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Abstract: Corrosion is the principal reason for causing degradation of steel material properties,
and coating is one of the most popular and effective ways to protect steel from corrosion. There
are many kinds of coatings with different constituents, mechanisms and effectiveness. This paper
presents a comprehensive review on the development of coating technology including traditional
coatings, hydrophobic coatings, conducting polymer coatings and nanopolymer composite coatings.
In particular, conducting polymers and nanopolymer composite coatings are reviewed in detail,
which are the most popular and promising coatings. The advantages and limitations of each coating
method as well as the influencing factors on corrosion protection are elaborated. Finally, the future
research and applications are proposed.
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1. Introduction

Steel structures are widely used in many infrastructures, such as civil engineering and offshore
engineering due to its high strength, excellent ductility, small dead weight, easy construction and
other advantages. However, corrosion is a severe problem for steel structures, which could cause
degradation of material properties and decrease of a structure’s bearing capacity, safety and service
life. Corrosion to steel has been a sustained issue and attracted many research interests. It is estimated
that corrosion and its consequences cost in maintenance in developed countries is between 3% and
5% of their gross domestic product (GDP), and over CNY 4 trillion a year in China (about 5% GDP).
Thus, it is essential to find highly efficient, long-term, stable, eco-friendly and low-cost corrosion
prevention method.

It is well known that water, dioxygen and corrosive ions appear on the steel surface when the
corrosive action occurs, and the essence of steel corrosion is oxidation reaction. Diverse methods
have been developed to prevent the steel structures from corrosion considering different protective
mechanisms, such as cathodic protection, anodic protection, inhibitors and hydrophobic impregnation.
At present, the most popular and convenient corrosion protection strategy is coating, which consists of
one or more layers with one or more mechanisms as mentioned above.

The prevailing steel coatings include traditional coatings, superhydrophobic coatings, conducting
polymer coatings and nanopolymer composite coatings. Traditional metal coatings have excellent
mechanical properties, high resistance to corrosion and functional properties such as magnetostatic
shielding and resistance to radiation [1-4]. However, their use is restricted due to shortcomings
such as toxicity, high cost and short service life. Traditional organic coatings, such as epoxy coating,
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fluorocarbon coating, silicone coating, polyurethane coating and zinc-rich coating, provide corrosion
protection by their barrier effect to ionic species, oxygen and water transport, which diminishes the
corrosion rate [5-7], but their shortcomings are still significant, such as low impact strength, poor
weatherability, poor bond strength and poor durability [8]. Almost all prevailing superhydrophobic
coatings can adopt nanotechnology. Silica nanoparticles [9-11], carbon nanotubes [12,13], titanium
oxide nanotubes [14-17], nanopolymers [18-20] and nanosilane [21-23] have been widely used for
fabricating superhydrophobic coatings. Procedures such as the dip coating technique, electroless
plating, sol-gel process and electro deposition are adopted to fabricate the superhydrophobic coatings.
The water contact angles of the superhydrophobic coatings can reach 145-165 °C [9-23]. There is
also some literature about using soft lithography method based on a polydimethylsiloxane (PDMS)
template to prepare nanostructured superhydrophobic coatings [24,25]. Although significant progress
has been achieved regarding the synthesis of superhydrophobic coatings and their anticorrosion
properties for steel, the majority superhydrophobic coatings have been studied only in laboratory till
now, and there are still many obstacles before they could be widely used in industry. The prevailing
fabrications are complicated, costly and not suitable for on-site use. Many efforts should be made to
develop an optimum superhydrophobic coating with excellent water repellency, long service life, good
adhesion performance, low cost, easy fabrication and convenience in site spraying and curing.

In recent years, conducting polymer coatings and nanopolymer composite coatings have been
widely used in many projects. Many studies on nanopolymer composite coatings, conducting polymers
and their combinations were conducted with a good deal of progress. Some new nontoxic corrosion
protection materials with the properties of high efficiency and smart corrosion protection, long effective
period and easy construction have been developed.

Different coatings have deferent deposition mechanisms. At present, the prevailing deposition
method include physical vapor deposition (PVD), chemical vapor deposition (CVD), micro-arc oxidation
(MAO), sol-gel, thermal spray, electrodeposition and electrochemical deposition coatings [26,27]. Every
method has its suitable applications. In the case of polymer coatings, the main deposition methods
include electrodeposition and electrochemical deposition.

This review paper focuses on conducting polymer coatings and nanopolymer composite coatings.
In Section 2, by summarizing the current state of conducting polymer coatings, the mechanism,
development and applications of three main kinds of conducting polymer coatings, i.e., polyaniline
(PAni)-based coatings, polypyrrole (PPy)-based coatings and polythiophene (Pth)-based coatings are
explored. In Section 3, a review of the studies of many kinds of nanopolymer composite coatings is
provided. The review provides a systematic expatiation in research and development of steel corrosion
coating over the past 30 years, and further research is also proposed.

2. Conducting Polymer Coating

The application of conducting polymer coatings to metal anticorrosion was first reported by
DeBerry in 1985, and according to DeBerry, the stainless steel covered by polyaniline could remain
passivated for a long time in sulfuric acid solution [28]. Since then, the research of conducting
polymer coatings for metal corrosion protection has attracted lots of interest for their special properties,
such as easy synthesis, high conductivity, eco-friendly nature, economical cost, nontoxicity and unique
redox chemises [29,30]. It was generally believed that conducting polymer coatings can protect
metal by forming a physical barrier, inhibition and passive oxide layers, although there are still
some controversies about its protective mechanism [31]. The barrier effect prevents the penetration of
aggressive matters such as water, dioxygen and ions to the steel surface. Conventional polymers such as
epoxy and polyurethane are often used as topcoats because the conducting polymer coatings are porous,
which results in the barrier function with low efficiency. The strong adsorption of the conducting
polymers on the metal substrate suppresses the active dissolution process of metal. The strong oxidative
capability of the conducting polymer helps the potential shift and long maintenance of the passive state
of the metal, leading to the formation of a protective layer on the metal interface. When the coating and
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passive oxide are locally damaged, some ions doped in the conducting polymer will be hydrolyzed and
react with metal ions on the flawed site producing a new passive oxide on the damaged site [29,32-39].
Some studies indicated that the protective ability of the conducting polymers would decrease with
the decrease of the charge stored in the polymer, and thus the polymer coating should be changed
continuously for effective protection [38,39]. At present, the polyaniline (PAni), polypyrrole (PPy),
polythiophene (Pth) and their derivatives are the most popular polymers studied.

2.1. Polyaniline(PAni)-Based Coatings

The polyaniline and its derivatives have been the most popular studied polymer coatings for
corrosion protection, because they are cheaper, easier to synthesize and have better environmental
stability compared with other conducting polymers [40,41]. The properties of some kinds of PAni-based
coatings are listed in Table 1.

Table 1. Properties of PAni-based coatings.

Type Properties Comments Refs.

Conducting;

Passivation of steel surface; The effect of PAni deposited on

Polyaniline emeraldine stainless steel in sulphuric acid

salt form (PAni-ES) Anoc.hc.p rotection; . has contradictive conclusion in [42-49]
Excellent pitting and corrosion . e .
. chloride-containing medium.
resistance.
Superior anticorrosion performances;
Improved barrier, stability and bond The efficiency is mainly affected
strength compared with monomer; by medium pH, the deposition
Bilayered PPy/PAni offers superior corrosion order, the layer thickness, the [50-58]
protection than PAni/PPy; doped anions and properties of
PAni-Zn is the best among PAni-metal the steel substrate.
coatings.
Improved barrier effect, adhesion, . Epoxy Wlth}f) Ani moihﬁe,j
Epoxy-PAni mechanical and chemical resistance; pigments (such as metal oxides, [59-72]

graphite, Zn) has more excellent

Self-healing in Nacl solution. : .
corrosive protection.

2.1.1. The Polyaniline Emeraldine Salt Form Coatings

The polyaniline emeraldine base form (PAni-EB) and polyaniline emeraldine salt form (PAni-ES)
are two kinds of polyaniline forms, and both of them are studied for anticorrosion coatings.
PAni-EB is nonconducting, and the present researches confirmed its barrier effect [73-77]. However,
some researchers showed that PAni-EB had anodic protection effect [75-80], while other researchers
got contradictive results [81-85], so it is essential to continue to explore the mechanisms of PAni-EB
based coating on steel.

Compared with PAni-EB, the conducting PAni-ES as coating on steel has been more widely
studied and used in practical projects. The conducting polyaniline is usually polymerized using aniline
in organic or inorganic acid solutions, and the main acids used include phosphoric acid (H3zPOy),
sulphuric acid (H»SO4), hydrochloric acid (HCI), oxalic acid (HC,04), sodium salicylate (C;H5NaOs3),
p-toluenesulphonic acid (PTSA) and 5-sulphosalicylic acid (CAS). Table 2 shows the information of
some PAni-ES coatings polymerized in different solutions on different substrates.
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Table 2. Summary of test data of the polyaniline emeraldine salt form coatings.

Deposition

Deposition

Substrate Solutions Method Test Medium Observations Refs.
PANIPOy had better
05 M aniline solution H,S0y solution; rg;?st;;{;t?(ir;zgﬁfgg
AISI 420 in 1.5 M H,SOy; Electrochemically 204 .
R . L . H3PO4 solution, substrate, the layers offered [42]
stainless steel 0.5 M aniline in 3 M synthesised L0
H-PO 0.5 M HCl better protection in HySO4
3T medium and H3PO4 medium
than in HCl medium.
PANIPO, had better
0.07 M aniline 1M H,50,, 1 M HCI, Pr“if,ﬁi;iﬂs‘ao‘}fifeﬁlsgﬁ The
Stainless steel solution in 0.07 M cyclic voltammetry and 1 M NaCl S Oflered goof [43]
. protection in acid medium,
H,S0,4 solutions . o
but it was not protective in
NaCl media.
PANISOy layer was thicker
) 2M sulph}lrlcpr 3 MH,S0; solution; and en;lched with Fe, Cr and
304 stainless phosphoricacid . - Ni components than
. cyclic voltammetry In a mixture of . . [44]
steel containing 1 M PANIPOy, and it was superior
s H2504 and HCl . . . e .
aniline in protection against pitting in
aggressive chloride solutions
0.1 M aniline 0.3 M or h}gher oxalic acid
Lo . was required to complete
solutions in oxalic S
acid (0.3 and 0.1 M) passivation of carbon steel.
Carbon steel anc.l o diur;l cyclic voltammetry - The films obtained in [45]
. . salicylate were transparent,
salicylate solution uniform. compact and
(0.3 and 0.5 M). s comp
adherent.
An aqueous solution electrochemical 3% NaCl, The coating doped benzoate
Mild steel of 0.5 M Na benzoate svnthesis atmosphere, and the anions offered cathodic [46]
and 0.25 M aniline Y Sahara sand protection to mild steel.
Poly (o-anisidine) synthesized
at low scan rate and PAni
316L stainless 0.15 M o-anisidine in remaiizgig:forgivcldigt:ction
0.50 M sulphamic cyclic voltammetry  3.5% NaCl solution - P [47]
steel . . to stainless steel substrate for
acid solution .
longer exposure time than the
one observed for that
produced at high scan rate.
The passive film underneath
the poly (o-phenylenediamine)
0.1 M H,SOy4 on stainless steel was enriched
304 austenitic solution containing . o . with chromium and nickel )
stainless steel 0.06 M cyclic voltametry 3% NaCl solution which led to excellent 1481
o-phenylenediamine protection of stainless steel
against pitting in aggressive
chloride environments
Evaporation of the 0.1 M HCl, 5% NaCl The terpolymer coated steel
solvent chemical solution, artificial had significantly lower
Mild steel N-methyl-2-pyrrolidone  evaporation seawater, distilled corrosion rate than the [49]
at temperature method water and open individual copolymers coated

8590 °C

atmosphere

steel in all corrosive mediums

As shown in Table 2, PAni-ES coatings could offer good corrosion protection for steel in aggressive
medium, but the properties of the coatings are affected by many factors such as the composition
of substrate, the composition and concentration of the deposition solution, the concentration of the
monomer, pH value, the electrochemical methods and its applied potentials. Reference [80,81] reported
that PAni could not offer good corrosion protection in a chloride-containing medium, but Ganash and
his coworkers [82] reported that the film deposited on stainless steel in sulphuric solution had an
excellent pitting and corrosion resistance in aggressive chloride solution. The contradictive results
may be caused by the difference substrate, the difference of the composition and concentration of the
deposition solutions.

It can be concluded that some coatings from the derivative of PAni have better corrosion protection
properties than that of PAni coatings [47-49]. Ozyilmaz et al. [47] found that PAni and its derivative,
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poly (o-anisidine) synthesized on stainless steel in monomer containing 0.5 M sulphamic acid solution
at low scan rate exhibited effective anticorrosive behavior by a remarkable anodic protection even for
long exposure time in 3.5% NaCl solution. Hermas [48] found that the passive film underneath the
poly (o-phenylenediamine) (PoPD) on 304 stainless steel deposited in sulphuric acid solution was
enriched with chromium and nickel, which led to excellent protection of stainless steel against pitting
in aggressive chloride environment. Tanveer and Mobin [49] synthesized a soluble terpolymer poly
(2PA-co-AN-co-XY) and two copolymers, poly (AN-co-XY) and poly (2PA-co-AN). The experimental
results showed the terpolymer coated mild steel had significantly lower corrosion rate in corrosive
environments such as in 0.1 M HCl solution, 5% NaCl solution, artificial seawater, distilled water and
open atmosphere.

2.1.2. Bilayered Conducting Polymer Coating

To enhance the anticorrosive properties of conducting polymer coatings for steel, some researchers

deposited double layers conducting polymer on steel. Table 3 shows the information of some bilayered
coatings in different conditions [50-58].

Table 3. Summary of test data of bilayered conducting polymer coatings.

Deposition Layers . .
Substrate Solutions (Under/Top) Test Medium Observations Refs.
PAni film: 0.1 M Bilayered coatings revealed
e better protection especially
aniline in either 0.05 . e .
against pitting corrosion
Carbon steel tail\n/{ HZSto 41f0: 0.3 compared with single
on stee s ©ss steel or o. PAni/PPy 0.028 M NaCl polyaniline coatings for
304L stainless M oxalic acid for . . . . [50]
steel carbon steel PPy/PAni solution stainless steel. However, in
PPy film: 0.1 M case of carbon steel, bilayers
r ly in i t. nitril had no obvious improvement.
p};ng 8 5 ;/IC (Ii'OCl o € PPy/PAni revealed better
i 1 performance than PAni/PPy.
PPy film: 0.1 M
pyrrole in 0.3 The inhibition efficiency:
i . y:
Steel panopalicadd g‘;;‘;{,i?l 1M H,50, PPy/PAni > PAni/PPy > (53]
aniline in 0.3 Moxalic monolayer (PAni and PPy)
acid
PPy and PPy/PAni coatings
PPy film: 0.1 M served as a stable host matrix
pyrrole in 0.3 on mild steel against corrosion.
Steel Moxalic acid; PAni/PPy 05M I\I?CCll 0.1M Bilayers of PAni and PPy did [51]
PAni film: 0.1 M PPy/PAni 0.5 M H,SO. not exhibit good combined -
aniline in 0.3 Moxalic ’ 2o properties of each polymer,
acid PPy exhibited the best
corrosion resistance.
PPy film: 0.1 M
i}[’ri‘;‘.’ o (.)f. PAni/PPy-PW1, coating
P An(i) ﬁlrlri OC 11 M exhibited better corrosion
niline in 0 3 M ali resistance for mild steel, the
Mild steel a ¢ a 1 d oxatie PPy/PAniPPy/PAni-PW1; 0.1 M HCI presence of PWj; in the inner [56]
stee 2 CAL'l PPy-PW1,/PAni ’ layer of PPy/PAni may hinder -
hos h%)t nestate the maintenance of passive
PRoSphotung layer and reduce the corrosion
(PW3p) in the resistance
polymerization :
solutions
. Polybithiophene (PBTh) and
A“jfrﬁz‘i’r‘l‘; Sotll‘::"“ PAni/PBTh exhibited the
304L stainless monomer. s%) dium PBTh 0.5MNaCl0.5M effective anticorrosive [54]
steel f PAni/PBTh HC1 properties in highly corrosive :
dodefiylsullfate (%DS) media containing neutral and
and oxalicact acidic chloride anions.
- Poly(N-methylaniline)
0'30% i/)[“;l:ﬂ?;;doarnd PAni/PNMA (PNMA)/PAni layers showed
Mild steel , . . 3.5% NaCl higher stability and better [55]
PNMA or their PNMA/PAni rotection than the
combinations P

PAni/PNMA layers.
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Table 3. Cont.

Deposition Layers

Substrate Solutions (Under/Top)

Test Medium Observations Refs.

PAni/Zn coatings offered the
maximum protection,
followed by PAni/Ni coatings.
Metal/PAni coatings offered
3.5% NaCl the least resistance to [52]
corrosion. Zn offered
sacrificial protection, and both
PAni and Ni acted by the
barrier mechanism.

PAni/Zn

Mild steel and ~ Aqueous oxalic acid Zn/PAni
iron medium PAni/Ni
Ni/PAni

PAni coating led to decrease of
the permeability of metallic
plating and provided an
0.20 M aniline effective barrier property on
containing 0.20 M . zinc—cobalt coating and a
sodium %’artrate Zn-CofPAni 3:5% NaCl remarkable anodic pgrotection
solution to substrate for longer
exposure time. Zinc—cobalt
improved the reduction of
PAni coatings.

Carbon steel [57]

Single co-polyamide and PAni
on carbon steel both were not
PAni film: 0.1 M sufficient to prevent corrosion
aniline in 0.3 M Neutral salt sora in a chloride medium by itself,
Carbon steel oxalic acid PAni/Co-polyamide 4% Nal Clp Y but the combined coating (a [58]
Co-polyamide film: primer of PAni and a top layer
electrostatic spraying of co-polyamide coating)
could result in a minimize
corrosion.

As shown in Table 3, most of the bilayered coatings exhibited superior anticorrosive performances
than monomer conducting polymer coatings, and the deposition order significantly affects the efficiency
of the bilayers [50-57], and doping some anions such as DS and PWy; ions in the inner or outer
layer of coatings could improve the anticorrosion properties [54,56]. Some bilayered coatings such
as PAni/Zn coating could exhibit the synergistic effect of the barrier mechanism of the PAni and the
sacrificial protection of the zinc, however, the combination of PAni and Ni only acted by the barrier
mechanism [52]. Sometimes the combined coating could result in minimized corrosion when monomer
coating is not sufficient to prevent corrosion in aggressive medium by itself [58].

There are lots of factors influencing the properties of the bilayered coatings, and more elements
such as the composition of substrate, the deposition order, the layer thickness, corrosive medium,
medium pH and the exposing time should be comprehensively considered in later studies.

2.1.3. Epoxy-PAni Coatings

Considering that polyaniline is not a good coating binder which tends to produce a brittle film with
poor adhesion properties and its barrier effect is not good for porous, some researchers blended PAni
with other traditional organic coatings in the hope of combining their synergies. As the most popular
organic coating, epoxy coating has the excellent properties such as good adhesion, high mechanical
and notable chemical resistance under harsh aggressive environments. So epoxy coatings combining
with PAni have been widely studied, and researches indicated that it exhibited more outstanding
corrosive protection on steel than single epoxy and PAni coatings.

Epoxy blended with a low concentration PAni-EB or PAni-ES (doped or undoped anions) both
revealed excellent anticorrosive behaviors on steel, and can be used to replace the conventional
toxic inorganic pigments [59-72]. Table 4 shows the information of some Epoxy-PAni coatings in
different conditions.
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Table 4. Summary of test data of Epoxy-PAni coatings.
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Substrate Coatings Test Medium Observations Refs.
The epoxy + PAni-EB provided more
protection than the epoxy + PAni-ES and the
Epoxy + PAni-ES e]:>.0>1:}.7b-i.- Zn3(PS4E, the i}r110rga:inic .corrosilon
Flllsteel  Epoxy + PAni-EB 3.5% NaCl T eors, e may nave cetrimenta [59]
Epoxy + Zns(PO4) effects on both the environment and the
poxy 3 human health, could be replaced by a small
concentration of environmentally friendly
organic polymers.
Undoped PAni epoxy blend coating (PAni
Carbon pigmented paint) on carbon steel revealed
steel Epoxy + PAni-ES 3.5% NaCl passivation characteristics in 3.5% sodium [60]
chloride solution up 300 days and acceptable
protection against the corrosion.
Epoxy + PAni coatings showed no
deterioration after 1400 h of hot (65 °C) saline
treatment. The outstanding corrosion
Epoxy + PAni (low o resistant properties arise from the two fold
Steel gopilg: 0%~7%) 3:5% NaCl action of I};AIE, i.e., it led to higher crosslink [61]
density after curing giving improved barrier
and it imparted self healing behavior to the
coatings even after scratch was formed.
Epoxy + PAni (10%) revealed better corrosion
protection performance compared to that of
PAni free epoxy coating after 30 days of
. 1o, o exposure in 3% NaCl. The passivation of steel
Steel Epoxy + PAni (10%) 3% NaCl aIZhieved by PAni due toFi’ts redox activity. (621
Scanning vibrating electrode technique
confirmed the self-healing capability of the
epoxy-PAni composite coating system.
Thin PAni film used as modification of mild
Mild steel Epoxy + PAni 0.1 M H,S04 steel prior to epoxy coating deposition had [63]
provided better corrosion protection.
Epoxy + PAni (doped PAni-dioleyl phosphate (DOPH) containing
Mild steel with Dioctyl 3.5% NaCl epoxy coating offered protective performance [64]
phosphate) for longer period compared to other resins.
Steel coated with epoxy containing 0.1%
PAni-dodecyl benzene sulfonic acid (DBSA)
Epoxy + PAni (doped Salt spray (5% had improved performance when Pani-DBSA
SAE 1020 with dodecylbenzene Np Y was used as pigment, and the active [65]
o aCl) . .
sulfonic acid) electronic barrier model seemed to be a more
reasonable explanation for the mechanism of
protection.
Ep oxy + PAni (fiopgd The different PAni coatings could offer the
with hydrofluoric acid) corrosion resistance of mild steel, but the
Mild steel Epoxy + PAni (doped 3.5% NaCl horsulfonic acid-doped P, An,i coatin [66]
with camphorsulfonic Caml; orsu oped - &
; ad the best corrosion resistance.
acid)
Epoxy + PAni b humidi 4 Tge PAn.i clfatith of the sylnfthetic §raphiﬁe
Steel (graphite-based igh humidity and  and especially of the natural form of graphite [67-69]
A with SO, and NaCl had the excellent results of anticorrosion
pigments) .
efficiency
PAni + Zn-dust created a synergic effect, and
Epoxy + Pani (Zn dust the efficiency of their combination is higher
Steel F ypigments) SO, and NaCl than that of t}llle PAni particles alone or ogf the (701
Zn-dust particles.
Zinc dust of the epoxy coatings could be
partially replaced by 0.3 wt.% PAni-ES and
Steel Epoxy + PAni 3.5% NaCl their corrosion protection did not reduce, and [71]
the adherence properties of the coating were
enhanced.
The coating containing 10% PAni-g-BPs (1:4)
Epoxy + exhibited the best protective performance
Steel PAni-graft-basalt 12% NaCl . p P [72]
plates and it was more excellent than the

counterparts containing inorganic fillers.
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As shown in Table 4, epoxy blended PAni could offer improved corrosion protection and
the anticorrosion performance will be further improved when PAni doped with some dopants or
counter-ions such as dioctyl phosphate and camphorsulfonic acid. This is because PAni can release
anions when damage occurs to the coating, forming a second physical barrier that counteracts
penetration of aggressive ions. When suitable inorganic particles used as pigments in PAni coatings,
such as metal oxides and graphite, the corrosion protection ability of the coating will be enhanced,
because the particles with good conductivity could not only act as carriers of PAni to assure the efficient
transport of electrons involved in redox processes but also promote the formation of a barrier by
particles sedimenting during the drying [68].

2.1.4. Other PAni Blending Coatings

Except blending with epoxy resin, PAni is also blended as pigment doping or undoping
different anions in other organic coatings such as acrylic, vinyl acrylic, chlorinated rubber, vinyl,
polyester acrylate, polyvinyl chloride and alkyd coatings, and the blends exhibited excellent corrosive
protection in most cases. Table 5 shows the information of some other PAni blending coatings in
different conditions.

Table 5. Summary of test data of other PAni blending coatings.

Substrate Coatings Test Medium Observations Refs.

A redox reaction between Fe and PAni took
place leading to PAni reduction and

Acrylic PAniblends (doped concomitant anion release. Then, iron cations

1M H,S0,4 with or

Iron with camphorsulphone?te or  thout 0.1 M NaCl forme(.:l a pas'sivating com.plex with the PAni [86]
phenylphosphonateanions) doping anion. The coating could release
anions in a smart way when damage is
produced on the surface of the coating.
03}, /(}\;[\II:CCIL The coating could passivate steel in neutral
Steel Vinyl acrylic + PAni and alkaline media, and it may be only offer [87]
Cement extract rotection by barrier effect in acid media
(pH 13.0) P y :
The anticorrosive properties were very
sensitive to the concentration of PAni
Chlorinated rubber + PAni pigment, the PAni concentration should be
. doped with . referably below 1 wt.% with
Mild steel benz(enep-sulfonate or 3.5% NaCl solution benzengsulfonicyacid while higher (1.5 wt.% (8]
lignosulfonate) and 3 wt.%) with lingo-sulfonate for better
corrosive protection on steel in neutral salt
media.
The coating could provide better corrosion
protection to steel in 3% NaCl solution than
Steel Vinyl + PAni (doped with 3% NaCl in 0.1 M HCl solution, because the benzoate [89]
benzoate) 0.1 M HC1 ions would passivate the steel and form a
passive iron oxide film along with Fe-PAni
complex in the former media.
Pol 1 PAni The coating exhibited excellent anticorrosion
Galvanized olyester acry ate + PAni o performance, and a zinc oxide film formed at
(doped with methane 3% NaCl o [90]
steel sulfonic acid) the metal-coating interface as a second
barrier layer by the redox action of PAni.
The best 1:1 proportion of polyaniline and
3% NaCl polyvinyl coating on 1010 steel in 3% NaCl
1010steel Polyvinyl + PAni 0.1 M HCI and 0.1 M HCl showed superior corrosion [91]
: protection as compared to pure PAni and
pure polyvinyl coatings.
The coating was a stable and homogeneous
Mild steel Palm oil-based 'polyester + 350, NaCl solution Foating and its édhesion and c9rr9§ion [92]
PAni resistance properties were both significantly

improved.

The composite coatings reduced the
possibility of blister formations and
Mild steel Alkyd + PAni 3% NaCl delamination, and the corrosion products on [93]
the coatings surfaces closely followed the
initial oxidation state of the polyaniline.
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As shown in Table 5, in most conditions, like epoxy coatings, other organic blended PAni coatings
could promote the synergy of organic coating and PAni too, the anticorrosion properties and other
performances are improved.

2.2. Polypyrrole (PPy)-Based Coatings

As an important member of conducting polymers, polypyrrole has been widely studied for the
corrosion protection of metals in view of its high conductivity, stability, easy synthesis and eco-friendly
proprieties. Tiiken [94] reported that polypyrrole films on stainless steel had low permeability and
high stability, which exhibited important anodic protection behavior and enhanced the self-passivation
of steel with protective oxide film.

Single PPy coatings for corrosion protection have some limitations. For example, protective
behavior may be lost with the charges stored in the polymer layer consumed during the redox
reactions, porosity and ion exchanges of PPy coatings might be disadvantageous in case of localized
corrosion caused by small and aggressive anions [95]. Therefore, most researches focused on using
PPy as constituent of composites and bilayer coatings. Table 6 shows the information of some PPy
composite coatings.

Table 6. Summary of test data of PPy composites coatings.

Substrate Coatings Test Medium Observations Refs.

Acamphorsulphonic acid complex
passivating layer was formed which
3.5% NaCl enhanced the corrosion inhibition
5% HCl, remarkably. The composite coatings
showed far superior anticorrosive
performance than PAni/epoxy coatings.

Mild steel PPy/DGEBA [95]

Adding 0.5 g/L saccharin in polypyrrole
coating could form a more compact and
Carbon steel PPy/saccharin 0.1 M NaCl smoother surface morphology that led to [96]
more noble corrosion potential and
higher corrosion resistance.

0.05 M NaOH The coating provided improved
0.10 M NaCl protection against corrosion.

Carbon steel PPy/I’WuO;O3 [97,98]

Tungstate ions increased the stored
charge of the polymer coating, the
Carbon steel PPy/tungstate 3.5% NaCl participation of tungstate ions in the [99]
passivation process achieved a primary
passive layer with higher quality.

The coating had strong adherent
316L stainless steel PPy/molybdate and nitrate 0.15 M NaCl performance and could provide against [100]
pitting corrosion in chloride solutions.

The coating with nitrate ions enhanced

the pitting corrosion resistance and also

increased the ageing time of polypyrrole
coating.

304 stainless steel PPy/nitrate ions 3% NaCl [101]

The enhanced corrosion resistance was
associated with the complex passive film
on the metal surface and the barrier effect :
Carbon steel PPy/molybdate 0.1 M HC1 of the coating, and the films’ [102]
thermostability, wettability, adhesion and

hardness were improved too.

PPy/p-toluene-sulfonate (pTS) The PPy-BS and PPy-pTS films presented
Stainless steel PPy/benzene-sulfonate (BS) 0.1 M NaCl better protection due to the smaller [103]
PPy/dodecyl-sulfate (DS) molecular size of the dopant.
PPy/p-toluene-sulfonate (pTS)
PPy/sulfuric acid (SA)
PPy/camphor sulfonic (CSA) R
Carbon steel PPy/sodium dodecyl sulfate 3.5% NaCl p-TSA and SDBS we'r e the best dopants [104]
(SDS) for polypyrrole coating on carbon steel

PPy/sodium dodecylbenzene
sulfonate (SDBS)
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Table 6 shows that the composite coatings of polypyrrole-doped different counter anions exhibited
better anticorrosion performance such as superior inhibition, stronger adherence, longer ageing time,
enhanced thermostability, wettability, and hardness [95-104].

PPy-based bilayer coatings have been widely studied and exhibit excellent protection behavior,
such as a higher barrier effect, better pitting protection and longer durability [37,38,50,105-112]. Table 7
shows the information of some PPy-based bilayer coatings.

Table 7. Summary of test data of PPy-based bilayer coatings.

Substrate Layers(Under/Top) Test Medium Observations Refs.

Bilayered coatings revealed better protection
especially against pitting corrosion compared
with single polyaniline coatings for stainless
steel. However, in case of carbon steel, [50]
bilayers had no obvious improvement.
PPy/PAni revealed better performance than
PAni/PPy.

The polyphenol layer improved the barrier
effect of the coating remarkably. The
Mild steel PPy/polyphenol 0.05 M H;,SO4 polypyrrole/polyphenol could provide better ~ [105,106]
and longer corrosion protection for mild steel
than single PPy layer.

Carbon PAni/PPy 0.028 M NacCl
steelstainless steel PPy/PAni solution

The under layer polypyrrole was
electropolymerized in the presence of
molybdate and nitrate, and the top layer
polypyrrole was electropolymerized in
aqueous solution of salicylate, which led to
stainless steel PPy/PPy %115751;\/[/[1\;;511 the formation of hollow [110]
’ rectangular-sectioned microtubes. The
coating could prevent the steel from uniform
as well as pitting corrosion during long
exposure times in acid and neutral chloride
solutions.

The coating
PPy-PMOuOia /PPy-naphthalenedisulfonate
(NDS) kept the steel in passive state and
prevented corrosion of the steels for the
longer time period than single coatings, and
Carbon steel PPy—PMOuOia /PPy-NDS 3.5% NaCl the bilayer PPy films on steel in 3.5 wt.% [37,38]
NaCl solution exhibited corrosion resistance
performance as the following order:
PPy-PMoy,/PPy-DHNDS <
PPy-PMo1,/PPy-NDS < PPy-PMo;,/AngDS <
PPy-PMo;,/PPy-DoS

Except the papers listed in Table 7, other researchers also found that synthesizing polyindole [107],
polypyrrole/Poly(N-methyl pyrrole) [108] or poly (5-amino-1-naphthol) [109] coatings on top of
polypyrrole layer for mild steel could significantly increase the barrier effect of bilayer films and
improve the anticorrosion performance. Deposited PPy on the top of the zinc layer [111] and SiO,
layer [112] could both improve the corrosion protection performance.

As another efficient method, modification of polymer coatings can improve the anticorrosion
property and other physical performances. Tiiken [113] reported that zinc particles modified polypyrrole
coating could provide both effective cathodic protection to mild steel for the existence of zinc particles
and better barrier performance because the corrosion products of zinc centers plugging pores of the
polymer film filled up pores of the PPy film. Lehr and Saidman [114] drew the same conclusion as Tiiken
when zinc-modified polypyrrole coatings were applied onto SAE 4140 steel. Tiiken et al. [115,116]
found that intercalating a thin graphite layer between two PPy layers on mild steel or stainless steel
both exhibited excellent anticorrosion performance due to the graphite layer hindered the water
mobility and permeability against corrosive environment.
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2.3. Polythiophene (Pth)-Based Coatings

Although polythiophene is an important conducting polymer with remarkable electrical properties
and stability [117], previous reports mainly focused on the synthesis methods. Research about the
protection for metal as coating are rare because it is difficult to synthesis polythiophene coating on
steel surface directly. The study of the Pth-based coatings was conducted only recently.

Kousik et al. [118] used electropolymerized polythiophene on mild steel in acetonitrile solution,
which could prevent mild steel from corroding by forming a passivate film for the redox chemistry
property. Tiiken et al. [119] reported that polythiophene could not be synthesized on mild steel in
CAN-LiClQy, but it could be achieved on top of a thin PPy coating. The PPy/Pth coating had low porosity
and excellent barrier properties in 3.5% NaCl solution. Tiiken et al. [120] found that depositing Pth film
on nickel-coated mild steel could improve the barrier efficiency remarkably for long time in 3.5% NaCl
solution. Ocampo et al. [121] found that adding 0.2 wt.% poly (3-decylthiophene-2,5-diyl)-regioregular
into epoxy-based resin could greatly improve the anticorrosion property for steel in marine environment.
Palraj et al. [122] prepared interpenetrating polymer networks (IPN) with epoxy, silicone and thiophene
using a cross-linking agent and a catalyst, and found that the adhesion was improved with the increase
in temperature, and impedance measurements showed that IPN exhibited perfect corrosion resistances.
Ai et al. [123] reported that mixing polythiophene nanoparticles (0.6 wt.%) in waterborne epoxy
coatings on mild steel could offer high protection and the impedance values remained at 1 x 10° Q)-cm?
higher after being immersed in 3.5 wt.% NaCl solution for 360 h. Gutiérrez-Diaz et al. [124] reported
that coatings of polythiophene with ash or MCM-41 particles containing iron (III) nitrate as inhibitor
on mild steel exhibited excellent anticorrosive performance in chloride media.

2.4. Other Conducting Polymer Coatings

Except for the popular conducting polymers, i.e., PAni, PPy and Pth, other conducting polymers,
such as polycarbazole [125,126] and polyvinyl alcohol [127], were also studied as corrosion protection
coatings for steel, but they are all not widely studied and used for various reasons.

3. Nanopolymer Composite Coatings

Coating with the properties of long-term corrosion resistance, high adhesion, good durability and
high surface mechanical abrasion are in high demand. It has been proved that using nanoparticles
in conducting polymer coatings could not only fill the pores to enhance the barrier effect but also
improve the electrochemical anticorrosion and other performances such as adhesion, thermal stability,
mechanical strength, hydrophobic property and magnetostatic shielding [128-161]. Many kinds of
nanoparticles such as TiO,, Zn, ZnO, Si, SiO;, Al;O3, CeO,, nanoclays and nanotubs have been
added in polymer coatings and showed better protective behavior than normal polymer coatings.
The properties of some nanopolymer composite coatings are listed in Table 8.

Table 8. The properties of nanopolymer composite coatings.

Nano-Particles Mechanisms Advantages Refs.
Fill pores; High barrier property;
Nano-PAni The redox behaviour of PAni; High adhesion; [130-132]
Form oxide layer. High anticorrosion efficiency.
DBSA reacts with the iron High barrier property;Smart
nanoPAni-DBSA cations when the corrosion protection. [133]
process is initiated. High anticorrosion efficiency.
Fill pores and improve film Il_fllig}lllb?rrﬁr f}f;)r}r)\eizt};;
Nano-metal oxides-PAni structure; gh erectroch a [134-137]
anticorrosion;

The redox behaviour of PAni; High durability.
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Table 8. Cont.

Nano-Particles Mechanisms Advantages Refs.
Fill pores; High mechanical propety
nanoZn-PAni Sacrificial protection; EI;-I h elect hp P ) v [138]
The redox behaviour of PAni; 1gh eectrochenica
anticorrosion.
Unique combination at High adhesion;
molecular level; High gas barrier;
Nanoclay-PAni The electrochemical behavior of High thermal stability, [139-145]
the nanocomposites is High mechanical strength,
reversible. Excellent anticorrosion.
The high surface area of the High thermal stability;
. nanotubes decreases the High mechanical properties;
Nanotubes-PAni porosity of the PAni and forms a Excellent hydrophobic; [146-149]
higher resistant passive film. High anticorrosion.

3.1. Nanocomposite PAni Coatings

Bagherzadeh et al. [130-132] found that water-based epoxy coatings containing 0.01 wt.%
nanopolyaniline (polyaniline particles 50-60 nm), 0.07 wt.% of ScCO,-synthesized self-doping nanoPAni
(2-3 nm particle size) or 0.02 wt.% nanopolyaniline (50-57 nm particle size) on carbon steel all improved
the anticorrosion efficiency. It is believed that nanopolyaniline particles could increase the barrier
properties and lead to formation of a thin and uniform oxide layer between metal and coating interface,
and the adhesion of composite coating was also improved [134]. Arefinia et al. [133] reported epoxy
coatings containing 1.0 wt.% nanoPAni-DBSA (less than 30 nm) on the carbon steel substrate would
release dopant anions when the corrosion process was initiated on the metal substrate, and the released
dopant anions would react with the iron cations, forming a secondary barrier layer, that would
passivate the substrate.

Zinc metal is usually used as additive for sacrificial protection in coatings. Some researchers
studied the anticorrosive performance of nanoZn metal and PAni composites, and the results showed
nano-ZnO or nano-Zn mixed with PAni could exert their synergy [134-138]. Patil et al. [134] reported
that poly (vinyl acetate) mixed with nanoZnO-PAni hybrid composite showed remarkable improvement
in corrosion protection of steel in saline water, which was attributed to combination of the enhancement
in barrier properties due to nanoparticulate additives, and the redox behaviour of PAni leading the
protective oxide layer formation near the substrate. Mostafaei and Nasirpouri [135] found that epoxy
coatings containing PAni-nanoZnO could significantly improve the barrier and corrosion protection
performance. Olad and Nosrati [136] reported the improved anticorrosion behavior of the polyvinyl
chloride mixed with nano-ZnO-PAni. Olad et al. [137] found that PAni/nano-Zn composite films had
higher electrical conductivities and improved anticorrosive properties compared to PAni/Zn composite
films. The polyaniline coating containing both 4 wt.% nanoZn and 3 wt.%-7 wt.% epoxy resin as
additives had the best anticorrosion performance due to the enhancement of barrier properties and
electrochemical anticorrosion behavior [138].

Nanoclay particles blending with polymer can enhance the gas barrier, thermal stability,
mechanical strength, fire-retardant and anticorrosive properties of metal coatings [139,140]. A few
reports on the behavior of polymer/nanoclay composites coatings were published. Olad and
Rashidzadeh [141] reported that the anticorrosive property of both hydrophilic and organophilic
PAni/nano-montmorillonite composite coatings on iron samples were better than that of the pure
polyaniline coating, and the conductivities of PAni/hydrophilic nano-montmorillonite composite
films were lower compared with pure polyaniline film and higher in the case of PAni/organophilic
nano-montmorillonite composite films. Olad and Naseri [142] found that PAni/natural clinoptilolite
nanocomposite with 3 wt.% clinoptilolite content has the best protective properties for steel in acidic
environments. Akbarinezhad et al. [143] found that polyaniline-Cloisite 30B nanoclay could modify
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zinc rich epoxy coatings, inhibit zinc powder consumption and extend its cathodic protection period
via improving its initial barrier effects. Mousavinejad et al. [144] found that water-based epoxy resin
mixed with a polyaniline-Cloisite 30B nanoclay showed superior long-term stability, high adhesion and
enhanced corrosion resistance. Navarchian et al. [145] found that the corrosion protection efficiency of a
steel panel coated with epoxy/PAni/OMMT (alkyl ammonium ions in organo-modified montmorillonite)
was much higher than that of epoxy/PAni/MMT (Na* in natural clay).

Nanotubes (CNTs) have outstanding mechanical characteristics, good electronic conductivity,
nanometer size and highly accessible surface area. Some researchers prepared CNT/PAni composites
which exhibited improved anticorrosion behavior than pure PAni coatings on steel [146-149]. It can be
explained that the coating containing nanotubes have higher anticorrosion behavior because the higher
surface area of the nanotubes decreases the porosity of the PAni and forms a more resistant passive film
on the steel under the composite layer. Mahmoudian et al. [146] found that the resistance of the coating
containing PAni nanotubes was three times higher than that of the coating containing PAni nanofibers
on mild steel in a 3.5% NaCl aqueous solution based on electrochemical impedance spectroscopy (EIS).
Hermas et al. [147] reported that PAni-multiwalled carbon nanotube (PAni-mCNTs) composites had
improved morphological structure, electrical properties, thermal stability and anticorrosion behaviour
on steel in Hy,SO4 solution. Kumar and Gasem [148] prepared a kind of functional PAni/f-mCNT
composite, which showed uniform dispersion of CNTs in PAni matrix, enhanced mechanical properties,
excellent hydrophobic nature and electrochemical corrosion behavior on mild steel in a corrosive
environment. Kalendova et al. [149] found that CNTs can partially replace Zn dust in steel coating
whilst increasing the coating’s anticorrosion efficiency.

CeO; and TiO, nanoparticles were also studied as additives in conducting polymer coatings.
Ramezanzadeh et al. [150] mixed the polyaniline (PAni) nanofibers-CeO,-grafted graphene oxide
nanosheets into the epoxy matrix for mild steel protection, and the test results revealed that both the
barrier and active corrosion inhibition properties of GO nanosheets were enhanced by the deposition of
PAni and CeO; compounds. Hosseini and Aboutalebi [151] measured the anticorrosion performance
of epoxy coating containing imidazole modified CeO, and unmodified CeO, nanoparticles (0.5 wt.%,
1 wt.% and 2 wt.%) on mild steel in NaCl 3.5 wt.% solution, and the results showed that the modified
coating had higher resistance and lower water-absorption comparing with unmodified coating, and the
best percentage of embedded CeO, nanoparticles in the epoxy coating was 0.5 wt.%. Sababi et al. [152]
reported that polyaniline doped with phosphoric acid (PAni-PA) could passivate the steel, and
ceria nanoparticles could significantly slow down electrolyte transport and improve the barrier
protection. Adding both the PAni-PA and the ceria nanoparticles in epoxy coatings could offer a
synergistic effect on improving the corrosion protection properties in the NaCl solution. Ecco et al. [153]
found that adding 1.0 wt.% of ceria nanoparticles and PAni into the alkyd coating could remarkably
reduce the delamination rate and the presence of blisters in comparison to the alkyd blank coating.
Radoman et al. [154] modified the TiO, nanoparticles surface with vitamin B6 (TiO,-B6) first, and then
synthesized PAni in the presence of TiO,-B6 (PAni-TiO,-B6). The test results revealed that epoxy-based
coating containing PAni-TiO,-B6 nanocomposites had lower dielectric loss, higher hardness and better
anticorrosion properties than the pure epoxy resin and epoxy/PAni nanocomposite.

3.2. Nanocomposite PPy Coatings

Adding nanoparticles in polypyrrole have been used widely for the corrosion protection of metal
substrate, which increased the solubility, stability, and adhesion of the polymers to the substrate,
and also enhanced their barrier and passivation property. Ionita et al. [155] found that PPy doped
with carbon nanotubes exhibited an enhancement of conducting features and an improvement of
anticorrosion protecting ability for carbon steel in 3.5% NaCl solution. Mahmoudian et al. [156] reported
that the size of PPy/Ni-doped-TiO, nanocomposites was smaller than PPy/TiO, nanocomposites, so the
area of synthesized PPy in the presence of Ni-doped TiO, nanocomposites was increased, which
improved its anticorrosion ability in NaCl solution. Saremi and Yeganeh [157,158] added mesoporous
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silica nanocontainer powders in the polypyrrole matrix and found that a protective compound on the
interface was formed and provided better protection for mild steel in a salt corrosion environment.
Ruhi et al. [159] reported that the epoxy resin with 3.0 wt.% loading of polypyrrole/SiO, composite
could passivate the defect up to 99.99% of the corrosion protection efficiency, and steel panel coated such
coating suppressed the spread of corrosion and very few blisters were produced; it was a well-adherent,
high quality, and superior anticorrosive coating for mild steel substrates. Alam et al. [160] synthesized
a kind of organic-inorganic nanocomposite (PPy/GNS/RE**/DBSA) involving pyrrole, graphene
nanosheets (GNS), rare earth elements (RE** = La3*, Sm3*, Nd3*) and dodecyl benzene sulfonic
acid (DBSA), and the nanocomposite coatings exhibited excellent corrosion protection for carbon
steel due to their barrier and passivation behavior. Contri et al. [161] found epoxy containing 5 wt.%
nanostructured composites based on montmorillonite-polypyrrole exhibited high aspect ratio, easy
dispersion, high electrical conductivity, high impedance and enhanced barrier property. It was
concluded that epoxy/Mt-PPy was an excellent corrosion protective coating for carbon steel.

4. Summary and Perspectives

At present, coating is the most popular and effective way to protect the steel structures from
corrosion, although many barriers still need to be studied. Based on the existing research, some
conclusions can be drawn as follows.

e  Formost coatings, the protection mechanism includes a physical barrier, electrochemical protection
or a combination of both.

e  The monomer-conducting polymer coatings protect steel from corrosion by physical barriers and
excellent electrochemical behavior, but the physical barrier, adhesion, mechanical strength and
durability behavior are not very effective.

e  Most bilayered coatings exhibit superior anticorrosive performances than monomer-conducting
polymer coatings due to their synergistic effect. Doping some anions such as DS and PWy; ions in
the polymer coatings could improve the anticorrosion properties.

e Adding nanoparticles in conducting polymers usually could not only fill the pores to enhance
the barrier effect, but can also improve the electrochemical anticorrosion and other performances
such as adhesion, thermal stability, mechanical strength and hydrophobic properties. Contrasted
with other coatings, the nanopolymer composite coatings reveal excellent anticorrosion behavior
and longer durability.

e  For more efficiency and wider use, some issues should be considered carefully in future research.

e Nanoclay and nanotube-composite coatings have revealed a full range of prominent anticorrosion
behavior, and the reaction mechanism and microstructure should be further studied to develop
more efficient coatings.

e  Considering that the coating protection period is mainly affected by weathering, surface treatment,
environmental pH value, crack resistance and construction craftwork, further research should
take all these factors into account and draw a definitive conclusion.

e  Further research should have a stronger focus on low-cost, eco-friendly, convenient construction,
especially in-site construction and long-service life coatings, and these aspects will directly decide
whether the coating is suitable to use and how long it can provide effective protection to steel.

e  There is a high demand for specifications and codes for construction technology and quality
inspection, which are crucial and necessary for applications.

Author Contributions: Concept, Y.Z.; Method, Y.Z. and H.X,; Investigation, H.X.; Analysis, HX. and Y.Z.; Writing
of draft, H.X., Writing editing, Y.Z.; Supervision, Y.Z.; Project management, Y.Z. and H.X.

Funding: This research received no external funding.

Acknowledgments: The authors gratefully acknowledge the support of useful facilities and good studying
environment by Henan Polytechnic University and the University of New South Wales Canberra.



Coatings 2019, 9, 807 15 of 22

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Zubar, T.I.; Sharko, S.A.; Tishkevich, D.1.; Kovaleva, N.N.; Vinnik, D.A.; Gudkova, S.A.; Trukhanova, E.L.;
Trofimov, E.A.; Chizhik, S.A.; Panina, L.V,; et al. Anomalies in Ni-Fe nanogranular films growth. J. Alloys
Compd. 2018, 748, 970-978. [CrossRef]

Xie, T.; Fu, L.; Gao, B.; Zhu, J.; Yang, W.; Li, D.; Zhou, L. The crystallization character of W-Cu thin films at
the early stage of deposition. Thin Solid Films 2019, 69, 137555. [CrossRef]

Trukhanov, A.V.; Grabchikov, S.S.; Solobai, A.A.; Tishkevich, D.I.; Trukhanov, S.V.; Trukhanova, E.L. AC
and DC-shielding properties for the NigyFeyo/Cu film structures. J. Magn. Magn. Mater. 2017, 443, 142-148.
[CrossRef]

Arpaia, P; Buzio, M.; Capatina, O.; Eiler, K.; Langeslag, S.A.E.; Parrella, A.; Templetond, N.J. Effects of
temperature and mechanical strain on Ni-Fe alloy CRYOPHY for magnetic shields. J. Magn. Magn. Mater.
2019, 475, 514-523. [CrossRef]

Grundmeier, G.; Schmidt, W.; Stratmann, M. Corrosion protection by organic coatings: Electrochemical
mechanism and novel methods of investigation. Electrochim. Acta 2000, 45, 2515-2533. [CrossRef]

Grgur, B.N.; Gvozdenovi¢, M.M.; Miskovi¢-Stankovi¢, V.B.; Kacarevi¢-Popovi¢, Z. Corrosion behavior and
thermal stability of electrodeposited PAni/epoxy coating system on mild steel in sodium chloride solution.
Prog. Org. Coat. 2006, 56, 214-219. [CrossRef]

Fihri, A.; Bovero, E.; Al-Shahrani, A.; Al-Ghamdi, A.; Alabedi, G. Recent progress in superhydrophobic
coatings used for steel protection: A review. Colloids Surf. A Physicochem. Eng. Asp. 2017, 520, 378-390.
[CrossRef]

Yungi, B.; Limei, X.; Yunfu, L. Research progress in modification of epoxy resin. Chem. Adhes. 2007, 29,
289-304.

Wu, LK,; Zhang, X.F; Hu, .M. Corrosion protection of mild steel by one-step electrodeposition of
superhydrophobic silica film. Corros. Sci. 2014, 85, 482-487. [CrossRef]

Wang, H.; Chen, E; Jia, X; Liang, L., Wang, Q. Superhydrophobic coatingsfabricated with
polytetrafluoroethylene and SiO, nanoparticles by sprayingprocess on carbon steel surfaces. Appl. Surf. Sci.
2015, 349, 724-732. [CrossRef]

Mahadik, S.A.; Pedraza, F.; Vhatkar, R.S. Silica based superhydrophobic coatingfor long-term industrial and
domestic applications. J. Alloys Compd. 2016, 663, 487-493. [CrossRef]

Yang, H.; Pi, P; Yang, Z.-R; Lu, Z.; Chen, R. Design of a superhydrophobic and superoleophilic film using
cured fluoropolymer@silica hybrid. Appl. Surf. Sci. 2016, 388, 268-273. [CrossRef]

Sethi, S.; Dhinojwala, A. Superhydrophobic conductive carbon nanotubecoatings for steel. Langmuir 2009,
25,4311-4313. [CrossRef] [PubMed]

De Nicola, E; Castrucci, P; Scarselli, M.; Nanni, F; Cacciotti, I.; De Crescenzi, M. Superhydrophobic
multi-walled carbon nanotube coatings for stainless steel. Nanotechnology 2015, 26, 145701. [CrossRef]
[PubMed]

Huang, Q.; Yang, Y,; Hu, R,; Lin, C.; Sun, L.; Vogler, E.A. Reduced platelet adhesionand improved corrosion
resistance of superhydrophobic TiO,-nanotube-coated 316L stainless steel. Colloids Surf. B 2015, 125, 134-141.
[CrossRef] [PubMed]

Mo, C.; Zheng, Y.; Wang, F.; Mo, Q. A simple process for fabricating organic/TiO, super-hydrophobic and
anti-corrosion coating. Int. |. Electrochem. Sci. 2015, 10, 7380-7391.

Conradi, M.; Kocijan, A. Fine-tuning of surface properties of dual-size TiO, nanoparticle coatings. J. Coat.
Technol. 2016, 304, 486-491. [CrossRef]

Satyaprasad, A.; Jain, V.; Nema, S.K. Deposition of superhydrophobic nanostructured Teflon-like coating
using expanding plasma arc. Appl. Surf. Sci. 2007, 253, 5462-5466. [CrossRef]

Qing, Y,; Yang, C.; Hu, C.; Zheng, Y.; Liu, C. A facile method to prepare superhydrophobic fluorinated
polysiloxane/ZnO nanocomposite coatings with corrosion resistance. Appl. Surf. Sci. 2015, 326, 48-54.
[CrossRef]


http://dx.doi.org/10.1016/j.jallcom.2018.03.245
http://dx.doi.org/10.1016/j.tsf.2019.137555
http://dx.doi.org/10.1016/j.jmmm.2017.07.053
http://dx.doi.org/10.1016/j.jmmm.2018.08.055
http://dx.doi.org/10.1016/S0013-4686(00)00348-0
http://dx.doi.org/10.1016/j.porgcoat.2006.05.003
http://dx.doi.org/10.1016/j.colsurfa.2016.12.057
http://dx.doi.org/10.1016/j.corsci.2014.04.026
http://dx.doi.org/10.1016/j.apsusc.2015.05.068
http://dx.doi.org/10.1016/j.jallcom.2015.12.016
http://dx.doi.org/10.1016/j.apsusc.2016.01.099
http://dx.doi.org/10.1021/la9001187
http://www.ncbi.nlm.nih.gov/pubmed/19281157
http://dx.doi.org/10.1088/0957-4484/26/14/145701
http://www.ncbi.nlm.nih.gov/pubmed/25772497
http://dx.doi.org/10.1016/j.colsurfb.2014.11.028
http://www.ncbi.nlm.nih.gov/pubmed/25481855
http://dx.doi.org/10.1016/j.surfcoat.2016.07.059
http://dx.doi.org/10.1016/j.apsusc.2006.12.085
http://dx.doi.org/10.1016/j.apsusc.2014.11.100

Coatings 2019, 9, 807 16 of 22

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Atta, AM.; Al-Lohedan, H.A ; Ezzat, A.O.; Al-Hussain, S.A. Characterization of superhydrophobic epoxy
coatings embedded by modified calcium carbonate nanoparticles. Prog. Org. Coat. 2016, 101, 577-586.
[CrossRef]

Chen, L.J.; Zhao, ].W. Preparation of Cu-coated stainless steel surfaces for superhydrophobic investigation.
J. Dispers. Sci. Technol. 2010, 31, 1245-1248. [CrossRef]

Guo, F; Su, X.; Hou, G,; Li, P. Bioinspired fabrication of stable and robust superhydrophobic steel surface
with hierarchical flowerlike structure. Colloids Surf. A 2012, 401, 61-67. [CrossRef]

Boinovich, L.; Domantovskiy, A.; Emelyanenko, A.; Pashinin, A.; Ionin, A.; Kudryashov, S.; Saltuganov, P.
Femtosecond laser treatment for the design ofelectro-insulating superhydrophobic coatings with enhanced
wear resistanceon glass. ACS Appl. Mater. Interfaces 2014, 6, 2080-2085. [CrossRef] [PubMed]

Weng, C.-].; Chang, C.-H.; Peng, C.-W.; Chen, S.-W.; Yeh, ].-M.; Hsu, C.-L.; Wei, Y. Advanced anti-corrosive
coatings prepared from the mimicked Xanthosoma sagittifolium-leaf-like electroactive epoxy with synergistic
effects of superhydrophobicity and redox catalytic capability. Chem. Mater. 2011, 23, 2075-2083. [CrossRef]
Zhang, D.; Qian, H.; Wang, L.; Li, X. Comparison of barrier properties for asuperhydrophobic epoxy coating
under different simulated corrosion environments. Corros. Sci. 2016, 103, 230-241. [CrossRef]

Fotovvati, B.; Namdari, N.; Dehghanghadikolaei, A. On coating techniques for surface protection: A review.
J. Manuf. Mater. Process. 2019, 3, 28. [CrossRef]

Dehghanghadikolaei, A.; Fotovvati, B. Coating techniques for functional enhancement of metal implants for
bone replacement: A review. Materials 2019, 12, 1795. [CrossRef]

DeBerry, D.W. Modification of the electrochemical and corrosion behavior of stainless steels with an
electroactive coating. J. Electrochem. Soc. 1985, 132, 1022-1026. [CrossRef]

Ohtsuka, T. Corrosion protection of steels by conducting polymer coating. Int. |. Corros. 2012, 2012, 1-7.
[CrossRef]

Tallman, D.E.; Spinks, G.; Dominis, A.; Wallace, G.G. Electroactive conducting polymers for corrosion control.
J. Solid State Electrochem. 2002, 6, 73—-84. [CrossRef]

Herrasti, P; Recio, EJ.; Ocon, P; Fatas, E. Effect of the polymer layers and bilayers on the corrosion behaviour
of mild steel: Comparison with polymers containing Zn microparticles. Prog. Org. Coat. 2005, 54, 285-291.
[CrossRef]

Le, H.N.T,; Garcia, B.; Deslouis, C.; Le Xuan, Q. Corrosion protection and conducting polymers: Polypyrrole
films on iron. Electrochim. Acta 2001, 46, 4259-4272.

Hien, N.T.L.; Garcia, B.; Pailleret, A.; Deslouis, C. Role of doping ions in the corrosion protection of iron by
polypyrrole films. Electrochim. Acta 2005, 50, 1747-1755. [CrossRef]

Van Schaftinghen, T.; Deslouis, C.; Hubin, A.; Terryn, H. Influence of the surface pre-treatment prior to
the film synthesis, on the corrosion protection of iron with polypyrrole films. Electrochim. Acta 2006, 51,
1695-1703. [CrossRef]

Kowalski, D.; Ueda, M.; Ohtsuka, T. Self-healing ion-permselective conducting polymer coating. J. Mater.
Chem. 2010, 20, 7630-7633. [CrossRef]

Ohtsuka, T.; Ilida, M.; Ueda, M. Polypyrrole coating doped by molybdo-phosphate anions for corrosion
prevention of carbon steels. . Solid State Electrochem. 2006, 10, 714-720. [CrossRef]

Kowalski, D.; Ueda, M.; Ohtsuka, T. Corrosion protection of steel by bi-layered polypyrrole doped with
molybdophosphate and naphthalenedisulfonate anions. Corros. Sci. 2007, 49, 1635-1644. [CrossRef]
Kowalski, D.; Ueda, M.; Ohtsuka, T. The effect of counter anions on corrosion resistance of steel covered by
bi-layered polypyrrole film. Corros. Sci. 2007, 49, 3442-3452. [CrossRef]

Kowalski, D.; Ueda, M.; Ohtsuka, T. Self-healing ability of conductive polypyrrole coating with artificial
defect. ECS Trans. 2009, 16, 177-181.

Sathiyanarayanan, S.; Dhawan, S.K.; Trivedi, D.C.; Balakrishnan, K. Soluble conducting poly ethoxy aniline
as an inhibitor for iron in HCI. Corros. Sci. 1992, 33, 1831-1841. [CrossRef]

Ahmad, N.; MacDiarmid, A.G. Inhibition of corrosion of steels with the exploitation of conducting polymers.
Synth. Met. 1996, 78, 103-110. [CrossRef]

Kralji¢, M.; Mandi¢, Z.; Duié, L. Inhibition of steel corrosion by polyaniline coatings. Corros. Sci. 2003, 45,
181-198. [CrossRef]

Sathiyanarayanan, S.; Devi, S, Venkatachari, G. Corrosion protection of stainless steel by
electropolymerisedpani coating. Prog. Org. Coat. 2006, 56, 114-119. [CrossRef]


http://dx.doi.org/10.1016/j.porgcoat.2016.10.008
http://dx.doi.org/10.1080/01932690903227329
http://dx.doi.org/10.1016/j.colsurfa.2012.03.013
http://dx.doi.org/10.1021/am4051603
http://www.ncbi.nlm.nih.gov/pubmed/24456120
http://dx.doi.org/10.1021/cm1030377
http://dx.doi.org/10.1016/j.corsci.2015.11.023
http://dx.doi.org/10.3390/jmmp3010028
http://dx.doi.org/10.3390/ma12111795
http://dx.doi.org/10.1149/1.2114008
http://dx.doi.org/10.1155/2012/915090
http://dx.doi.org/10.1007/s100080100212
http://dx.doi.org/10.1016/j.porgcoat.2005.07.001
http://dx.doi.org/10.1016/j.electacta.2004.10.072
http://dx.doi.org/10.1016/j.electacta.2005.02.150
http://dx.doi.org/10.1039/c0jm00866d
http://dx.doi.org/10.1007/s10008-006-0116-0
http://dx.doi.org/10.1016/j.corsci.2006.08.018
http://dx.doi.org/10.1016/j.corsci.2007.03.007
http://dx.doi.org/10.1016/0010-938X(92)90187-8
http://dx.doi.org/10.1016/0379-6779(96)80109-3
http://dx.doi.org/10.1016/S0010-938X(02)00083-5
http://dx.doi.org/10.1016/j.porgcoat.2006.01.003

Coatings 2019, 9, 807 17 of 22

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Ganash, A.A.; Al-Nowaiser, EM.; Al-Thabaiti, S.A.; Hermas, A.A. Comparison study for passivation of
stainless steel by coating with polyaniline from two different acids. Prog. Org. Coat. 2011, 72, 480-485.
[CrossRef]

Nautiyal, A.; Parida, S. Comparison of polyaniline electrodeposition on carbon steel from oxalic acid and
salicylate medium. Prog. Org. Coat. 2016, 94, 28-33. [CrossRef]

Elkais, A.R.; Gvozdenovi¢, M.M.; Jugovi¢, B.Z.; Grgur, B.N. The influence of thin benzoate-doped polyaniline
coatings on corrosion protection of mild steel in different environments. Prog. Org. Coat. 2013, 76, 670-676.
[CrossRef]

Ozyilmaz, A.T.; Ozyilmaz, G.; Yigitoglu, O. Synthesis and characterization of poly (aniline) and poly
(o-anisidine) films in sulphamic acid solution and their anti-corrosion properties. Prog. Org. Coat. 2010, 67,
28-37. [CrossRef]

Hermas, A.A. XPS analysis of the passive film formed on austenitic stainless steel coated with conductive
polymer. Corros. Sci. 2008, 50, 2498-2505. [CrossRef]

Tanveer, N.; Mobin, M. Anti-corrosive properties of poly (2-pyridylamine-co-aniline-co-2, 3-xylidine)
terpolymer coating on mild steel in different corrosive environments. Prog. Org. Coat. 2012, 75, 231-240.
[CrossRef]

Tan, C.K,; Blackwood, D.J. Corrosion protection by multilayered conducting polymer coatings. Corros. Sci.
2003, 45, 545-557. [CrossRef]

Yagan, A.; Pekmez, N.O.; Yildiz, A. Inhibition of corrosion of mild steel by homopolymer and bilayer coatings
of polyaniline and polypyrrole. Prog. Org. Coat. 2007, 59, 297-303. [CrossRef]

Kumar, S.A.; Meenakshi, K.S.; Sankaranarayanan, T.S.N.; Srikanth, S. Corrosion resistant behaviour of
PAni-metal bilayer coatings. Prog. Org. Coat. 2008, 62, 285-292. [CrossRef]

Hasanov, R.; Bilgic, S. Monolayer and bilayer conducting polymer coatings for corrosion protection of steel
in 2009, Prog. Org. Coat. 2009, 64, 435-445. [CrossRef]

Pekmez, N.O.; Abacy, E.; Cinkilli, K; Yagan, A. Polybithiophene and its bilayers with polyaniline coatings on
stainless steel by electropolymerization in aqueous medium. Prog. Org. Coat. 2009, 65, 462-468. [CrossRef]
Narayanasamy, B.; Rajendran, S. Electropolymerized bilayer coatings of polyaniline and poly
(N-methylaniline) on mild steel and their corrosion protection performance. Prog. Org. Coat. 2010,
67,246-254. [CrossRef]

Xu, J.; Zhang, Y.; Zhang, D.; Tang, Y.; Cang, H. Electrosynthesis of PAni/PPy coatings doped by
phosphotungstate on mild steel and their corrosion resistances. Prog. Org. Coat. 2015, 88, 84-91.
[CrossRef]

Ozyilmaz, A.T.; Akdag, A.; Karahan, I.H.; Ozyilmaz, G. The influence of polyaniline (PANI) coating on
corrosion behaviour of zinc—cobalt coated carbon steel electrode. Prog. Org. Coat. 2013, 76, 993-997.
[CrossRef]

Martyak, N.M.; McAndrew, P. Corrosion performance of steel coated with co-polyamides and polyaniline.
Corros. Sci. 2007, 49, 3826-3837. [CrossRef]

Armelin, E.; Aleman, C.; Iribarren, J.I. Anti-corrosion performances of epoxy coatings modified with
polyaniline: A comparison between the emeraldine base and salt forms. Prog. Org. Coat. 2009, 65, 88-93.
[CrossRef]

Akbarinezhad, E.; Ebrahimi, M.; Faridi, H.R. Corrosion inhibition of steel in sodium c hloride solution by
undoped polyaniline epoxy blend coating. Prog. Org. Coat. 2009, 64, 361-364. [CrossRef]

Radhakrishnan, S.; Sonawane, N.; Siju, C.R. Epoxy powder coatings containing polyaniline for enhanced
corrosion protection. Prog. Org. Coat. 2009, 64, 383-386. [CrossRef]

Siva, T.; Kamaraj, K.; Sathiyanarayanan, S. Epoxy curing by polyaniline (PANI)—Characterization and
self-healing evaluation. Prog. Org. Coat. 2014, 77, 1095-1103. [CrossRef]

Popovi¢, M.M.; Grgur, B.N.; Migkovié-Stankovi¢, V.B. Corrosion studies on electrochemically deposited
PANI and PANI/epoxy coatings on mild steel in acid sulfate solution. Prog. Org. Coat. 2005, 52, 359-365.
[CrossRef]

Samui, A.B.; Phadnis, S.M. Polyaniline-dioctyl phosphate salt for corrosion protection of iron. Prog. Org.
Coat. 2005, 54, 263-267. [CrossRef]


http://dx.doi.org/10.1016/j.porgcoat.2011.06.006
http://dx.doi.org/10.1016/j.porgcoat.2016.01.014
http://dx.doi.org/10.1016/j.porgcoat.2012.12.008
http://dx.doi.org/10.1016/j.porgcoat.2009.09.010
http://dx.doi.org/10.1016/j.corsci.2008.06.019
http://dx.doi.org/10.1016/j.porgcoat.2012.05.002
http://dx.doi.org/10.1016/S0010-938X(02)00144-0
http://dx.doi.org/10.1016/j.porgcoat.2007.04.006
http://dx.doi.org/10.1016/j.porgcoat.2008.01.005
http://dx.doi.org/10.1016/j.porgcoat.2008.08.004
http://dx.doi.org/10.1016/j.porgcoat.2009.04.012
http://dx.doi.org/10.1016/j.porgcoat.2009.12.001
http://dx.doi.org/10.1016/j.porgcoat.2015.06.024
http://dx.doi.org/10.1016/j.porgcoat.2012.10.020
http://dx.doi.org/10.1016/j.corsci.2007.05.013
http://dx.doi.org/10.1016/j.porgcoat.2008.10.001
http://dx.doi.org/10.1016/j.porgcoat.2008.07.018
http://dx.doi.org/10.1016/j.porgcoat.2008.07.024
http://dx.doi.org/10.1016/j.porgcoat.2014.03.019
http://dx.doi.org/10.1016/j.porgcoat.2004.05.009
http://dx.doi.org/10.1016/j.porgcoat.2005.07.002

Coatings 2019, 9, 807 18 of 22

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Diniz, EB.; De Andrade, G.F; Martins, C.R.; De Azevedo, WM. A comparative study of epoxy and
polyurethane based coatings containing polyaniline-DBSA pigments for corrosion protection on mild steel.
Prog. Org. Coat. 2013, 76, 912-916. [CrossRef]

Zhang, Y.; Shao, Y;; Liu, X.; Shi, C.; Wang, Y,; Meng, G.; Zeng, X.; Yang, Y. A study on corrosion protection of
different polyaniline coatings for mild steel. Prog. Org. Coat. 2017, 111, 240-247. [CrossRef]

Kalendova, A.; Vesely, D.; Stejskal, J.; Trchovd, M. anti-corrosion properties of inorganic pigments
surface-modified with a polyaniline phosphate layer. Prog. Org. Coat. 2008, 63, 209-221. [CrossRef]
Kalendova, A.; Sapurina, L; Stejskal, J.; Vesely, D. Anti-corrosion properties of polyaniline-coated pigments
in organic coatings. Corros. Sci. 2008, 50, 3549-3560. [CrossRef]

Kalendova, A.; Vesely, D.; Kohl, M.; Stejskal, J. Effect of surface treatment of pigment particles with
polypyrrole and polyaniline phosphate on their corrosion inhibiting properties in organic coatings. Prog. Org.
Coat. 2014, 77, 1465-1483. [CrossRef]

Kalendova, A.; Vesely, D.; Stejskal, J. Organic coatings containing polyaniline and inorganic pigments as
corrosion inhibitors. Prog. Org. Coat. 2008, 62, 105-116. [CrossRef]

Armelin, E.; Marti, M.; Liesa, F; Iribarren, J.I.; Aleman, C. Partial replacement of metallic zinc dust in heavy
duty protective coatings by conducting polymer. Prog. Org. Coat. 2010, 69, 26-30. [CrossRef]

He, P; Wang, J.; Lu, E; Ma, Q.; Wang, Z. Synergistic effect of polyaniline grafted basalt plates for enhanced
corrosion protective performance of epoxy coatings. Prog. Org. Coat. 2017, 110, 1-9. [CrossRef]
McAndrew, T.P. Corrosion prevention with electrically conductive polymers. Trends Polym. Sci. 1997, 1, 7-12.
Liangcai, L.; Ming, W.; Huoming, S.; Haiying, L.; Qingdong, Q.; Yuanlong, D. Preparation and EIS studies on
polyimide/polyaniline blend film for corrosion protection. Polym. Adv. Technol. 2001, 12, 720-723. [CrossRef]
Fahlman, M.; Jasty, S.; Epstein, A.]J. Corrosion protection of iron/steel by emeraldine base polyaniline: An
X-ray photoelectron spectroscopy study. Synth. Met. 1997, 85, 1323-1326. [CrossRef]

Talo, A.; Forsen, O.; Yldsaari, S. Corrosion protective polyaniline epoxy blend coatings on mild steel. Synth.
Met. 1999, 102, 1394-1395. [CrossRef]

Lu, J.L; Liu, N.J; Wang, X.H.; Li, J.; Jing, X.B.; Wang, ES. Mechanism and life study on polyaniline
anti-corrosion coating. Synth. Met. 2003, 135, 237-238. [CrossRef]

Araujo, W.S.; Margarit, I.C.P.; Ferreira, M.; Mattos, O.R.; Neto, PL. Undoped polyaniline anti-corrosive
properties. Electrochim. Acta 2001, 46, 1307-1312. [CrossRef]

Cook, A.; Gabriel, A.; Siew, D.; Laycock, N. Corrosion protection of low carbon steel with polyaniline:
Passivation or inhibition. Curr. Appl. Phys. 2004, 4, 133-136. [CrossRef]

Cook, A.; Gabriel, A.; Laycock, N. On the mechanism of corrosion protection of mild steel with polyaniline.
J. Electrochem. Soc. 2004, 151, 529-535. [CrossRef]

Wessling, B. Effective corrosion protection with the organic metal polyaniline: Basic principles and recent
progress. Electroact. Polym. Corros. Control 2003, 843, 34-73.

Williams, G.; McMurray, H.N. Factors affecting acid-base stability of the interface between polyaniline
emeraldine salt and oxide covered metal. Electrochem. Solid-State Lett. 2005, 8, 42—45. [CrossRef]

Schauer, T.; Joos, A.; Dulog, L.; Eisenbach, C.D. Protection of iron against corrosion with polyaniline primers.
Prog. Org. Coat. 1998, 33, 20-27. [CrossRef]

Armelin, E.; Ocampo, C.; Liesa, F; Iribarren, J.I.; Ramis, X.; Aleman, C. Study of epoxy and alkyd coatings
modified with emeraldine base form of polyaniline. Prog. Org. Coat. 2007, 58, 316-322. [CrossRef]

Chen, Y.; Wang, X.H.; Li, J.; Lu, J.L.; Wang, E.S. Long-term anti-corrosion behaviour of polyaniline on mild
steel. Corros. Sci. 2007, 49, 3052-3063. [CrossRef]

da Silva, ].E.P.; de Torresi, S.I.C.; Torresi, R.M. Polyaniline acrylic coatings for corrosion inhibition: The role
played by counter-ions. Corros. Sci. 2005, 47, 811-822. [CrossRef]

Sathiyanarayanan, S.; Muthukrishnan, S.; Venkatachari, G. Performance of polyaniline pigmented vinyl
acrylic coating on steel in aqueous solutions. Prog. Org. Coat. 2006, 55, 5-10. [CrossRef]

Sakhri, A.; Perrin, EX.; Benaboura, A.; Aragon, E.; Lamouri, S. Corrosion protection of steel by sulfo-doped
polyaniline-pigmented coating. Prog. Org. Coat. 2011, 72, 473-479. [CrossRef]

Kamaraj, K.; Sathiyanarayanan, S.; Muthukrishnan, S.; Venkatachari, G. Corrosion protection of iron by
benzoate doped polyaniline containing coatings. Prog. Org. Coat. 2009, 64, 460-465. [CrossRef]


http://dx.doi.org/10.1016/j.porgcoat.2013.02.010
http://dx.doi.org/10.1016/j.porgcoat.2017.06.015
http://dx.doi.org/10.1016/j.porgcoat.2008.06.001
http://dx.doi.org/10.1016/j.corsci.2008.08.044
http://dx.doi.org/10.1016/j.porgcoat.2014.04.012
http://dx.doi.org/10.1016/j.porgcoat.2007.10.001
http://dx.doi.org/10.1016/j.porgcoat.2010.04.023
http://dx.doi.org/10.1016/j.porgcoat.2017.05.001
http://dx.doi.org/10.1002/pat.94
http://dx.doi.org/10.1016/S0379-6779(97)80256-1
http://dx.doi.org/10.1016/S0379-6779(98)01050-9
http://dx.doi.org/10.1016/S0379-6779(02)00667-7
http://dx.doi.org/10.1016/S0013-4686(00)00726-X
http://dx.doi.org/10.1016/j.cap.2003.10.014
http://dx.doi.org/10.1149/1.1782077
http://dx.doi.org/10.1149/1.1959978
http://dx.doi.org/10.1016/S0300-9440(97)00123-9
http://dx.doi.org/10.1016/j.porgcoat.2007.01.005
http://dx.doi.org/10.1016/j.corsci.2006.11.007
http://dx.doi.org/10.1016/j.corsci.2004.07.014
http://dx.doi.org/10.1016/j.porgcoat.2005.09.002
http://dx.doi.org/10.1016/j.porgcoat.2011.06.005
http://dx.doi.org/10.1016/j.porgcoat.2008.08.008

Coatings 2019, 9, 807 19 of 22

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Jafarzadeh, S.; Adhikari, A.; Sundall, P.E.; Pan, J. Study of PANI-MeSA conducting polymer dispersed in
UV-curing polyester acrylate on galvanized steel as corrosion protection coating. Prog. Org. Coat. 2011, 70,
108-115. [CrossRef]

Bandeira, R.M.; van Drunen, J.; Tremiliosi-Filho, G.; dos Santos Junior, J.R.,; de Matos, ].M.E.
Polyaniline/polyvinyl chloride blended coatings for the corrosion protection of carbon steel. Prog. Org. Coat.
2017, 106, 50-59. [CrossRef]

Ramlan, S.N.A ; Basirun, W.J.; Phang, SW.; Ang, D.T.C. Electrically conductive palm oil-based coating with
UV curing ability. Prog. Org. Coat. 2017, 112, 9-17. [CrossRef]

Salem, A.A.; Grgur, B.N. The influence of the polyaniline initial oxidation states on the corrosion of steel
with composite coatings. Prog. Org. Coat. 2018, 119, 138-144. [CrossRef]

Tiiken, T. Polypyrrole films on stainless steel. Surf. Coat. Technol. 2006, 200, 4713-4719. [CrossRef]

Riaz, U.; Ashraf, S.M.; Ahmad, S. High performance corrosion protective DGEBA/polypyrrole composite
coatings. Prog. Org. Coat. 2007, 59, 138-145. [CrossRef]

Attarzadeh, N.; Raeissi, K.; Golozar, M.A. Effect of saccharin addition on the corrosion resistance of
polypyrrole coatings. Prog. Org. Coat. 2008, 63, 167-174. [CrossRef]

Cano, B.; Antonio, ]J.; Garcés, P.; Huerta Arraez, F.; Tomas, Q.; César, G.A.; Luis, C.L; Javier, F. Electrochemical
study of polypyrrole/PW120-340 coatings on carbon steel electrodes as protection against corrosion in
chloride aqueous solutions. Corros. Sci. 2006, 48, 1122-1136.

Bonastre, J.; Garcés, P.; Galvan, J.C.; Cases, F. Characterisation and corrosion studies of steel electrodes
covered by polypyrrole/phosphotungstate using Electrochemical Impedance Spectroscopy. Prog. Org. Coat.
2009, 66, 235-241. [CrossRef]

Sabouri, M.; Shahrabi, T.; Faridi, H.R.; Hosseini, M.G. Polypyrrole and polypyrrole-tungstate
electropolymerization coatings on carbon steel and evaluating their corrosion protection performance
via electrochemical impedance spectroscopy. Prog. Org. Coat. 2009, 64, 429-434. [CrossRef]

Gonzalez, M.B.; Saidman, S.B. Electrodeposition of polypyrrole on 316L stainless steel for corrosion prevention.
Corros. Sci. 2011, 53, 276-282. [CrossRef]

Grari, O.; Dhouibi, L.; Lallemand, F,; Lallemand, S.; Triki, E. Effects of nitrate ions on the electrochemical
synthesis and behavior of polypyrrole films. Prog. Org. Coat. 2014, 77, 1867-1873. [CrossRef]

Chen, Z.; Yang, W.; Xu, B.; Guo, Y.; Chen, Y,; Yin, X; Liu, Y. Corrosion behaviors and physical properties of
polypyrrole-molybdate coating electropolymerized on carbon steel. Prog. Org. Coat. 2018, 122, 159-169.
[CrossRef]

Vera, R.; Schrebler, R.; Grez, P.; Romero, H. The corrosion-inhibiting effect of polypyrrole films doped
with p-toluene-sulfonate, benzene-sulfonate or dodecyl-sulfate anions, as coating on stainless steel in NaCl
aqueous solutions. Prog. Org. Coat. 2014, 77, 853-858. [CrossRef]

Nautiyal, A.; Qiao, M.; Cook, ].E.; Zhang, X.; Huang, T.S. High performance polypyrrole coating for corrosion
protection and biocidal applications. Appl. Surf. Sci. 2018, 427, 922-930. [CrossRef]

Tiiken, T.; Yazici, B.; Erbil, M. A new multilayer coating for mild steel protection. Prog. Org. Coat. 2004, 50,
115-122. [CrossRef]

Tiiken, T.; Arslan, G.; Yazicy, B.; Erbil, M. The corrosion protection of mild steel by polypyrrole/polyphenol
multilayer coating. Corros. Sci. 2004, 46, 2743-2754. [CrossRef]

Tiiken, T.; Duidiik¢ii, M.; Yazici, B.; Erbil, M. The use of polyindole for mild steel protection. Prog. Org. Coat.
2004, 50, 273-282. [CrossRef]

Tiiken, T.; Tansug, G.; Yazici, B.; Erbil, M. Poly (N-methyl pyrrole) and its copolymer with pyrrole for mild
steel protection. Surf. Coat. Technol. 2007, 202, 146-154. [CrossRef]

Bereket, G.; Hiir, E. The corrosion protection of mild steel by single layered polypyrrole and multilayered
polypyrrole/poly (5-amino-1-naphthol) coatings. Prog. Org. Coat. 2009, 65, 116-124. [CrossRef]

Gonzalez, M.B.; Saidman, S.B. Electrodeposition of bilayeredpolypyrrole on 316L stainless steel for corrosion
prevention. Prog. Org. Coat. 2015, 78, 21-27. [CrossRef]

Martins, J.I; Reis, T.C.; Bazzaoui, M.; Bazzaoui, E.A.; Martins, L. Polypyrrole coatings as a treatment for
zinc-coated steel surfaces against corrosion. Corros. Sci. 2004, 46, 2361-2381. [CrossRef]

Grari, O.; Taouil, A.E.; Dhouibi, L.; Buron, C.C.; Lallemand, F. Multilayered polypyrrole-S5iO, composite
coatings for functionalization of stainless steel: Characterization and corrosion protection behavior. Prog.
Org. Coat. 2015, 88, 48-53. [CrossRef]


http://dx.doi.org/10.1016/j.porgcoat.2010.10.011
http://dx.doi.org/10.1016/j.porgcoat.2017.02.009
http://dx.doi.org/10.1016/j.porgcoat.2017.06.027
http://dx.doi.org/10.1016/j.porgcoat.2018.02.032
http://dx.doi.org/10.1016/j.surfcoat.2005.04.011
http://dx.doi.org/10.1016/j.porgcoat.2007.02.002
http://dx.doi.org/10.1016/j.porgcoat.2008.05.005
http://dx.doi.org/10.1016/j.porgcoat.2009.07.012
http://dx.doi.org/10.1016/j.porgcoat.2008.08.003
http://dx.doi.org/10.1016/j.corsci.2010.09.021
http://dx.doi.org/10.1016/j.porgcoat.2014.06.015
http://dx.doi.org/10.1016/j.porgcoat.2018.05.022
http://dx.doi.org/10.1016/j.porgcoat.2014.01.015
http://dx.doi.org/10.1016/j.apsusc.2017.08.093
http://dx.doi.org/10.1016/j.porgcoat.2004.01.002
http://dx.doi.org/10.1016/j.corsci.2004.03.003
http://dx.doi.org/10.1016/j.porgcoat.2004.03.004
http://dx.doi.org/10.1016/j.surfcoat.2007.05.022
http://dx.doi.org/10.1016/j.porgcoat.2008.10.005
http://dx.doi.org/10.1016/j.porgcoat.2014.10.012
http://dx.doi.org/10.1016/j.corsci.2004.02.006
http://dx.doi.org/10.1016/j.porgcoat.2015.06.019

Coatings 2019, 9, 807 20 of 22

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Tiiken, T. Zinc modified polypyrrole coating on mild steel. Surf. Coat. Technol. 2006, 201, 2782-2790.
[CrossRef]

Lehr, I.L.; Saidman, S.B. Anti-corrosive properties of polypyrrole films modified with Zinc onto SAE 4140
steel. Prog. Org. Coat. 2013, 76, 1586-1593. [CrossRef]

Tiiken, T.; Yazici, B.; Erbil, M. Graphite intercalated polymer coatings on stainless steel. Surf. Coat. Technol.
2007, 202, 425-432. [CrossRef]

Tiiken, T.; Tansug, G.; Yazici, B.; Erbil, M. Polypyrrole films modified with graphite layer on mild steel.
Prog. Org. Coat. 2007, 59, 88-94. [CrossRef]

Ferraris, J.P.,; Eissa, M.M.; Brotherston, I.D.; Loveday, D.C.; Moxey, A.A. Preparation and electrochemical
evaluation of poly (3-phenylthiophene) derivatives: Potential materials for electrochemical capacitorsl.
J. Electroanal. Chem. 1998, 459, 57-69. [CrossRef]

Kousik, G.; Pitchumani, S.; Renganathan, N.G. Electrochemical characterization of polythiophene-coated
steel. Prog. Org. Coat. 2001, 43, 286-291. [CrossRef]

Tiiken, T.; Yazici, B.; Erbil, M. The use of polythiophene for mild steel protection. Prog. Org. Coat. 2004, 51,
205-212. [CrossRef]

Tiiken, T.; Yazicy, B.; Erbil, M. Electrochemical synthesis of polythiophene on nickel coated mild steel and
corrosion performance. Appl. Surf. Sci. 2005, 239, 398-409. [CrossRef]

Ocampo, C.; Armelin, E.; Liesa, F.; Aleman, C.; Ramis, X.; Iribarren, J.I. Application of a polythiophene
derivative as anti-corrosive additive for paints. Prog. Org. Coat. 2005, 53, 217-224. [CrossRef]

Palraj, S.; Selvaraj, M., Vidhya, M., Rajagopal, G. Synthesis and characterization of
epoxy-silicone-polythiophene interpenetrating polymer network for corrosion protection of steel. Prog. Org.
Coat. 2012, 75, 356-363. [CrossRef]

Ai, L; Liu, Y;; Zhang, X.Y.; Ouyang, X.H.; Ge, Z.Y. A facile and template-free method for preparation of
polythiophene microspheres and their dispersion for waterborne corrosion protection coatings. Synth. Met.
2014, 191, 41-46. [CrossRef]

Gutiérrez-Diaz, J.L.; Uruchurtu-Chavarin, J.; Giiizado-Rodriguez, M.; Barba, V. Steel protection of two
composite coatings: Polythiophene with ash or MCM-41 particles containing iron (III) nitrate as inhibitor in
chloride media. Prog. Org. Coat. 2016, 95, 127-135. [CrossRef]

Sezer, E.; Sarag, A.S.; Yavuz, O. Corrosion inhibition and photoactivity behavior of N-substituted
Polycarbazole-coated natural pyrite electrode. Corrosion 1999, 55, 661-666. [CrossRef]

Ates, M.; Ozyilmaz, A.T. The application of polycarbazole, polycarbazole/nanoclay and
polycarbazole/Zn-nanoparticles as a corrosion inhibition for SS304 in saltwater. Prog. Org. Coat. 2015, 84,
50-58. [CrossRef]

Firouzi, A.; Del Gaudio, C.; lamastra, FR.; Montesperelli, G.; Bianco, A. Electrospun polymeric coatings
on aluminum alloy as a straightforward approach for corrosion protection. J. Appl. Polym. Sci. 2015, 132.
[CrossRef]

Yakovenko, O.S.; Matzui, L.Y.; Vovchenko, L.L.; Trukhanov, A.V.; Kazakevich, 1.S.; Trukhanov, S.V.;
Prylutskyy, Y.I; Ritter, U. Magnetic anisotropy of the graphite nanoplatelet-epoxy and MWCNT-epoxy
composites with aligned barium ferrite filler. . Mater. Sci. 2017, 52, 5345-5358. [CrossRef]

Pedrazzoli, D.; Pegoretti, A.; Kalaitzidou, K. Synergistic effect of exfoliated graphite nanoplatelets and short
glass fiber on the mechanical and interfacial properties of epoxy composites. Compos. Sci. Technol. 2014, 98,
15-21. [CrossRef]

Bagherzadeh, M.R.; Ghasemi, M.; Mahdavi, F; Shariatpanahi, H. Investigation on anti-corrosion performance
of nano and micro polyaniline in new water-based epoxy coating. Prog. Org. Coat. 2011, 72, 348-352.
[CrossRef]

Bagherzadeh, M.R.; Mousavinejad, T.; Akbarinezhad, E.; Ahmadi, M. Highly protective performance of
water-based epoxy coating loaded with self-doped nanopolyaniline synthesized under supercritical CO2
condition. Prog. Org. Coat. 2014, 77, 1977-1984. [CrossRef]

Bagherzadeh, M.R.; Mahdavi, F; Ghasemi, M.; Shariatpanahi, H.; Faridi, H.R. Using nanoemeraldine
salt-polyaniline for preparation of a new anti-corrosive water-based epoxy coating. Prog. Org. Coat. 2010, 68,
319-322. [CrossRef]

Arefinia, R.; Shojaei, A.; Shariatpanahi, H.; Neshati, ]. Anti-corrosion properties of smart coating based on
polyaniline nanoparticles/epoxy-ester system. Prog. Org. Coat. 2012, 75, 502-508. [CrossRef]


http://dx.doi.org/10.1016/j.surfcoat.2006.05.017
http://dx.doi.org/10.1016/j.porgcoat.2013.07.004
http://dx.doi.org/10.1016/j.surfcoat.2007.06.002
http://dx.doi.org/10.1016/j.porgcoat.2007.01.014
http://dx.doi.org/10.1016/S0022-0728(98)00318-0
http://dx.doi.org/10.1016/S0300-9440(01)00211-9
http://dx.doi.org/10.1016/j.porgcoat.2004.07.013
http://dx.doi.org/10.1016/j.apsusc.2004.06.006
http://dx.doi.org/10.1016/j.porgcoat.2005.02.009
http://dx.doi.org/10.1016/j.porgcoat.2012.07.014
http://dx.doi.org/10.1016/j.synthmet.2014.02.004
http://dx.doi.org/10.1016/j.porgcoat.2016.03.005
http://dx.doi.org/10.5006/1.3284020
http://dx.doi.org/10.1016/j.porgcoat.2015.02.013
http://dx.doi.org/10.1002/app.41250
http://dx.doi.org/10.1007/s10853-017-0776-4
http://dx.doi.org/10.1016/j.compscitech.2014.04.019
http://dx.doi.org/10.1016/j.porgcoat.2011.05.007
http://dx.doi.org/10.1016/j.porgcoat.2014.07.017
http://dx.doi.org/10.1016/j.porgcoat.2010.03.005
http://dx.doi.org/10.1016/j.porgcoat.2012.06.003

Coatings 2019, 9, 807 21 of 22

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Patil, R.C.; Radhakrishnan, S. Conducting polymer based hybrid nano-composites for enhanced corrosion
protective coatings. Prog. Org. Coat. 2006, 57, 332-336. [CrossRef]

Mostafaei, A.; Nasirpouri, F. Epoxy/polyaniline-ZnO nanorods hybrid nanocomposite coatings: Synthesis,
characterization and corrosion protection performance of conducting paints. Prog. Org. Coat. 2014, 77,
146-159. [CrossRef]

Olad, A.; Nosrati, R. Preparation and corrosion resistance of nanostructured PVC/ZnO-polyaniline hybrid
coating. Prog. Org. Coat. 2013, 76, 113-118. [CrossRef]

Olad, A.; Barati, M.; Shirmohammadi, H. Conductivity and anti-corrosion performance of polyaniline/zinc
composites: Investigation of zinc particle size and distribution effect. Prog. Org. Coat. 2011, 72, 599-604.
[CrossRef]

Olad, A ; Barati, M.; Behboudi, S. Preparation of PANI/epoxy/Zn nanocomposite using Zn nanoparticles and
epoxy resin as additives and investigation of its corrosion protection behavior on iron. Prog. Org. Coat. 2012,
74,221-227. [CrossRef]

Sun, Q.; Deng, Y.; Wang, Z.L. Synthesis and characterization of polystyrene-encapsulated laponite composites
via miniemulsion polymerization. Macromol. Mater. Eng. 2004, 289, 288-295. [CrossRef]

Sun, Q.; Schork, EJ.; Deng, Y. Water-based polymer/clay nanocomposite suspension for improving water and
moisture barrier in coating. Compos. Sci. Technol. 2007, 67, 1823-1829. [CrossRef]

Olad, A.; Rashidzadeh, A. Preparation and anti-corrosive properties of PANI/Na-MMT and PANI/O-MMT
nanocomposites. Prog. Org. Coat. 2008, 62, 293-298. [CrossRef]

Olad, A, Naseri, B. Preparation, characterization and anti-corrosive properties of a novel
polyaniline/clinoptilolite nanocomposite. Prog. Org. Coat. 2010, 67, 233-238. [CrossRef]

Akbarinezhad, E.; Ebrahimi, M.; Sharif, F.; Ghanbarzadeh, A. Evaluating protection performance of zinc
rich epoxy paints modified with polyaniline and polyaniline-clay nanocomposite. Prog. Org. Coat. 2014, 77,
1299-1308. [CrossRef]

Mousavinejad, T.; Bagherzadeh, M.R.; Akbarinezhad, E.; Ahmadi, M.; Guinel, M.].E. A novel water-based
epoxy coating using self-doped polyaniline-clay synthesized under supercritical CO2 condition for the
protection of carbon steel against corrosion. Prog. Org. Coat. 2015, 79, 90-97. [CrossRef]

Navarchian, A.H.; Joulazadeh, M.; Karimi, F. Investigation of corrosion protection performance of epoxy
coatings modified by polyaniline/clay nanocomposites on steel surfaces. Prog. Org. Coat. 2014, 77, 347-353.
[CrossRef]

Mahmoudian, M.R,; Alias, Y.; Basirun, W.J. Effect of narrow diameter polyaniline nanotubes and nanofibers
in polyvinyl butyral coating on corrosion protective performance of mild steel. Prog. Org. Coat. 2012, 75,
301-308. [CrossRef]

Hermas, A.E.A.; Salam, M.A.; Al-Juaid, S.S. In situ electrochemical preparation of multi-walled carbon
nanotubes/polyaniline composite on the stainless steel. Prog. Org. Coat. 2013, 76, 1810-1813. [CrossRef]
Kumar, AM.; Gasem, ZM. In situ electrochemical synthesis of polyaniline/f-MWCNT nanocomposite
coatings on mild steel for corrosion protection in 3.5% NaCl solution. Prog. Org. Coat. 2015, 78, 387-394.
[CrossRef]

Kalendova, A.; Vesely, D.; Kohl, M.; Stejskal, J. Anti-corrosion efficiency of zinc-filled epoxy coatings
containing conducting polymers and pigments. Prog. Org. Coat. 2015, 78, 1-20. [CrossRef]

Hosseini, M.G.; Aboutalebi, K. Improving the anti-corrosive performance of epoxy coatings by embedding
various percentages of unmodified and imidazole modified CeO, nanoparticles. Prog. Org. Coat. 2018, 122,
56-63. [CrossRef]

Ramezanzadeh, B.; Bahlakeh, G.; Ramezanzadeh, M. Polyaniline-cerium oxide (PAni-CeO;) coated graphene
oxide for enhancement of epoxy coating corrosion protection performance on mild steel. Corros. Sci. 2018,
137, 111-126. [CrossRef]

Sababi, M.; Pan, J.; Augustsson, P.E.; Sundell, P.E.; Claesson, PM. Influence of polyaniline and ceria
nanoparticle additives on corrosion protection of a UV-cure coating on carbon steel. Corros. Sci. 2014, 84,
189-197. [CrossRef]

Ecco, L.G.; Fedel, M.; Ahniyaz, A.; Deflorian, F. Influence of polyaniline and cerium oxide nanoparticles on
the corrosion protection properties of alkyd coating. Prog. Org. Coat. 2014, 77,2031-2038. [CrossRef]


http://dx.doi.org/10.1016/j.porgcoat.2006.09.012
http://dx.doi.org/10.1016/j.porgcoat.2013.08.015
http://dx.doi.org/10.1016/j.porgcoat.2012.08.017
http://dx.doi.org/10.1016/j.porgcoat.2011.06.022
http://dx.doi.org/10.1016/j.porgcoat.2011.12.012
http://dx.doi.org/10.1002/mame.200300219
http://dx.doi.org/10.1016/j.compscitech.2006.10.022
http://dx.doi.org/10.1016/j.porgcoat.2008.01.007
http://dx.doi.org/10.1016/j.porgcoat.2009.12.003
http://dx.doi.org/10.1016/j.porgcoat.2014.04.009
http://dx.doi.org/10.1016/j.porgcoat.2014.11.009
http://dx.doi.org/10.1016/j.porgcoat.2013.10.008
http://dx.doi.org/10.1016/j.porgcoat.2012.08.004
http://dx.doi.org/10.1016/j.porgcoat.2013.05.021
http://dx.doi.org/10.1016/j.porgcoat.2014.07.009
http://dx.doi.org/10.1016/j.porgcoat.2014.10.009
http://dx.doi.org/10.1016/j.porgcoat.2018.05.006
http://dx.doi.org/10.1016/j.corsci.2018.03.038
http://dx.doi.org/10.1016/j.corsci.2014.03.031
http://dx.doi.org/10.1016/j.porgcoat.2014.04.002

Coatings 2019, 9, 807 22 of 22

154.

155.

156.

157.

158.

159.

160.

161.

Radoman, T.S.; Dzunuzovi¢, J.V.; Grgur, B.N.; Gvozdenovi¢, M.M.; Jugovi¢, B.Z.; Milicevi¢, D.S,;
Dzunuzovi¢, E.S. Improvement of the epoxy coating properties by incorporation of polyaniline surface
treated TiO, nanoparticles previously modified with vitamin B6. Prog. Org. Coat. 2016, 99, 346-355.
[CrossRef]

Ionita, M.; Prund, A. Polypyrrole/carbon nanotube composites: Molecular modeling and experimental
investigation as anti-corrosive coating. Prog. Org. Coat. 2011, 72, 647-652. [CrossRef]

Mahmoudian, M.R.; Basirun, W.J.; Alias, Y. Synthesis of polypyrrole/Ni-doped TiO, nanocomposites (NCs)
as a protective pigment in organic coating. Prog. Org. Coat. 2011, 71, 56-64. [CrossRef]

Saremi, M.; Yeganeh, M. Application of mesoporous silica nanocontainers as smart host of corrosion inhibitor
in polypyrrole coatings. Corros. Sci. 2014, 86, 159-170. [CrossRef]

Yeganeh, M.; Saremi, M.; Rezaeyan, H. Corrosion inhibition of steel using mesoporous silica nanocontainers
incorporated in the polypyrrole. Prog. Org. Coat. 2014, 77, 1428-1435. [CrossRef]

Ruhi, G.; Bhandari, H.; Dhawan, S.K. Designing of corrosion resistant epoxy coatings embedded with
polypyrrole/SiO, composite. Prog. Org. Coat. 2014, 77, 1484-1498. [CrossRef]

Alam, R.; Mobin, M.; Aslam, ]J. Polypyrrole/graphene nanosheets/rare earth ions/dodecyl benzene sulfonic
acid nanocomposite as a highly effective anti-corrosive coating. Surf. Coat. Technol. 2016, 307, 382-391.
[CrossRef]

Contri, G.; Barra, G.M.O.; Ramoa, S.D.A.S.; Merlini, C.; Ecco, L.G.; Souza, ES.; Spinelli, A. Epoxy coating
based on montmorillonite-polypyrrole: Electrical properties and prospective application on corrosion
protection of steel. Prog. Org. Coat. 2018, 114, 201-207. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.porgcoat.2016.06.014
http://dx.doi.org/10.1016/j.porgcoat.2011.07.007
http://dx.doi.org/10.1016/j.porgcoat.2010.12.010
http://dx.doi.org/10.1016/j.corsci.2014.05.007
http://dx.doi.org/10.1016/j.porgcoat.2014.05.007
http://dx.doi.org/10.1016/j.porgcoat.2014.04.013
http://dx.doi.org/10.1016/j.surfcoat.2016.09.010
http://dx.doi.org/10.1016/j.porgcoat.2017.10.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Conducting Polymer Coating 
	Polyaniline(PAni)-Based Coatings 
	The Polyaniline Emeraldine Salt Form Coatings 
	Bilayered Conducting Polymer Coating 
	Epoxy-PAni Coatings 
	Other PAni Blending Coatings 

	Polypyrrole (PPy)-Based Coatings 
	Polythiophene (Pth)-Based Coatings 
	Other Conducting Polymer Coatings 

	Nanopolymer Composite Coatings 
	Nanocomposite PAni Coatings 
	Nanocomposite PPy Coatings 

	Summary and Perspectives 
	References

