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Abstract This paper aims to fabricate new superhy-
drophobic nanocomposite coating materials to protect
the inner surfaces of the petroleum pipelines from
corrosion. The batch emulsification polymerization
technique (BEM) was used as a facial eco-friendly
technique to prepare three hydrophobic (styrene/vinyl
acetate) copolymers. The sol–gel method was used to
prepare SiO2 nanoparticles (SiO2-NPs) with average
size ranging from 90 to 101 nm. The functionalized
SiO2-NPs were prepared using hexadecyl trimethoxy
silane (HDTS) as a precursor to increasing the
hydrophobicity character of the unfunctionalized
SiO2-NPs. Three superhydrophobic [(styrene/vinyl
acetate copolymer/functionalized SiO2 nanoparticles
(SiO2NPs)] nanocomposites denoted as M1, M3, and
M5 were fabricated by incorporating 1, 3, and 5 wt% of
the functionalized-SiO2NPs into the styrene/vinyl
acetate copolymer, respectively. The effectiveness of
the fabricated nanocomposite coating materials was
analyzed using contact angle measurement and trans-
mission electron and atomic force microscopies. The
results showed that the highest contact angle of 161.21o

was obtained by M5-nanocomposite. The highest

corrosion efficiency of 99.63% was obtained at
300 ppm concentration of M5-nanocomposite-coated
solution, 298 K, and 24 days.

Keywords Superhydrophobic, Coating materials,
Emulsion polymerization, Dipping method, Corrosion
inhibition efficiency

Introduction

Corrosion is one of the most important problems facing
the oilfield industries.1 The most imperative factors
affecting the increase in the corrosion rate of the
petroleum pipelines are the high salinity of the
formation water produced during crude oil production,
hydrogen sulfide (H2S), and carbon dioxide (CO2)
gases.2 The oilfield industry is divided into three main
sectors based on functions, processes, and operations.
First, upstream oil and gas production sectors: The
upstream activities include exploration, drilling, and
extraction process. Natural gases and crude oil streams
from production wells may be dry or wet depending on
their water content and impurities. The presence of
some impurities in the produced water such as salts and
chlorides can enhance the corrosion rate and the
formation of a localized type of attack.3 Besides the
effect of the impurities in increasing the rate of
corrosion, other factors such as temperature, pressure,
flow rate, heat transfer, percentage of the associated
water, and salt content in the produced crude oil
increase the corrosion rate of carbon steel pipelines.
The corrosion rate of upstream oil and gas pipelines is
chemically reduced by using organic corrosion inhibi-
tors or by coating the carbon steel pipes with highly
water-resistant materials. Second, midstream sectors:
The midstream activities include the storage tanks,
treatment processing facilities, and transportation of
the treated petroleum crude oil and natural gas. The
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change in temperature and pressure at the oil gathering
manifold and/or well-head causes a remarkable in-
crease in the dissolved oxygen (DO) which, in turn,
leads to an increase in the corrosion rate of the
midstream facilities. Corrosion prevention is one of the
most important considerations in protecting the pro-
duction assets facility from corrosion.4 Third, the
downstream sector: This sector specializes in refining
and converting treated crude oil and gas into finished
products. Recently, superhydrophobic (SH) nanocom-
posite materials were used to reduce the corrosion rate
of the metal alloy to a minimum, thus improving the
corrosion resistance of the coated metal surface.5 The
SH materials were used to reduce the direct interaction
between the corrosive media and the exposed surface
of the carbon steel.6 The three main materials used for
fabricating SH materials were inorganic (e.g., SiO2

nanoparticles), organic such as polymers [e.g., poly-
styrene (PSt), poly(methyl methacrylate) (PMMA),
etc.], and inorganic/organic hybrid materials (i.e.,
nanocomposites).7 There are many techniques used
to fabricate the polymer matrix nanocomposites: in situ
emulsion polymerization, sol–gel process, and melting
extraction.8 The batch addition emulsification method
is considered an eco-friendly method for the prepara-
tion of a highly stable nanoemulsion.9 Wang et al.10

reported SiO2/polyacrylate nanocomposites enhanced
the corrosion resistance of the mild steel specimens.
Zuev11 suggested that a strong reinforcement coating
film used as an anticorrosion resistance film could be
obtained by incorporating 0.5 wt% of fullerene nano-
fillers in an epoxy matrix. This work aims to fabricate
three [(styrene/vinyl acetate copolymer)/functionalized
SiO2-NPs] nanocomposites denoted as M1, M3, and
M5-nanocomposites as new superhydrophobic materi-
als. These nanocomposites were prepared by incorpo-
rating 1, 3, and 5 wt% of the functionalized SiO2-NPs
into the C3-copolymer matrix, respectively. These
materials are used to reduce the corrosion rate of the
carbon steel pipelines in the oilfield industry to a
minimum. The hydrophobicity character of the pre-
pared coating materials was evaluated from the
perspective of the static contact angle. The effect of
the functionalized SiO2-NPs concentration on the
fabricated SH-coating materials’ corrosion rate (mpy)
was assessed by the weight loss technique (Rotating
Cage Test). The surface topography of the coated films
was analyzed using visual examination and scanning
electron microscopy (SEM) after being exposed to
synthetic brine water as corrosive media.

Materials and methods

Materials

Technical grades of styrene (St, > 99 wt%) and vinyl
acetate (Vc, > 98 wt%) monomers were purchased
from Sigma-Aldrich, Chemie GmbH-Schnelldorf, Ger-

many. Laboratory grades of Brij�30 and Pluronic� F-
68 denoted as L and T, respectively, as nonionic
emulsifiers were purchased from ACROS, Geel, Bel-
gium. The analytical grade of STEPWET� DOS 70-
DG denoted as R was purchased from Stepan, North-
field, IL, the USA. The technical grade of ammonium
persulfate (>99 wt%) as initiator was purchased from
Merck, Darmstadt, Germany. Analytical grade of
hexadecyl trimethoxy silane as precursors was supplied
by ACROS, Geel, Belgium. Technical grades of
ammonia solution, trimethylamine, methanol, and
benzene (Honeywell, Charlotte, NC, the USA) were
used as received. Deionized water (DI) was used in all
experimental procedures.

Petroleum produced water

Table S1 of the Supporting Information (SI) illustrates
the physicochemical analysis of the produced water
(formation water) of an oil-producing well (SQ-11
well), Karam field, Qarun Pet. Co., Western Desert,
Egypt. The chemical composition of the synthetic brine
water is illustrated in Table S2 (Table 2 is in the SI).

Methods

Preparation of emulsifier mixture

The batch addition method (BAM)9 was used to
prepare a stable oil-in-water nanoemulsion. An emul-
sifier mixture denoted as RTL composed of three
emulsifiers was used to form a stable (styrene/vinyl
acetate) monomers/water nanoemulsion. The required
hydrophilic-lipophilic balance (RHLB) used to form a
stable (styrene/vinyl acetate) monomers-in-water
emulsion was 14.12 The optimal concentration of the
used emulsifiers is calculated according to equation
(1).13

RHLB ¼ xi HLBR þ 2xi HLBT þ 1� 3 xið Þð ÞHLBL

ð1Þ

where RHLB is the RHLB value of the oil phase used.
The oil phase is composed of styrene and vinyl acetate.
xi 2xi, and (1 � 3 xi) are the mass fraction of emulsifiers
R, T, and L, respectively. HLBR, HLBT, and HLBL are
the HLB values for emulsifier R (high HLB value), T
(mediate HLB), and L (low HLB value).

Preparation of (styrene/vinyl acetate) copolymer
(C3-copolymer)

Into a 500 mL semibatch reactor equipped with a
condenser, a mechanical stirrer, and a thermocouple,
36.1 g of premixed monomers (styrene/vinyl acetate)
with molar monomer ratios of (0.04:0.09), (0.06:0.08),
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and (0.08:0.05), respectively, was separately added to
300 mL of the water phase with continuous stirring at a
rotation speed of 600 rpm and temperature of 25�C.
The water phase is composed of 4 g of RTL emulsifier
mixture dissolved in 300 mL DI-water. After 15 min of
obtaining a stable nanoemulsion of (styrene/vinyl
acetate)/water, 0.065 wt% of ammonium persulfate
was dropwise added to the previous stable emulsion.
Afterward, the temperature of the reaction was raised
to 65 ± 5�C, and the mixture was stirred at a rotation
speed of 800 rpm. The precipitated copoly-
mer was dried in a vacuum oven at 40�C until reaching
a constant weight.14 The synthesis and separation
procedures of the C3-copolymer were performed
according to what was previously published procedure
reported by reference (12).

Preparation of SiO2 nanoparticles (SiO2-NPs)

Uniform SiO2 NPs were synthesized by the sol–gel
processing technique.15 Into a 100 mL Erlenmeyer
flask equipped with a magnetic stirrer and a ther-
mostat, 1.6 mL of tetraethyl orthosilicate (TEOS) was
dropwise added to a homogenous solution of ethanol
(35.7 mL) and DI-water (5 mL) at a constant addition
rate of 0.1 mL/5 min. The mixture was stirred at a
constant rotation speed of 800 rpm and a constant
temperature of 50 ± 5�C for 3 h. A mixture of
ammonia (0.8 mL) and ethanol (0.9 mL) solution was
added to the previous mixture to keep the pH value of
the reaction within the range of 8–9. Thereafter, the
mixture was agitated for a further 4 h at a constant
temperature of 50 ± 5�C. After 24 h, a white powder of
the SiO2-NPs was precipitated. The precipitated SiO2-
NPs were filtered via a Whatman filter (Grade GF/F).
The filtered SiO2-NPs were centrifugated at a rotating
speed of 20000 rpm. Afterward, the SiO2-NPs were
washed with ethanol 3–5 times and dried under a
vacuum desiccator overnight at 25 ± 5�C tempera-
ture.15

Preparation of the functionalized SiO2-NPs

The SiO2-NPs prepared in the previous step were
functionalized with hexadecyl trimethoxy silane
(HDTS) to increase their hydrophobicity charac-
ter.12,15 The typical process for preparing the function-
alized SiO2-NP is described in more detail in the
Supporting Information (SI). The prepared function-
alized SiO2-NPs were denoted as an E-silicate.

Preparation of superhydrophobic nanocomposites

Three nanocomposites denoted as M1-, M3-, and M5-
nanocomposites with distinct mechanical properties
were prepared by incorporating 1, 3, and/or 5 wt% of
E-silicate into the C3-copolymer matrix, respectively.12

The preparation of the superhydrophobic nanocom-
posites (M1, M3, and M5) is discussed in detail in the
SI. Chemical characterizations of the prepared C3-
copolymer, unfunctionalized SiO2-NPs, and M1-, M3-,
and M5-nanocomposites are described below.

The chemical characterization of the synthesized
C3-copolymer, SiO2-NPs, and the fabricated
nanocomposites

FOURIER TRANSFORM INFRARED SPECTROSCOPIC (FTIR)

ANALYSIS: The chemical structures of the synthesized
C3-copolymer were justified using a NicoletTM iNTM10
Infrared Microscope, Thermo Fisher Scientific,
Waltham, the USA. For this, 1.0 mg of C3-copolymer
was ground and closely mixed with �100 mg of dry
potassium bromide (KBr) powder. Manual Hydraulic
Press FTIR pellet press, SPECAC, the UK was used to
form the KBr disks or pellets for FTIR analysis.

HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY

(HRTEM): The morphology and microstructure of
the unfunctionalized SiO2-NPs deposited on carbon
steel coupons were characterized by high-resolution
transmission electron microscopy (HRTEM, Model
JEM-200CX, JEOL, Japan) at an accelerating voltage
of 200 kV.

DYNAMIC LIGHT SCATTERING (DLS)

MEASUREMENTS: The average droplet size distribution
(Zavg) and the polydispersity index (PDI) of the
synthesized C1, C2, and C3-copolymers were
analyzed by DLS (Zetasizer Nano ZS, Malvern
Instruments, Worcestershire, UK) at a scattering
angle of 173� with an argon-laser (k =488 nm). The
measurements were performed in triplicate with three
readings for each. The average droplet size (Zave) was
calculated from the diffusion coefficient measurement
using the Stokes-Einstein equation [equation (2)] as
follows:

D ¼ kT

3pgzavg
ð2Þ

where D is the diffusion coefficient, k is the Boltzmann
constant, T is the absolute temperature, and g is the
viscosity of the medium. The droplet size and size
distribution were determined using a CONTIN analy-
sis mode.

ATOMIC FORCE MICROSCOPY (AFM): The surface
topographies of carbon coupons coated by C3-
copolymer M5-nanocomposites were evaluated by a
NanoScope IV atomic force microscope using a
controller equipped with a hybrid 153 scanner
(Veeco/Digital Instruments (DI), Santa Barbara, CA)
at six different points through the scanned surface.
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CONTACT ANGLE (CA) MEASUREMENTS: Static contact
angles of uncoated and carbon steel surfaces coated
with C3-copolymer, functionalized SiO2-NP, and (M1-,
M3-, and M5-) nanocomposites were measured by
Theta optical tensiometer, Attension-Biolin Scientific
Company, Finland. Measurements were carried out by
placing a water droplet of ± 0.5 lL on the surface of a
carbon steel coupon using a manual precision syringe
dispenser (C205M). USB 3.0 digital camera with LED-
based background lighting, 62 9 62 mm, was used to
photograph water droplets settling on uncoated and
coated carbon steel surfaces.

Evaluation of the coated carbon steel coupons
as anticorrosion coating materials

The efficiency of the fabricated nanocomposites as new
anticorrosion coating materials was evaluated by the
weight loss technique. Uncoated and coated coupon
surfaces were photographed using optical microscopy
and scanning electron microscopy (SEM) as follows.

CORROSION INHIBITION EFFICIENCY MEASUREMENTS:

a. Dip-coating process

Dip-coating is a common coating technique16 used
for fabricating a high protection layer on carbon steel
surfaces. In the present work, the dip-coating method
was used to fabricate a highly adhesive coating film of
C3-copolymer and M5-nanocomposite, with a film
thickness of 90–120 lm, on the surface of carbon steel
coupons. Dip-coating consists of a four-step process:
First, pretreatment-step: Four uncoated coupons with a
standard dimension of 2.596 in.2 were sonicated in
ethanol for 10 min to remove any hydrocarbon
materials from the surface. Afterward, the coupons
were sanded to create a rough coupon surface before
being coated. The sanded coupons were rinsed with
acetone, DI-water, and dried by hot air. Second,
immersion-step: The sanded coupons were dipped into
the 10 wt% coating solution at a constant speed. The
coating solution was composed of 10 g of one C3-
copolymer and/or M5-nanocomposite dissolved in
100 mL of toluene. The coupons remained in the
coating solution for 20 min to form a homogenous film
with a thickness of 60–90 lm. Third, withdrawal step:
The precoated coupons were slowly withdrawn from
the solution at a constant speed to avert the deforma-
tion of the built-up coated film. The thickness of the
coated film depends on the speed with which the
coupons are withdrawn and the viscosity of the coated
solution. The slower the pull, the thinner the coating
layer. Forth, etching (drying) step: The coated carbon
steel coupons resulting from the previous step were
placed in the DRIE chamber to create a low-energy
surface film on the surface of the coated coupons. At
this point, a protective coating layer of C3-copolymer
and/or M5-nanocomposite was deposited over the

surface of the carbon steel coupon. The anticorrosion
performance of the coated coupon surfaces was eval-
uated by the rotating cage test as discussed below. This
test should be implemented at conditions that simulate
the filed operational conditions.

b. Rotating cage (weight loss) test

The rotating cage (RC) test17 is a standard labora-
tory simulation test used to evaluate the corrosion
resistance of the carbon steel pipelines under field
operating conditions. In this study, the RC test was
used to estimate the corrosion rate of the carbon steel
coupons coated with C3-copolymer and M5-nanocom-
posite in the presence of brine synthetic water as a
corrosive media. According to the American Standard
Test Method (ASTM G 184-06), eight coupons (one of
the eight coupons was an uncoated coupon (blank) and
the rest were coated coupons) of known weight were
supported between two PTFE disks (0.8 cm diameter)
mounted at 75 mm from the bottom of the stirring rod.
Two 0.1 cm holes were drilled in the top and bottom of
the PTFE plates. These holes are approximately 15
mm away from the center of the PTFE plates. These
perforations increased the turbulence flow of the crude
fluid over the surface of the coated coupons. In our
test, the hydrocarbon fluid consists of a mixture of
crude oil and produced water as a corrosive media. The
ratio of crude oil to the produced water in the
hydrocarbon fluid used reflects the actual ratio of
crude oil to the produced water recorded in the daily
production report of the well used (SQ-11 well). If a
crude oil sample is not available from the SQ-11 well,
diesel fuel or any suitable hydrocarbon fluid may be
used. The RC-test measurement was performed at
conditions close to field operating conditions. In a
typical procedure, seven coated coupons and one
uncoated coupon were immersed in a vessel containing
7.5 L of the hydrocarbon fluid. The effect of the
concentration of the coated materials as 100, 200, and
300 ppm deposited on the coupon surface was evalu-
ated at a rotating speed of 1000 rpm, 1 bar atmosphere,
298 K, and immersion time of 24 days. After 24 days,
the tested coupons were withdrawn from the crude
fluid solution, rinsed three times with acetone and then
with distilled water, and dried under vacuum at a
temperature of 25�C. The weight loss (W, mg) mea-
surement is used to calculate the efficiency (E%) of the
coated materials as follows [equation (3)]18:

E% ¼ w� � wi

w�
ð3Þ

where Wo and Wi are the average weight losses of
uncoated and coated coupons at different concentra-
tions of the coated material deposited on the coupon
surfaces, respectively.

The corrosion rate of the coated coupons is calcu-
lated according to the following [equation (4)]:
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Corrosion rate Crð Þ; mpy ¼ C �Wð Þ
C �A� T

ð4Þ

where C is a constant (C= 143.7), W is the weight loss
(g),D is the density of the carbon steel coupon (g/cm3),
A is the surface area of the carbon steel coupon (cm2),
and T is the exposure time of the tested coupons to the
corrosive media (h). The carbon steel alloy is No.1018,
UNS code of G10180, with a density of 7.86 g/cm3 and
CORRATER Multiplier of 1.00.

SURFACE TOPOGRAPHY MEASUREMENTS: The surface
topography of the uncoated and coated coupon
surfaces after exposure to corrosive media was
assessed by optical microscopy and scanning electron
microscopy as follows.

a. Optical microscopy inspections

The surface topography of uncoated and carbon
steel coupons coated with C3-copolymer and M5-
nanocomposite was investigated by Olympus CX33
optical microscopy, model, Shinjuku Monolith, Tokyo,
Japan.

b. Scanning electron microscopic (SEM) measure-
ments

The surface topography of uncoated and carbon
steel coupons coated with C3-copolymer and M3-
nanocomposite after exposure to corrosive media was
analyzed by scanning electron microscopy (SEM)
technique. SEM is a precise technique used to detect
the performance of the coating, localized corrosion pits
count, and the surface topography of the coupon
surfaces coated with C3-copolymer and M5-nanocom-
posite after and before exposure to corrosive media.
SEM analysis was conducted by JEOL JSM-820
(JEOL, Tokyo, Japan) with a tungsten filament gun
and Carl Zeiss Supra with a FEG. SEM has scanned
the coated surface by magnification power of 300000
times. The investigated coated samples were deposited
on suitable beveled microscopy holders and sprayed
with a gold/palladium alloy under vacuum to improve
the image resolution. The deposition of gold/platinum
alloy on the coated surface was performed by a sputter
coater.

Results and discussion

FTIR spectroscopy analysis of C3-copolymer

Figure S1 (Supporting Information) shows the FTIR
spectrum of the prepared C3-copolymer. From Fig. S1,
a characterization peak at m=2981 cm�1 was assigned to
the stretching vibration peak of the aliphatic C-H
group. The absorption resonance at m=3095.76 cm�1 is
assigned to the C-H of aromatic stretching vibration
bands of the phenyl ring. Absorption stretching bands
that exist at 1607.14, 1490.86, and 1473.69 cm�1 are

assigned to C=C in-plane stretching vibration bands of
the phenyl ring. The out-of-plane stretching band at
m=759.34 cm�1 indicates the C-C of an aromatic ring
vibration. The presence of the previous peaks confirms
the presence of the repeating units of styrene
molecules. Furthermore, carbonyl acetate ester and
easter C-O stretching bands appear at m=1738 and 1236
cm�1, respectively. The appearance of the previous
new bands indicated the presence of vinyl acetate
moiety beside the styrene moiety in the C3-copoly-
mer.12 As shown in Fig. S1, the stretching broadband at
m=3409 cm�1 was attributed to the presence of a trace
amount of moisture (O-H group) in the sample. This
moisture was due to the utilization of emulsifiers
during the polymerization step that includes the O-H
group in its structure. The use of the emulsifiers at a
concentration higher than the critical micelle concen-
tration (CMC) during the polymerization process
resulted in the formation of fine micelles within the
polymer matrix. These micelles were difficult to
remove from the polymer network during the purifi-
cation step.12 Further elucidation techniques used to
confirm the preparation of polystyrene (PSt), unfunc-
tionalized SiO2-NPs, C3-copolymer, and M5-nanocom-
posite were briefly reported by Noor El-Din et al.12

Dynamic light scattering (DLS) measurements

The effect of (styrene: vinyl acetate) monomer ratios as
(0.04:0.09), (0.06:0.08), and (0.08:0.05) for C1-, C2-, and
C3-copolymers prepared, respectively, at a constant
RLT concentration of 0.50 wt%, ammonium persulfate
(initiator) concentration of 0.065 wt%, and emulsifica-
tion temperature of 60 ± 5�C on the resulted copoly-
mer droplet size is depicted in Figs. 1a–1c, respectively.
From Figs. 1a–1c, the droplet size of the synthesized
C1- and C3-copolymer increased from 106.7 to 109.8
nm with decreasing the styrene ratio in the synthesized
C1- and C3-copolymer from 0.08 to 0.04, respectively.
Reducing the proportion of styrene in the synthesized
copolymers increased the diffusion rate of the initiator
from the water phase to the micelle of the monomer
formed. Increasing the initiator concentration en-
hanced the emulsion polymerization, thereby, decreas-
ing the droplet size of the copolymer formed. Meaning,
increasing the number of the nucleated micelles
enhanced the emulsion polymerization process.19 The
lower concentration of the styrene monomer and the
shorter time of the nucleation step minimized the
dispersed micelle to flocculate and form a smaller
droplet size. As shown in Fig. 2, the C3-copolymer-
coated sheet showed a good hydrophobicity character
compared with C1- and C2-copolymers synthesized
(the glass surface was used instead of the carbon steel
coupon to show the water droplets slipping on the
coated surface). Increasing the hydrophobicity charac-
ter of the coated surface coated by C3-copolymer
increased the sliding of a drop of water on the surface.
Increasing the hydrophobicity character of surface
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coated with C3-copolymer was due to the increased
molar ratio of styrene moiety in the C3-copolymer.
Increasing the percentage of styrene moiety promoted
the formation of strong covalent bonds between the
C3-copolymer matrix and the functionalized E-silicate,
which increased the hydrophobicity properties of the
coated film (discussed later).12 Accordingly, the C3-
copolymer is best suited for nanocomposite fabrication
as indicated below.

Preparation of unfunctionalized Si2O-NPs

Figure S2 shows slightly heterogeneous SiO2-NPs with
particle sizes ranging from 90 to 101 nm. The slight
accumulation of the SiO2-NPs resulted in the entan-
glement between the different sizes of the dispersed
SiO2-NPs. The obtained SiO2-NPs were spherical with
a slightly heterogeneous particle size distribution. The
heterogeneous shape improved the static segregation
of the dispersed particles with little potential for
accumulation.12

Fabrication of superhydrophobic nanocomposites

To enhance the hydrophobicity character of C3-
copolymer, different concentrations of the E-silicate
as 1, 3, and 5 wt% were incorporated into the C3-
copolymer matrix to form three nanocomposites
namely, M1-, M3-, and M5-nanocomposites, respec-
tively. The surface topography and the wettability
character of the water droplet placed on the coupons
coated by the fabricated nanocomposites were ana-
lyzed by SEM, AFM, and contact angle analysis as
described in the following sections.

Scanning Electron Microscopic (SEM) measurements

Figure 3 depicts the surface morphology of the coated
coupons by M5-nanonanocomposite. From Fig. 3, the
surface topography of the M5-nanocomposite network
displays collapsible dens and a highly crimpy surface
with internal air cavities through the network. The
functionalized E-silicate exhibited a homogeneous
distribution with a little lumping of the dispersed
particle through the M5-nanocomposite-coated sur-
face. The integration of the functionalized E-silicate
into the C3-copolymer matrix caused the coated
coupon surface to be more wrinkled. Increasing the
surface crimpy increased the roughness of the coated
surface, which led to a decrease in the surface
wettability.20

Atomic force microscopic (AFM) analysis

The surface topography of uncoated and carbon steel
surface coated with C3-copolymer and M5-nanocom-
posite is depicted in Figs. 4a–4c. Figure 4a represents
the AFM image of the uncoated carbon steel surface.
Figures 4 b–4 c reflect the impact of coating materials
of C3-copolymer and M5-nanocomposite on the sur-
face roughness and topography of coated coupons.
From Fig. 4b, the topography of the carbon steel
surface coated with C3-polymer showed a uniform
surface with little roughness and helical-like structures
along the coated surface. This phenomenon may be
due to the lack of E-silicate as filler adhesive material
incorporated in the copolymer matrix.21 Decreasing
the roughness degree of the coated surface promoted
the corrosion rate of the pipeline’s coating surface. On
the other hand, the presence of E-silicate incorporated
into the C3-copolymer matrix enhanced the surface
hydrophobicity and the surface roughness of the coated
film, which led to an increase in the water contact angle
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Fig. 1: (a–c): Effect of (styrene: vinyl acetate) monomer ratios of (a) 0.04:0.09, (b) 0.06:0.08, and (c) 0.08:0.05, respectively,
on the resulted droplet size (nm) after emulsion polymerization at RLT concentration of 0.50 wt%
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to meet the optimum value (CA<150�). From Fig. 4c, a
noticeable amendment in the surface topography with
a hierarchical structure was observed. The reason for
increasing the hierarchical structure of the coated film
is evidently due to the presence of E-silicate in the C3-
copolymer matrix. Increasing the E-silicate in the
fabricated nanocomposite changed the mechanical
(i.e., tensile strength, modulus of elasticity, etc.) and
the physicochemical properties of M5-nanocomposite
rendering it more convenient when used as a coating
material. The alteration of the mechanical properties
of the M5-nanocomposite resulted from the formation
of strong covalent crosslinking between the hydropho-
bic part of the E-silicate and the C3-copolymer
network. These crosslinking networks resulted in the
formation of a superhydrophobic film with durable
properties.12

Contact angle

Based on the contact angle (CA) measurement, carbon
steel coupons are divided into two categories: first,
hydrophilic surface (40<CA>90�) and second,
hydrophobic surface (90<CA>110�).22 As shown in
Table 1, the static contact angle (CA) increased from
71.95 to 100.32� by increasing the E-silicate concentra-
tion from 0 to 3 wt%, respectively. The increase in the
CA value of the coupons coated by E-silicate was

attributable to an increase in the roughness character-
ization of the coated film. The presence of various
water-repellent materials such as the folding network
of C3-copolymer and unequal particle size of the
functionalized E-silicate in M1-, M3-, and M5-
nanocomposites caused the contact angle of the coated
coupons to increase. The results in Table 1 revealed
that the contact angle increased from 132.35 to 161.21�

with increasing the E-silicate concentration from 1 to
5 wt% in M1- and M5-nanocomposites fabricated,
respectively. As can be seen from the SEM pattern in
Fig. 3, the folding structure of the C3-copolymer matrix
and the asymmetric particle size of the functionalized
E-silicate create entrapped air cavities on the coated
surface. These cavities with different structures,
shapes, and sizes reinforced the roughness structure
of the coating film, which, in turn, led to an increase in
the contact angle to be superhydrophobic
(CA=161.21�).23 However, increasing the concentra-
tion of embedded E-silicate increased the number of
internal air cavities, increased the surface roughness of
the coated surface, and, consequently, increased the
contact angle.24 From the previous results, the
nanocomposite with the lowest droplet size and the
highest contact angle (CA=161.21 �) was M5-nanocom-
posite. Thus, the M5-nanocomposite will be evaluated
as an anticorrosion coated material.

Assessment of the coated coupons as anticorrosion
material

Based on ASTM G-184-06, the corrosion resistance of
the carbon steel coupons coated with C3-copolymer
and/or M5-nanocomposite solution was assessed using
the weight loss technique. The effect of the coating
solution concentration of C3-copolymer and M5-
nanocomposite, exposure time of the coated coupons
to the corrosive media, and the temperature on the
inhibition efficiency of the coated coupons is described
below.

Effect of the coating solution concentration

The effect of the coating solution concentration of C3-
copolymer and/or M5-nanocomposite on the weight
loss (mg) and Cr (mpy) for coupons coated at 298 K
and exposure time of 24 days is depicted in Fig. 5 and
illustrated in Table 2. The coating solution was
composed of 2 g of a C3-copolymer and/or M5-
nanocomposite dissolved in 100 mL of benzene. The
results in Table 2 showed that the inhibition efficiency
of the coated coupons with M5-nanocomposite de-
creased from 99.63 to 98.10% as the concentration of
coating solution of M5-nanocomposite in the corrosive
media increased from 100 to 300 ppm, respectively.
This decrease in the inhibition efficiency may be
attributed to increasing the concentration of M5-
nanocomposite injected into the brine water. An

C1-copolymer C2-copolymer C3-copolymer

Slippery surface Slighty hydrophoic surface Hydrophobic surface

Fig. 2: The effect of the styrene molar ratio on the
hydrophobic properties of the glass surface coated with
C1, C2, and C3-copolymers

The internal 
air-cavities 
embedded 
in the C3-
copolymer

Folding surface of the C3-copolymer 

The spherical 
shape of the 
E-Silicate 

incorporated 
into the C3-
copolymer 

Fig. 3: SEM patterns of the synthesized M5-nanocomposite
at 5 wt% of the E-silicate
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increase in the M5-nanocomposite concentration in the
feeding dose from 100 to 300 ppm increases the
roughness topography of the coated surface. Increasing
the roughness of the coated surface was due to the
fabrication of a strong adhesive-coated film with a
helical-like structure on the coated coupon surfaces.
This helical-like structure prevents direct contact
between the coated surface and the corrosive media.25

As shown in Fig. 5, at 100 ppm concentration of C3-
copolymer and M5-nanocomposite, the curves are
divided based on exposure time into two regimes:
First, from 0 to 8 days, the rate of the weight loss (mg/
cm2) for the coated coupons is nearly constant. Second,
from 8 to 24 days, the weight loss of the coated
coupons for C3-copolymer and M5-nanocomposite
increased significantly with increasing the exposure
time from 8 to 24 days. This means that increasing the
exposure time increased the degradation rate of the
coated coupons. Increasing the time exposure of the
exposed coupon surface to the corrosive medium
increased the likelihood of the protective coated film
to damage and increased the oxidation–reduction
reaction upon the surface of coupons, therefore,
increasing the corrosion rate.18 Table 2 represents the
inhibition efficiency (g, %) and corrosion rate (mpy) of
uncoated and coated carbon steel coupons with C3-
copolymer and M5-nanocomposite at exposure time of
24 days and 298 K. From Table 2, the corrosion rate
(mpy) decreased from 3.7 to 1.5 mpy for the coated
coupons with C3-copolymer and M5-nanocomposite,
respectively. The reason behind this behavior was
attributed to the rough structure of the coated film,
which resulted from the presence of E-silicated
embedded in the M5-nanocomposite matrix. Decreas-
ing the corrosion rate of the coated coupons with M5-
nanocomposite was due to increasing the E-silicated in
its network, which led to an increase in the physico-
chemical interaction between the coupon surface and

the coated materials. Subsequently, the coated surface
became more water-repellent (superhydrophobic).12

These superhydrophobic layers boost the ability of the
coated coupons to retard direct contact between the
corrosive media and the surface of the coated coupons.

Effect of exposure time

The effect of exposure (immersion) time on the
inhibition efficiency of uncoated and carbon steel
coupons coated with C3-copolymer and M5-nanocom-
posite was assessed at 100 ppm, 298 K, and exposure
time of 24 days, as illustrated in Fig. 5. The results in
Fig. 5 reveal that the weight loss (mg/cm2) of the M5-
nanocomposite coated surface increased from 0 to 1.9
9 10�2 as the exposure time increased from 0 to 24
days, respectively. From Table 2, the corrosion rate
(mdd) of the coupons coated with C3-copolymer and
M5-nanocomposite decreased, respectively, from 48.6
to 24.9 mdd, respectively, at 100 ppm concentration,
298 K, and 24 days. The decrease in the corrosion rate
is attributable to the efficiency of the silicated coating
layer that coats the surface of the coupon to reduce the
direct impact of corrosive media on the coupon
surface. The 5 wt% of E-silicate embedded in the M5
nanocomposite enhanced the corrosion protection
properties of the coated surface by forming nano-/
microoverlapped layers with hierarchical structures at
different heights.26 This hierarchical structure prevents
the diffusion of the aggressive ions from the corrosive
bulk solution to the metal surface of the coupon used.27

Figure 6 demonstrates the schematic diagram of the
adsorption and the prospective anticorrosive mecha-
nism of M5-nanocomposite on the coupon substrate.
The bilateral-plan adsorbed on the surface of the
coupon coated with the M5-nanocomposite increased
the roughness structure of the coating layer and the
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Fig. 4: (a–c): AFM topographies of (a) uncoated carbon steel and carbon steel coupons coated by (b) C3-polymer and (c)
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internal air-caves structure of the coating layer; con-
sequently, the corrosion inhibition efficiency of the
coated surface to the corrosive media increased with
respect to time.

Effect of temperature

Figure 7 represents the effect of temperature on the
corrosion rate (Cr) of uncoated and the coated
coupons with C3-copolymer and M5-nanocomposite
at 298, 313, and 333 K and 24 days. The results in Fig. 7
show that the corrosion rate (Cr) of the M5-nanocom-
posite increased from 24.9 to 60.5 mdd with increasing
the temperature from 298 to 333 K, respectively. From
Table 3, at a constant concentration of a coating
solution of 100 ppm and a temperature of 333 K, the

difference in the coating material used to coat the
carbon coupons significantly affects the corrosion rate.
As shown in Table 3, the Cr decreased from 84.3 to
60.5 mdd as the concentration of the E-silicate embed-
ded in C3-copolymer and M5-nanocomposite increased
from 0 to 5 wt%, respectively, at 100 ppm of the
coating solution in brine water and 333 K. The reason
for increasing the Cr when using C3-copolymer was
due to the formation of a semismooth structure of the
coated surface. On the other hand, the surface topog-
raphy of the surface coated with M5-nanocomposite
was rough with a nano-/microstructure profile. This
structure enhanced the coated materials to form the
air-pocket structure along the surface of the coupon
material. These air pockets reduce the thermal effect
of corrosive media on the thickness of the coating
layers; thereby, it can isolate the surface of the coated

Table 1: Contact angle (h) measurements of uncoated and coated carbon steel with (C3-copolymer), (E-silicate), and
(M1-, M2-, M3-composites) at different concentrations of E-silicate as (0), (3), and (1, 3, and 5) wt %, respectively

Composite The concentration of the E-silicate incorporated into the C3-
copolymer matrix, wt %

Contact angle (h)

Uncoated carbon steel
surface

0 49.86 ±

0.41

Carbon steel surface coated with
C3-copolymer 0 71.95 ±

0.6

E-silicatea 3 100.32 ±

0.28

Compositeb

M1 1 132.35 ±

0.18

M3 3 150.50 ±

0.6

M5 5 161.21 ±

0.1

aConcentration of E-silicate deposited on the carbon steel surface is 3 wt%.
bConcentration of E-silicate incorporated into the C3-copolymer matrix is 1, 3, and 5 wt%.
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layer from the thermal effect of corrosive media.28

Thus, the effect of temperature on the efficiency of the
coating layer is reduced to the lowest level.

Table 3 depicts the activation energy (Ea) values of
C3-copolymer and M5-nanocomposite at 298, 323, and
333 K. The activation energy (Ea) is calculated using
the Arrhenius equation [equation (5)]29 as follows:

ln Crð Þ ¼ �Ea

R

1

T

� �
þ ln bð Þ ð5Þ

where Cr is the corrosion rate of the coated coupons, R
is the Universal gas constant (8.314 J mol�1k�1), T is
the absolute temperature, and b is the preexponential
factor which depends on the coupon alloy type. A plot
of corrosion rate (ln (Cr)) obtained by weight loss

measurement versus 1/T (k�1) gave a straight line as
depicted in Fig. 7. The slope of the line is equal to
� Ea/(2.303R). The results in Table 3 show th at the
value of the activation energy (Ea) reduced from 25.1
to 17.2910�4 kJ/mol as the percentage of the E-silicate
embedded in the coating material of C3-copolymer and
M5-nanocomposite increases from 0 to 5 wt%, respec-
tively. Increasing the Ea value was attributed to an
increase in the adhesion force between the coating
material and the carbon steel substrate, the high
hydrophobicity character of the coating layer, and a
highly effective physical barrier between the metal and
corrosive media that prevents charge transfer of the
corrosive ions from the bulk to the surface of the
coupon, which in turn, reduces the corrosion rate of the
carbon steel surfaces.29 The respective activation
energy of 25.1 kJ/mol is in good agreement with the
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Fig. 5: Weight loss (g) versus time (day) for uncoated and coated carbon steel coupons with C3-copolymer and M5-
composite at a coating solution concentration of (100 ppm) and (100, 200, and 300 ppm), respectively, and 298 K

Table 2: Inhibition efficiency (g) and the corrosion rate of uncoated and coated coupons for C3-copolymer and M5-
composite concentration of 100 ppm and (100, 200, and 300 ppm), respectively, 298 K, and 24 days

Coated
carbon steel
coupons

E-silicate
concentration,

wt%

The concentration of the coating solutiona,
ppm, that was injected into the brine water

The inhibition
efficiency (g),

%

Corrosion rate (Cr)

Milligram per
dm2 per day

(mdd)

Mille-inch
per year
(mpy)

Untreated
coupon
(blank)

0 0 0 163.1 11.6

C3-copolymer 0 100 86.07 48.6 3.7
100 98.10 24.9 1.5

M5-composite 5 200 99.21 10.4 0.6
300 99.63 4.9 0.3

aCoating solution composed of 2 g of C3-copolymer and/or M5-composite dissolved in 100 mL benzene.
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literature and support the physical adsorption of
coated coupons (Ea > 20 kJ/mol).18

Effect of contact angle

The effect of C3-copolymer and M5-nanocomposite
coating materials on the corrosion rate of the coated
coupons (mpy) with respect to the resulting contact
angles (h) is demonstrated in Fig. 8. The results in

Fig. 8 revealed that the corrosion rate diminished from
3.7 to 1.5 mpy as the water contact angle (h) of the C3-
copolymer and M5-nanocomposite increased from
101.37 to 163.77�, respectively, after 24 days. The
increase in the contact angle may be attributed to the
E-silicate effect. With the increase in the proportion of
E-silicate in the coated material, the hydrophobicity
character of the coating coupons increases, and conse-
quently, the contact angle of the M5-nanocomposite
increased compared with that of the C3-copolymer.12

R R

R R
OH OH

OH

H

H

OH
OH

OH

Si O

Si Si
OH
OH

O

O
O H

HO
O

Modified carbon steel surface

C3-copolymer

E-silicate

Air gap
Adhesion line

Network structure

Network structure of M5-composite prevents the corrosive media to
             direct contact with adhesion line coupons surface

Fig. 6: Schematic diagram demonstrating the structural configuration of M5-composite on the carbon steel surface
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Meaning, the coupon surface coated with M5-
nanocomposite can roll off more water droplets over
the coupon surface than C3-copolymer. Therefore, the
tendency of a water droplet to be more slippery on the
coated coupon increased. From the previous results,
the coating material with the minimum corrosion rate
of 1.5 mpy and the highest contact angle of 132.35� was
M5-nanocomposite.

Morphological structure study

The surface morphology of the uncoated and coated
coupons carbon steel surfaces with C3-copolymer and
M5-nanocomposite was analyzed by optical (visual
examination) and scanning electron microscopies
(SEM) as discussed in the following sections.

VISUAL EXAMINATION: Visual inspection is a
conventional method used to depict the corrosion
damage to the coated surface after its exposure to

corrosive media (brine water) using the weight loss
technique under simulated oilfield production
conditions.30 The deterioration of the coupon
surfaces depends on the degree of cracking and the
porosity of the coated film when exposed to the
corrosive media.31 Figures 9a–9d depict the surface
topography of coupons coated with C3-copolymer and
M5-nanocomposite after exposure to brine water
(corrosive media) at a temperature of 298 K and 24
days. Compared with the uncoated coupons in Fig. 9a,
the visual inspection in Fig. 9b showed that a high
corrosion rate on all portions of the uncoating coupons
was observed when the uncoated coupons were
exposed to the brine water. Also, high localized
corrosion pits were observed. The result in Fig. 9c
indicates that the surface topography of the coated
coupons with C3-nanocomposite was more corroded
than that coated with M5-nanocomposite (Fig. 9d).
Decreasing the deterioration of the coupon surface
coated by the M5-nanocomposite was due to the
following effects: First, the strength of the film
formed on the surface of the coupon and second, the

Table 3: Activation energy (Ea) of uncoated and coated carbon steel coupons with C3-copolymer and M5-composite
at 0, 100, and 100 ppm, respectively, and different temperatures of 298, 313 and 333 K

Coated carbon
steel coupons

Conc. of the coating solution, ppm, that was
injected into the brine water

Temp.,
K

Corrosion rate
(Cr), mdd

The activation energy (Ea),
9 10�4 kJ/mol

Untreated coupon
(blank)

0 298 163.1 5.5
313 182.3
333 198.7

C3-copolymer 100 298 48.6 17.2
313 67.8
333 84.3

M5-composite 298 24.9 25.1
313 44.1
333 60.5
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Fig. 8: Effect of the hydrophobicity character of the coating materials on the resultant contact angle and the corrosion rate
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roughness structure of the coated film. With the
increase in the film roughness structure, the corrosion
rate decreased.12 However, improving the roughness
degree resulted in the formation of heterogeneous-
helical peak shape structures with varying heights on
the coated surface. This helical shape caused the
contact angle to increase, preventing the transfer of
brine water to the underlying substrate, and
consequently, the corrosion rate of the coupons
coated by the M5-nanocomposite reduced to a
minimum.

SCANNING ELECTRON MICROSCOPY (SEM)

MEASUREMENTS: SEM technique was used to analyze
the surface topography of the coupons coated with C3-
copolymer and M5-nanocomposite after and before
their exposure to the corrosive media, as illustrated in
Figs. 10 a–10d. Figures 10 a–10d show the SEM images
of uncoated and coated carbon steel coupons immersed
in brine water solution containing 100 ppm
concentration of C3-copolymer, and M5-
nanocomposite solutions for 24 days. As shown in
Fig. 10a, the surface of the uncoated coupon (blank)

showed a smooth and uniform surface without
localized corrosion pits through the surface. As
shown in Fig. 10b, the surface topography of the M5-
nanocomposite showed a homogenous smooth surface
without noticeable corrosion pits and/or pore holes on
the coated coupon. The reason behind this was due to
the surface topography of the coupons coated with M5-
nanocomposite. The presence of E-silicate in the M5-
nanocomposite increased the roughness and helical
shape of the surface, causing the water droplet to slip
off from the coupon surface; thereby, a smooth surface
like the blank coupon was obtained.12 From Fig. 10c,
the surface topography of the C3-nanocomposite
shows a significantly corroded area with small holes
dipped on the surface. Furthermore, the surface of
coated coupons with the C3-copolymer exhibited
foldable dens and a highly wrinkled surface with
internal and irregular cavities distributed through the
C3-copolymer matrix. From the above findings,
decreasing the corrosion rate of the coupon coated
by C3-copolymer was due to the hydrophobic character
and the folding structure of the C3-copolymer. The
formation of few pores was attributed to the absence of
E-silicate in the copolymer matrix.

(b)(a)

(d) (c)

Uncoated coupon (coupons 
   have  been exposed to 

      corrosive medium)

Uncoated coupon (coupons 
   have not   been exposed to 

      corrosive medium)

Coated coupon by MS-
composite after exposing to 

corrosive medium for 24h

Coated coupon by C3-
copolymer after exposing to 

corrosive medium for 24h

Fig. 9: (a–d): Microscopic examination of uncoated coupons (a) not immersed and (b) immersed in corrosive media (brine
water) and immersed coupons coated with (c) C3-copolymer and (d) M5-composite at a concentration of 300 ppm of the
coating solution, immersion time of 24 days in brine water solution, and 298 K [Coupons were photographed before and
after completing the weight losses measurements]
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Conclusions

Four hydrophobic and superhydrophobic coating
materials were fabricated as new anticorrosive coating
layers by incorporating the functionalized SiO2-NPs
into the C3-copolymer matrix. The corrosion inhibition
efficiency of the coated materials was assessed using a
rotating cage (RC) test. The surface topography of the
coated surface with C3-copolymer and M5-nanocom-
posite after exposure to corrosive media was analyzed
via optical microscopy and scanning electron micro-
scopy (SEM). The results obtained revealed that the
M5-nanocomposite possesses a higher corrosion inhi-
bition efficiency of 99.63% and a contact angle of
161�.Funding Open access funding provided by The
Science, Technology & Innovation Funding Authority
(STDF) in cooperation with The Egyptian Knowledge
Bank (EKB).
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