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aracterization of a poly(o-
anisidine)–SiC composite and its application for
corrosion protection of steel

Chuanbo Hu,ab Ying Li,*ab Ning Zhangab and Yushi Dingab

Conducting polymers have been widely used for corrosion protection of metals. Herein, a poly(o-anisidine)

(POA)–SiC composite was synthesized by an in situ chemical oxidative polymerization method in a p-

toluenesulfonic acid medium. The structure and morphology of the POA–SiC composite were

characterized by Fourier transformation infrared spectroscopy (FT-IR), X-ray diffraction (XRD), X-ray

photoelectron spectroscopy (XPS) and field emission scanning electron microscopy (FESEM). The

thermal stability was studied by thermal gravimetric analysis (TGA) and the electrochemical behavior was

studied by cyclic voltammetry (CV) measurements. Subsequently, the synthesized POA–SiC composite

was introduced to epoxy resin through a solution blending method, and the three-component POA–

SiC/epoxy hybrid materials were applied onto the surface of steel. The corrosion resistance of the POA–

SiC/epoxy coating was evaluated by Tafel polarization and electrochemical impedance spectroscopy

measurements in a 3.5 wt% NaCl solution and also compared with that of a POA/epoxy coating. The

results demonstrated that the POA–SiC composite containing coating has a higher corrosion resistance

than that of POA, with a lower corrosion rate and a higher corrosion protection efficiency. The excellent

corrosion protection ability of the POA–SiC/epoxy coating is mainly attributed to the micro/nano

structure of the POA–SiC composite which promoted a good compatibility with the epoxy resin and

thus decreased the pinhole defects of the coating, and a conclusion was drawn that the protection is

associated with the barrier effect of SiC nanoparticles, and the passivation and hydrophobic effects of

POA. Furthermore, the protection mechanisms of the POA/epoxy coating and the POA–SiC/epoxy

coating were also discussed.
1 Introduction

Corrosion has posed a serious industrial and economic threat
since the use of metallic materials, therefore various efforts
have been made to prevent metals from corroding. The four
approaches that are normally applied to reduce the corrosion
rate of metals include the development of alloy materials,1 the
use of corrosion inhibitors,2 cathodic or anodic protection,3 and
applied protective coatings.4 Among those approaches, using
applied protective coatings is the most effective approach, and
they can be used as barrier coatings to prevent the direct contact
of metal substrates with corrosive media. In the past few
decades, conducting polymers have been widely used for
corrosion protection due to their unique conduction mecha-
nisms.5 Polyaniline (PANI) is the most attractive conducting
polymer as it was found to have a higher corrosion resistance
than other polymers.6,7 Accordingly, in most cases, PANI has
rsity, Shenyang 110819, China. E-mail:

731; Tel: +86 24 83688995

l Sensor and Technology, Northeastern
tended to replace some traditional heavy metal coatings or their
oxide coatings.

Although PANI shows good corrosion resistance, the poor
solubility and processability of PANI powders, the pinhole
defect and the unfavorable adhesion of PANI coatings to metal
substrates have gravely restricted its applications. It has been
found that ring-substituted or N-substituted modied PANI can
be prepared. The literature8–10 indicates that the introduction of
alkyl or alkoxy groups on the benzene ring or the amine and
imine groups can signicantly improve the physical properties
and corrosion resistance of PANI, whichmay be due to the steric
hindrance and p-electron effects of substituted PANI.11,12

Furthermore, the larger molecular size of substituted PANI
facilitates a greater coverage surface and leads to a better
adhesion to metal substrates.13 Substituted PANI has been
found to provide higher corrosion protection for metals. Ma
et al.14 prepared soluble phosphoric acid doped poly(2,3-
dimethylaniline) (P(2,3-DMA)) by a chemical polymerization
method. Corrosion analysis showed that the corrosion resis-
tance of the uniform and strongly adherent P(2,3-DMA) coating
was better than the corrosion resistance of PANI. Narayanasamy
et al.15 electrodeposited homopolymer PANI and poly(N-
This journal is © The Royal Society of Chemistry 2017
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methylaniline) (PNMA) coatings and copolymer and composite-
bilayer coatings on mild steel using a cyclic voltammetric
technique. Analysis of the corrosion resistance behavior found
that composite-bilayer coatings showed higher stability and
better protection than the copolymer and homopolymer coat-
ings. For the individual homopolymer coatings, PNMA exhibi-
ted higher corrosion protection of mild steel than PANI. In
addition, composite modication of PANI or its derivatives can
also overcome the deciency of the single polymer. The litera-
ture16,17 reports that a PANI–inorganic composite would
improve the thermal stability, mechanical properties, corrosion
resistance and adhesion to the substrate as well. Bhanvase
et al.18 prepared a PANI–CaCO3 nanocomposite (PAC) using an
emulsion polymerization technique. Thermal analysis showed
that the PANI loaded CaCO3 nanoparticles can reduce the
exothermicity of the polymer matrix. The analysis also indicated
that the mechanical and corrosion resistances of PAC contain-
ing coatings were stronger than those of PANI, and the
increased effects of the coatings were attributed to the dual
effect of the CaCO3 nanoparticles. As can be seen, substitution
or composite modication of PANI is an effective way to
improve the processability and corrosion resistance.

In recent years, composites of conducting polymers and
inorganic nanoparticles have attracted much attention due to
their synergistic and complementary behaviors. Poly(o-anisi-
dine) (POA) is a major derivative of PANI. Due to the methoxy
group at the ortho position of the benzene ring attached to the
amino group, POA has better solution processability as it is
soluble in both acids and organic solvents.19 At present,
syntheses of POA–inorganic composites by chemical or elec-
trochemical methods have been reported. Their electrical
conductivity, thermal stability, humidity sensing and corro-
sion resistance properties have also been widely studied.20–22

Nevertheless, the larger portion of this literature still focuses
on studying the corrosion resistances of single POA–inorganic
composites, and reports on the corrosion protection of POA–
inorganic composites incorporated with epoxy resin on metals
are limited. Silicon carbide (SiC) is a new class of inorganic
material with good chemical stability, high strength and
microhardness, a low friction coefficient, and good wear
resistance and corrosion resistance in extreme environments.
Kormányos et al.23 and Kassiba et al.24 reported that the
addition of SiC nanoparticles can improve the thermal
stability and electrical conductivity of PANI. Therefore, in this
study, we synthesized a POA–SiC composite using an in situ
chemical oxidative polymerization method and using p-tol-
uenesulfonic acid as a dopant. Furthermore, we also used this
composite in the preparation of POA–SiC/epoxy hybrid mate-
rials and then applied them on a steel surface. The structure,
thermal stability and electrochemical activity of the POA–SiC
composite were investigated and analyzed. The corrosion
resistance of the POA–SiC/epoxy coating was investigated, in
a 3.5 wt% NaCl solution as the corrosive medium, by Tafel
polarization and electrochemical impedance spectroscopy,
and the corrosion protection mechanism was also discussed
in detail.
This journal is © The Royal Society of Chemistry 2017
2 Experimental
2.1 Materials

The o-Anisidine (OA) monomer was obtained from Beijing J&K
Technology Co., Ltd., and was distilled until it was colorless
before use. p-Toluenesulfonic acid (C7H7SO3H, p-TSA), N-
methyl-2-pyrrolidone (NMP) and dibutyl phthalate (DBP) were
obtained from the Tianjin Guangfu Fine Chemical Research
Institute. Ammonium persulfate (APS), butyl alcohol and
sodium chloride (NaCl) were purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. Ethanol, acetone and ethyl acetate
were purchased from Sinopharm Chemical Reagent Co., Ltd. All
chemical reagents were of analytical grade and were used as
received. SiC powder with a particle size of 40 nm was supplied
by Shanghai Chaowei Nano Technology Co., Ltd. Epoxy resin
(E44, EP) and polyamide (651) were purchased from Nantong
Xingchen Synthetic Material Co., Ltd.

2.2 Synthesis of the POA–SiC composite

The POA–SiC composite was synthesized by in situ chemical
oxidative polymerization of the OA monomer at 0–5 �C in air in
the presence of SiC nanoparticles. A typical synthesis process is
as follows: 0.30 g of SiC nanoparticles was dispersed in deion-
ized water under ultrasonic vibration to reduce the agglomer-
ation of SiC nanoparticles, and then the turbid liquid was added
to a beaker containing an emulsion of 30 ml of 1.0 M p-TSA and
3.38 ml of OA monomer under magnetic stirring for 30 min to
accelerate the dispersion of SiC nanoparticles. Following this,
the emulsion mixture was added to a three-necked ask and
vigorous stirring was continued. Aer 30 min, 100 ml of 0.3 M
APS solution was added dropwise to the emulsion mixture over
2.5 h with constant stirring at 0–5 �C, followed by continued
stirring for 10 h in an ice bath to ensure complete polymeriza-
tion. The resulting composite was ltered and washed with
ethanol and deionized water. Finally, the precipitated lter cake
was dried in an air oven at 60 �C for 24 h and then nely ground
by an agate mortar before use as a pigment. Pure POA was also
synthesized by the same method without the use of SiC nano-
particles. Fig. 1 shows the schematic synthesis of the POA–SiC
composite.

2.3 Characterization

The FT-IR spectra of the powders were recorded using a Nicolet
380 spectrometer in the range of 4000–500 cm�1 using the KBr
pellet method. The XRD patterns of the powders were obtained
using an Ultima IV X-ray diffractometer in the range of 10–90�.
The chemical compositions of the powders were measured
using an Escalab 250Xi X-ray photoelectron spectroscope. The
morphological structures of the powders were obtained using
an SU8010 eld emission scanning electron microscope. TGA
analysis of the powders was carried out using an SDT-Q600
thermal analyzer in the range of 25–800 �C at a heating rate of
10 �C min�1. Cyclic voltammetry (CV) measurements of POA
and the POA–SiC composite were carried out in a 1.0 M HCl
solution using a Princeton 2273 electrochemical workstation.
The working electrode was prepared as follows; a certain
RSC Adv., 2017, 7, 11732–11742 | 11733
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Fig. 1 The schematic synthesis of the POA–SiC composite.
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amount of powder was dissolved in NMP solvent, then a piece of
carbon paper was immersed in the solution and vibrated for
30 min by ultrasound, and nally the carbon paper loaded with
the POA or POA–SiC lm was obtained aer drying. A conven-
tional three-electrode system was utilized with a platinum plate
as the counter electrode, the carbon paper loaded with POA or
the POA–SiC composite as the working electrode, and a satu-
rated calomel electrode (SCE) as the reference electrode. CV
curves were measured over a range of �0.2 to 0.6 V vs. SCE with
a potential sweep rate of 20 mV s�1.

2.4 Preparation of the coatings

Steel samples were cut into 2 cm � 2 cm dimensions and their
surfaces were polished using 100, 320, 600, 1000 and 1200 grade
emery papers on an MP-1B polishing machine, followed by
degreasing with acetone and ethanol solvents, and then air-
drying at room temperature prior to use. For preparation of
the coatings, the pigment powders (POA and the POA–SiC
composite) were dispersed in epoxy resin and a polyamide
blending system using a ball-grinding mill, and a mixture of
butyl alcohol and NMP was used as the solvent, DBP as the
plasticizer and ethyl acetate as the defoaming agent. The mass
ratio of the polyamide/epoxy resin was 0.3 and the pigment
powder content was 5 wt%. The above hybrid materials were
cured at room temperature for 24 h, and then applied on the
treated steel samples, followed by curing the coated samples at
60 �C for 24 h. Two kinds of coating lms were thus formed,
including a POA/EP coating and a POA–SiC/EP coating. A pure
11734 | RSC Adv., 2017, 7, 11732–11742
epoxy resin coating (pure EP coating) was also applied on the
steel sample to compare the corrosion resistance.

2.5 Electrochemical corrosion studies

Electrochemical corrosion test techniques were carried out in
a 3.5 wt% NaCl solution using a Princeton 2273 electrochemical
workstation. A conventional three-electrode system was utilized
with a platinum plate as the counter electrode, the uncoated
and coated steel samples with an exposed area of 1 cm2 as the
working electrode, and a saturated calomel electrode (SCE) as
the reference electrode. Tafel polarization curves were
measured over a range of�1.2 to�0.2 V vs. SCE with a potential
sweep rate of 1 mV s�1, and the corrosion data were obtained
through superimposing a straight line along the linear portion
of the cathodic and anodic curves. Electrochemical impedance
spectroscopy (EIS) measurements were performed at
a frequency range from 100 kHz to 10 mHz with an AC ampli-
tude of 10 mV, and the impedance data were analyzed using
Zview2.0 soware.

3 Results and discussion
3.1 Structure and morphology

Fig. 2 shows the FT-IR spectra of SiC nanoparticles, POA and the
POA–SiC composite. As shown in Fig. 2(a), the strong charac-
teristic absorption peak at 816 cm�1 can be attributed to the Si–
C stretching of SiC nanoparticles.25 From Fig. 2(b), it can be
seen that the main characteristic absorption peaks of POA occur
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FT-IR spectra of (a) SiC nanoparticles, (b) POA and (c) the POA–
SiC composite.

Fig. 3 XRD patterns of (a) SiC nanoparticles, (b) POA and (c) the POA–
SiC composite.
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at 3416, 1580, 1498, 1292, 1116 and 811 cm�1, which can be
assigned to the N–H stretching of the benzenoid rings, C]C
stretching of the quinoid rings, C]C stretching of the benze-
noid rings, C–N stretching of the secondary aromatic amine,
C–H in plane bending of the quinoid rings and C–H out of plane
bending of the benzenoid rings, respectively.26,27 Furthermore,
the peak at 1210 cm�1 represents the degree of delocalization of
electrons on POA. The peak at 1016 cm�1 is assigned to the C–O
stretching of the methoxy group, which shows that there are
methoxy substituents in the polymer backbone. The peak at 948
cm�1 is attributed to the S–O stretching of the p-TSA group, and
this result conrms that p-TSA has been successfully doped in
the POA chains. As shown in Fig. 2(c), it can be found that the
characteristic peaks of the POA–SiC composite center at 3392,
1578, 1491, 1286, 1208, 1112, 1015, 947 and 809 cm�1, and these
peaks are found to shi to lower wavenumbers in comparison
with those of POA, indicating the existence of a strong inter-
action between POA and SiC nanoparticles. The characteristic
peak of the SiC nanoparticles either weakened in the composite
or overlapped with the characteristic peaks of POA; these results
suggest that SiC nanoparticles are effectively covered by POA.

Fig. 3 shows the XRD patterns of the SiC nanoparticles, POA
and POA–SiC composite. It can be seen that the characteristic
diffraction peaks of the SiC nanoparticles appear at 35�, 41�, 60�

and 71�, representing the crystalline nature of SiC, which is
consistent with the standard JCPDS card (JCPDS no. 29-1129).
As presented in Fig. 3(b), the diffraction peaks of POA appear
between 17� and 25�, and are attributed to the amorphous
nature of POA. At a 2q of around 25�, the intensive peak arising
from the amorphous polymer decreases and the peak corre-
sponding to the protonated polymer appears; this indicates that
doping POA with p-TSA evidently increases the crystalline
nature, and this may derive from the protonation of the inter-
calated p-TSA between the POA chains.28 For the POA–SiC
composite, it can be observed that the XRD pattern exhibits the
diffraction characteristics of both POA and SiC, which conrms
This journal is © The Royal Society of Chemistry 2017
that adsorbing POA on the surfaces of the SiC nanoparticles has
no effect on the crystalline properties of the SiC nanoparticles.
However, the diffraction intensities of the composite are weaker
than those of pure SiC nanoparticles. The probable reason for
this decrease is that the adsorption of POA on the surfaces of
the nanoparticles reduces the mass-volume percentage of SiC,
and sequentially weakens the diffraction peaks.

XPS was used to study the chemical compositions of the
powders and the chemical states of the elements. Fig. 4(a)
shows the XPS survey spectra of POA and the POA–SiC
composite. The survey spectra of POA display clearly visible C
1s, N 1s, O 1s and S 2p peaks, and the binding energies are
located at 283.02, 397.76, 531.45 and 166.1 eV, respectively. The
S 2p peak demonstrates that the p-TSA dopant has doped into
the POA chains. In the case of the POA–SiC composite, the C 1s,
N 1s, O 1s and S 2p peaks of POA can be observed in the same
positions. In addition, a peak located at 100.25 eV, corre-
sponding to the Si 2p binding energy of SiC, is also observed in
the composite, which conrms that POA has covered the SiC
surfaces. Fig. 4(b and c) show the N 1s XPS spectra of POA and
the POA–SiC composite. The N 1s XPS spectrum of POA can be
well tted into three peaks. The peaks located at about 396.3,
397.8 and 399.3 eV are attributed to imine (]N–), amine (–NH–)
and protonated imine (–N+–),29 respectively. Generally, POA
could achieve its highly conductive state through protonation of
the imine and oxidation of the amine in its fully reduced state.30

This result indicates that POA is in its conductive state. As
shown in Fig. 4(c), the changes in the binding energies of the
tted chemical states of nitrogen atoms are very small. This
shows that the addition of SiC nanoparticles did not affect the
bonding modes of POA, and there was no obvious chemical
reaction between POA and SiC. This phenomenon conrms that
POA is adsorbed and grows on the surfaces of the nanoparticles.

Fig. 5 shows the FESEM images of SiC nanoparticles, POA
and the POA–SiC composite. It can be seen from Fig. 5(a and b)
that the SiC nanoparticles have smaller granular sizes and are
RSC Adv., 2017, 7, 11732–11742 | 11735
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Fig. 4 XPS spectra of (a) survey, (b) N 1s peak of POA and (c) N 1s peak of the POA–SiC composite.
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uniformly distributed together. The FESEM images of Fig. 5(c
and d) show that POA is similar to a lump structure, which
reveals the irregular clustered morphology of the polymer.
From Fig. 5(e and f) it is seen that the lump structure of POA is
evidently reduced due to the nucleation of SiC nanoparticles,
and the nanoparticles are covered by POA to form a more
compact composite with a micro/nano structure. Such
a structure helps to reduce the agglomeration and improve the
dispersity of the composite in the epoxy resin and polyamide
blending system.18 In addition, the size distribution of POA is
13.02–14.29 mm and that of the POA–SiC composite is 5.60–
6.05 mm, which also demonstrates that the doping of nano-
particles can improve the compact structure and reduce the
size of POA.
3.2 Thermal stability

The thermal stabilities of the powders were investigated using
thermo-gravimetric analysis. Fig. 6 shows the TGA curves of the
SiC nanoparticles, POA and the POA–SiC composite. From
Fig. 6(a), it can be seen that the SiC nanoparticles are very stable
in air and exhibit almost no weight loss from 25 �C to 800 �C.
The thermal behaviors of POA and the POA–SiC composite are
similar to that of PANI, and exhibit two major stages in the
weight loss process.31 For POA, the rst stage of weight loss
11736 | RSC Adv., 2017, 7, 11732–11742
occurs over the temperature range from 25 �C to 126 �C, which
is mainly attributed to the expulsion of impurities and residual
water in the POA matrix. The second stage of weight loss occurs
continuously from 162 �C to 800 �C, which is due to the loss of
the p-TSA dopant and the degradation of the POA chains. As
shown in Fig. 6(c), it is found that the degradation trend of the
POA–SiC composite is similar to that of POA, the only difference
being that the degradation rate of the POA–SiC composite is
lower than that of POA. When the temperature rises to 800 �C,
the weight loss percentage of POA is 54.5% while that of the
POA–SiC composite is 39.9%. The difference in the percentage
of residues between POA and the POA–SiC composite is
considered to be due to the content of SiC nanoparticles.32

Therefore, it can be estimated that the weight ratio of POA to
SiC nanoparticles is about 3 : 1. Furthermore, according to the
literature,33 the reported weight loss percentage of the POA–
PANI composite is more than 80% at 800 �C, therefore
a conclusion can be drawn that inorganic nanoparticle
composite modied POA has a higher thermal behavior than
that of the organic polymer. The drop in degradation rate may
be explained by the fact that inorganic nanoparticles restrict the
thermal motion of POA in the composite.34 All results conrm
that the incorporation of SiC nanoparticles can evidently
improve the thermal stability of POA.
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 FESEM images of (a and b) SiC nanoparticles, (c and d) POA and (e and f) POA–SiC composite.

Fig. 6 TGA curves of (a) SiC nanoparticles, (b) POA and (c) the POA–
SiC composite.

Fig. 7 CV curves of the (a) POA film and (b) POA–SiC film immersed in
a 1.0 M HCl solution.
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3.3 Electrochemical activity

Cyclic voltammetry (CV) has been widely used to evaluate the
electrochemical behavior of conducting polymers. The potential
This journal is © The Royal Society of Chemistry 2017
difference between the oxidation and reduction peaks has been
used to evaluate the reversibility of the electrochemical redox
reaction.35 The closer the potential difference is to zero, the
higher the electrochemical reversibility it could achieve. Fig. 7
RSC Adv., 2017, 7, 11732–11742 | 11737
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shows the CV curves of the POA lm and POA–SiC lm
immersed in a 1.0 M HCl solution. As shown in Fig. 7(a), the CV
curve of POA displays a couple of oxidation/reduction peaks.
The potentials of the oxidation and reduction peaks are about
0.20 V and 0.07 V, therefore the potential difference is 0.13 V,
which implies that the electrochemical behavior of POA is
reversible. From Fig. 7(b), it can be seen that the CV curve of the
POA–SiC composite is similar to that of POA, and the potentials
of the oxidation and reduction peaks show almost no changes.
This indicates that the introduction of SiC nanoparticles has no
change on the electrochemical reversibility of POA. In addition,
the POA–SiC composite shows a higher redox current than that
of POA, which implies that the presence of SiC nanoparticles in
the POA matrix is benecial for promoting the redox reaction of
POA chains and the POA–SiC composite with a higher electro-
chemical activity than that of POA.
3.4 Corrosion protection evaluation

The Tafel polarization curve is the most efficient method to
evaluate the corrosion protection abilities of coatings for steel.
Generally, in a typical Tafel polarization curve, the excellent
corrosion resistance of the coating exhibits a lower corrosion
rate (CR), which corresponds to a higher corrosion potential
(Ecorr) or a lower corrosion current density (Icorr).6,36 Fig. 8 shows
the Tafel plots of uncoated and coated steel samples immersed
in 3.5 wt% NaCl solution for a few days; the Tafel regions can be
easily identied from the anodic and cathodic curves, and the
corrosion data calculated by the Tafel extrapolation method are
listed in Table 1. The CR values of the uncoated and coated steel
samples were calculated by the following equation:37

CR ¼ 3270� M ðgÞ � Icorr ðA cm�2Þ
n� r ðg cm�3Þ (1)

whereM is the molecular mass of steel, Icorr is determined by an
intersection of the linear portions of the anodic and cathodic
sections of the Tafel curves, n is the valence (the number of
Fig. 8 Tafel plots of uncoated and coated steel samples immersed in
3.5 wt% NaCl solution.

11738 | RSC Adv., 2017, 7, 11732–11742
electrons that are lost during the oxidation reaction), and r is
the density of steel. It can be easily found from Table 1 that the
corrosion data of all coated steel samples are better than that of
uncoated steel. The Ecorr of the POA–SiC/EP coating is 104 mV
more positive than the POA/EP coating and 213 mV more
positive than the pure EP coating. The Icorr of the POA–SiC/EP
coating is about 36.6% that of the POA/EP coating and 7.4%
that of the pure EP coating. Moreover, the POA–SiC/EP coating
exhibits a very low CR, a 3-fold decrease from the POA/EP
coating and a stupendous 14-fold decrease from the pure EP
coating. This suggests that the addition of the POA–SiC
composite as a pigment of the EP coating can effectively prevent
further corrosion of the steel sample. Hosseini et al.38 think that
the reasons can be explained by the mechanism of blocking
pinholes and a passivating surface. Pigments can block the
resulting pinholes of epoxy resin due to evaporation of the
solvents and can reduce the pinhole defects of the coating, and
a passive lm layer would form on the steel surface under the
permeation of a corrosive medium. We believe that the
improvement of the corrosion resistance of the POA–SiC/EP
coating is also related to the micro/nano structure of the
POA–SiC composite, which facilitates the compatibility of
pigment with epoxy resin, and thereby reduces the porosities of
the coatings. Furthermore, the protection efficiency (PE) of the
coatings was calculated using the following formula:39

PE ð%Þ ¼ Icorr � I 0corr
Icorr

� 100% (2)

where Icorr and I0corr are the corrosion current densities of
uncoated and coated steel. From the above formula, we can
calculate that the protection efficiencies of pure EP coating,
POA/EP coating and POA–SiC/EP coating are about 83.87, 96.73
and 98.80%, respectively. Undoubtedly, these results once again
demonstrate that the POA–SiC composite containing coating
has effectively protected the steel. Since the POA–SiC/EP coating
contains three types of materials and enjoys the combined
properties of the components, its model acts as a barrier that
increases the tortuosity of the diffusion pathway for the corro-
sive medium towards the steel surface.

The corrosion behaviors of uncoated and coated steel were
also investigated by EIS in 3.5 wt% NaCl solution. Fig. 9 shows
the Nyquist plots of uncoated and coated steel immersed in 3.5
wt% NaCl solution for a few days. The EIS data were tted using
the equivalent circuit shown in Fig. 10, where Rs is the elec-
trolyte solution resistance, Cc is the constant phase element
(CPE) representing the coating capacitance, Rp is the pore
resistance, Cdl is the constant phase element representing the
double layer capacitance and Rct is the charge transfer resis-
tance. As we know, the CPE element is a non-ideal capacitance
that is generally used to imitate the EIS data, and the CPE value
can be calculated using the following equation:40

ZCPE(u) ¼ Y�1
0 (ju)�n (3)

where Y0 is the CPE constant, j2 ¼ �1 is an imaginary unit, u is
the angular frequency (rad s�1) and n is the CPE exponent (�1#
This journal is © The Royal Society of Chemistry 2017
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Table 1 Fitting corrosion data for uncoated and coated steel samples immersed in 3.5 wt% NaCl solution by Tafel polarization measurement

Samples Ecorr (mV) Icorr (A cm�2) CR (mm a�1) ba (V dec�1) bc (V dec�1) PE (%)

Uncoated steel �880 1.29 � 10�5 0.15 0.17 0.16 —
Pure EP coating �745 2.08 � 10�6 2.43 � 10�2 0.14 0.15 83.87
POA/EP coating �636 4.21 � 10�7 4.93 � 10�3 0.13 0.14 96.73
POA–SiC/EP coating �532 1.54 � 10�7 1.80 � 10�3 0.11 0.12 98.80

Fig. 9 Nyquist plots of uncoated and coated steel samples immersed
in 3.5 wt% NaCl solution.

Fig. 10 Equivalent circuit diagram used for EIS measurement data
fitting.
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n # 1, for ideal capacitance ZCPE(u) ¼ C, n ¼ 1). Therefore, the
following formula can be used to convert Y0 into Cc or Cdl.41,42

Cc (or) Cdl ¼ Y0(um)
n�1 (4)

where um is the angular frequency for which the imaginary part
of the impedance �Z00 reaches its maximum. um can be calcu-
lated from the following equation:40,42–44

um ¼ [(Y0R)
�1]1/n (5)

where R is Rp or Rct. In general, a uniform, defect-free and
corrosion resistant coating is characterized by higher Rp and Rct

values, and lower Cc and Cdl values.45

From Fig. 9, it can be seen that all steel samples exhibited
a depressed semicircle loop, and the equivalent circuit provided
a good tting result. The Nyquist plot for uncoated steel shows
two semicircle loops, the small semicircle loop in the high
frequency regions is attributed to the formation of a corrosion
lm at the beginning, and the large semicircle loop in the low
This journal is © The Royal Society of Chemistry 2017
frequency regions is attributed to the corrosion processes
occurring underneath the corrosion lm.46 The Nyquist plot of
uncoated steel is characteristic of a system undergoing disso-
lution with the precipitation of a corrosion lm at the steel
surface. For all of the coated steel samples, the Nyquist plots
display the same semicircle characteristics as those of uncoated
steel. The rst semicircle loop represents the coating/electrolyte
interface and is denoted by Rp and Cc, and the second semicircle
represents the coating/steel interface and is denoted by Rct and
Cdl. The tting impedance parameters of the equivalent circuit
are shown in Table 2. The data shows that the Rp value of the
POA–SiC/EP coating is 215.60 U cm2, which is 1.5-fold higher
than that of the POA/EP coating and 2.5-fold higher than that of
the pure EP coating. This result indicates that the porosity of the
POA–SiC/EP coating is clearly lower than that of the POA/EP
coating and the pure EP coating. The Rct value of the POA–
SiC/EP coating is 14416 U cm2, which is 1.3-fold higher than
that of the POA/EP coating and 2.3-fold higher than that of the
pure EP coating. The higher Rct value is attributed to the
effective barrier effect of the POA–SiC/EP coating.47 Further-
more, the lower Cc and Cdl values of coated steel further support
the hypothesis of the protection of steel by the POA–SiC/EP
coating. Thus, all results indicate that the POA–SiC/EP coating
has provided excellent corrosion protection of steel. Based on
the tted Rct value, the protection efficiency (PE) of coated steel
was calculated by the expression:39,48

PE ð%Þ ¼ Rct � R0
ct

Rct

� 100% (6)

where Rct and R0
ct are the charge transfer resistances of

uncoated and coated steel. From the above expression, the PE
values of pure EP coating, POA/EP coating and POA–SiC/EP
coating were calculated to be about 71.68, 83.87 and 87.54%.
The protection efficiencies of the pigment containing coatings
are larger than that of the pure EP coating. These results again
demonstrate that the pigments can block the pinholes of the
pure EP coating, and reduce the permeation of water molecules,
oxygen gas, chloride ions and other corrosive media towards the
steel surface.

Both the Tafel slope and EIS results show that the addition of
pigments can improve the corrosion resistance of the pure EP
coating signicantly, and that the POA–SiC composite con-
taining coating is more protective. The better corrosion
protection ability of the POA–SiC composite containing coating
is derived from the synergistic effects of the SiC nanoparticles,
POA and epoxy resin. The POA–SiC composite as a pigment can
be uniformly dispersed in epoxy resin due to its relatively low
size distribution. Once the coated steel is attacked by a corrosive
RSC Adv., 2017, 7, 11732–11742 | 11739
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Table 2 Fitting of the impedance parameters for uncoated and coated steel samples immersed in 3.5 wt% NaCl solution by EIS measurements

Samples Rs (U cm2) Y0 (U
�1 sn) n Cc (F cm�2) Rp (U cm2) Y00 (U�1 sn) n0 Cdl (F cm�2) Rct (U cm2) PE (%)

Uncoated steel 2.34 2.54 � 10�6 0.93 1.32 � 10�6 35.42 6.05 � 10�4 0.78 6.19 � 10�4 1796 —
Pure EP coating 12.79 2.21 � 10�7 0.90 6.70 � 10�8 87.86 1.61 � 10�4 0.75 1.62 � 10�4 6342 71.68
POA/EP coating 13.43 2.61 � 10�7 0.85 4.19 � 10�8 148.20 1.03 � 10�4 0.73 1.08 � 10�4 11135 83.87
POA–SiC/EP coating 31.47 8.07 � 10�8 0.91 2.69 � 10�8 215.60 7.35 � 10�5 0.77 7.48 � 10�5 14416 87.54
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medium, POA can passively catalyze the steel surface and
facilitate the maintaining of a dense passive lm on the steel
surface. Additionally, POA chains contain the hydrophobic
methoxy group which could create the free surface of the coat-
ings and result in a decrease in the permeability of water
molecules.49 Therefore, it is reasonable to propose that the
POA–SiC/EP coating exhibits higher corrosion resistance due to
its excellent passivation, barrier and hydrophobic effects.

Generally, the corrosion of metals in neutral chloride solu-
tion is mainly an electrochemical corrosion process. The
corrosion reaction of steel in 3.5 wt% solution can be described
as follows:17,50

Anodic reaction: 2Fe / 2Fe2+ + 4e, 2Fe2+ / 2Fe3+ + 2e (7)

Cathodic reaction: O2 + 2H2O + 4e / 4OH� (8)

Total reaction: 2Fe3+ + 6OH� / Fe2O3 + 3H2O (9)

It can be seen that it is necessary to have sufficient H2O and
O2 for the production of the cathodic reaction. If the cathodic
reaction process can be prevented, corrosion will be inhibited
and the protection becomes effective. As has been widely re-
ported, PANI and substituted PANI containing coatings protect
the underlying metal from corrosion through the physical
barrier and electrochemical passivation effects.51,52 In the case
Fig. 11 The corrosion schematic diagram of (a) POA/EP coating and (b)

11740 | RSC Adv., 2017, 7, 11732–11742
of the POA/EP coating, the corrosion protection mechanism is
derived from the physical barrier, electrochemical passivation
and hydrophobic effects. Under the attack of a corrosive
medium, POA is expected to intercept the released ions during
the corrosion reaction, become doped and release the dopant
ions, therefore undergoing a self-healing process, forming
a passive layer of Fe2O3 and insoluble Fe(C7H7SO3)3 compounds
in the coating/metal interface. In other words, POA intercepts
the electrons at the coating/metal interface and transports them
to the coating/electrolyte interface, thus avoiding bubbling and
protection failure due to a cathodic reaction occurring at the
steel surface, which causes the adhesion strength of the coating
to decrease. The proposed corrosion schematic diagram is
shown in Fig. 11(a). The corrosion protection mechanism of the
POA–SiC/EP coating is similar to that of the POA/EP coating, the
difference being that the physical barrier effect of the POA–SiC/
EP coating has been improved. The barrier effect was improved
no doubt due to the excellent dispersity of the POA–SiC
composite. The small and uniform dispersion of the composite
with a micro/nano structure would increase the compatibility of
the pigment with epoxy resin and reduce the pinhole defects of
the coating; the SiC nanoparticles act as a barrier in the coating,
thus reducing the passing routes used by the corrosive medium.
Moreover, the SiC nanoparticles released by the redox reaction
of POA may form Fex(SiC)y complex compounds with iron ions,
POA–SiC/EP coating immersed in 3.5 wt% NaCl solution.

This journal is © The Royal Society of Chemistry 2017
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which could increase the passivation effects of the POA–SiC/EP
coating.53 The corrosion schematic diagram is shown in
Fig. 11(b). Therefore, it is expected that the epoxy coating con-
taining the POA–SiC composite demonstrates effective corro-
sion protection of the steel because of its excellent barrier,
passivation and hydrophobic effects. It was clear that the use of
the POA–SiC composite as a pigment of the epoxy coating is the
best solution as it provides ternary protection effects that limit
the permeation of corrosive media.

4 Conclusions

In summary, a POA–SiC composite was synthesized through an
in situ chemical oxidative polymerization method using p-TSA
as the dopant. The structure, morphology and thermal stability
of the composite were studied using FT-IR, XRD, XPS, FESEM
and TGA techniques. The structure studies revealed that certain
interactions exist in between POA and the SiC nanoparticles,
and POA is adsorbed and grows on the surfaces of the nano-
particles. The morphology study conrmed that the formation
of a POA–SiC composite with a micro/nano structure and the
doping of nanoparticles can improve the compactness and
reduce the size distribution of POA. The thermal stability study
indicated that SiC nanoparticles signicantly restrict the
thermal motion of POA in the composite. The electrochemical
behavior study revealed that POA is reversible and that the POA–
SiC composite exhibits higher electrochemical activity than that
of POA. The corrosion studies of all the coated steel samples
immersed in 3.5 wt% NaCl solution by Tafel slope and EIS
measurements showed that the POA–SiC composite containing
coating exhibits a higher corrosion resistance than that of POA.
The higher corrosion protection of the POA–SiC/EP coating has
been associated with the micro/nano structure of the POA–SiC
composite which promoted good compatibility with the epoxy
resin, and the mechanism of corrosion protection was mainly
derived from the increase in the barrier of SiC nanoparticles,
passivation and hydrophobic properties of POA.
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