, the percentage
of iron on the coated surface was lower than the bare sample,
which implies that the carbon steel was well covered by a
uniform TESPT film. By comparing the iron content in the
TESPT film before and after corrosion testing, a slight increase
in the iron content is observed where it increased from 42.8 to
51.7 wt % after the exposure to NaCl solution. Moreover, the
EDX results show that the silicon and sulfur amounts in the
TESPT film decreased after the exposure to NaCl solution
from 11.4 to 7.9 wt % and from 15.7 to 13.7 wt %, respectively.
These slight changes in iron, sulfur, and silicon contents after
the corrosion testing are an indication of the stability of the
TESPT film on the carbon steel surface. A further observation
is that the percentage of chloride ions (Cl−) in the uncoated
carbon steel surface was approximately 0.3% after the corrosion
testing, while no chlorine peaks were detected in the TESPT
film even after the exposure to the corrosive sodium chloride
solution. This confirms that the TESPT film does not promote
the penetration of chloride ions due to its hydrophobic
structure, indicating that this film provides sufficient protection
for the carbon steel substrates in NaCl solution.
3.2.3. Scanning Electron Microscopy (SEM). The SEM

examinations were important to understand the surface
features of the formed films from a microstructure point of
view. Figure 9a shows the SEM scan of a freshly polished
carbon steel sample before coating application. Figure 9b,c
shows the SEM images of the polished carbon steel samples
after the formation of TESPT and VTES films, respectively. A
significant difference in the surface homogeneity can be
distinctly observed where the TESPT film was more compact
and uniform compared with the VTES film. The micrograph of
the surface coated with TESPT silane solution in Figure 9b
shows that the substrate is totally covered with an intact
TESPT coating, while Figure 9c shows that there are some
defective sites that are poorly covered by the VTES coating, as
shown schematically in Figure 10. The presence of these
defective areas on the surface promotes corrosion initiation as
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a result of the penetration of the corrosive ions. The data
obtained from both the SEM and EDX tests confirm the
formation of a homogeneous TESPT film on the surface of the
carbon steel. While in the case of the VTES silane, the EDX
and SEM techniques illustrate the reason behind the failure of
the VTES-coating in protecting the carbon steel substrate
against corrosion as also indicated by the electrochemical
methods. The reason behind this failure is the insufficient
cross-linking of the VTES with carbon steel due to the failure
of some VTES molecules to react with the OH groups and
create covalent bonds with the charged surface.
Figure 11 shows the surface of bare and TESPT-coated

carbon steel substrate scanned after the exposure to the
sodium chloride solution. The resulting scanning electron
micrographs showed that the bare carbon steel surface was
intensively destroyed after the exposure to the aggressive
chloride solution at 25 °C for 45 min, and a formation of deep
pits was observed in Figure 11a resulting from the aggressive
chloride ions attack. For TESPT-coated surfaces, by comparing
the SEM image in Figure 9b with the image in Figure 11a, both
images are approximately the same and no pits, corrosion
products, or cracks are detected on the surface of the carbon
steel (the sample surface after performing the test was as shiny
as the surface before the test). These results indicated that the
TESPT film provided excellent corrosion protection perform-
ance to the carbon steel substrate due to its hydrophobic
nature.

4. CONCLUSIONS
Overall, this work presents a facile and cost-effective method
for mitigating carbon steel corrosion in marine environments.
Among the three silanes (TESPT, BTSE, and VTES), the
TESPT film (pH ≈ 7) has the best corrosion resistance
performance on the carbon steel surface in the aggressive
chloride environment, that is, 99.6%. The high corrosion
resistance of the TESPT film is due to the hydrophobic nature
of this silane, which leads to the formation of a stable, dense
film. As verified by electrochemical measurements, the carbon
steel samples treated with VTES solution of pH ≈ 9, which is
higher than the isoelectric point (IEP) of the substrate surface,
resulted in a low resistance against chloride ion ingress. These
results were supported by XPS and SEM/EDX analysis.
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