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Abstract The incorporation of inorganic fillers of different

nature and size into conducting polyaniline (PANI)-based

paint formulation extends the possibility of developing

protective coatings with a self-healing capability and

improved corrosion protection performance. The resulting

PANI-based coatings are characterized as nanocomposite

systems if the filler has nano-size dimensions. Nanofillers

such as metal and metal oxide nanoparticles, clay, carbon

nanotubes, graphene, and other inorganic pigments com-

bined with PANI give rise to a variety of PANI

nanocomposites with interesting properties and potential

applications. The present review article concerns applica-

tions of PANI nanocomposites in steel anticorrosion tech-

nology. The advantages of PANI nanocomposite coatings

over the parent polyaniline coating are highlighted. The

synergistic effect of PANI and nanofiller leads to

enhancement of the mechanical, physical, and chemical

properties of coatings allowing the self-healing property of

PANI to appear through either the anodic protection

mechanism resulting in the oxide repairing at pinholes or

the controlled inhibitor release mechanism by which the

PANI-based nanocomposite coating liberates corrosion

inhibitors (dopant ions) on demand upon the generation of

a defect on the coating leading to the oxidation of the metal

and hence to the reduction of PANI.

Keywords Conducting polymers � Polyaniline �
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protection

Introduction

Conducting polymers (CPs) such as polyaniline (PANI)

have been emerged as an alternative to environmentally

hazardous pigments used in making traditional anticorro-

sive paints like those containing chromates. PANI can be

an essential ingredient in smart coatings on metals pre-

venting metal electrodissolution even in decayed areas

where the metal substrate might be exposed to corrosive

environments (Abu-Thabit and Makhlouf 2014; Ates 2016;

Deshpande et al. 2014; Khan et al. 2010; Li and Wang

2012; Spinks et al. 2002; Tallman et al. 2002). PANI is

readily applied as a primer thin film on metal substrate by

electrochemical deposition (Biallozor and Kupniewska

2005; Sazou 2001; Sazou and Georgolios 1997; Sazou

et al. 2007). However, it is not possible to use this approach

on massive engineering structures such as ships and

bridges. Consequently, the chemical synthesis method

(Ciric-Marjanovic 2013) has been tuned and extended

towards commercial practice (Samui et al. 2003; Sathiya-

narayanan et al. 2009; Souza 2007; Souza et al. 2001). Use

of an appropriate CP blended into epoxy resin is required

for an efficient protection performance (Deshpande and

Sazou 2015).

Although numerous CP-based coating systems are used

in combination with epoxy resin, they have not been

completely emerged in application field in which high

corrosion resistance is required. A main reason for this

difficulty is that while conducting polymer-based paints

work as self-healing materials to initiate the oxide
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formation on tiny defects, in the case of large defects,

generated particularly during the propagation of localized

corrosion (pitting or crevice), these coatings do not protect

the metal effectively for long periods of time (Rohwerder

2009). The defect-tolerance performance of CP-based

coatings can be improved by adding inorganic fillers into

the PANI matrix.

The incorporation of nanostructured fillers into the CP

matrix leads to nanocomposite materials (Ćirić-Marjanović

2013; Gangopadhyay and De 2000). Special synthesis

techniques have been suggested to optimize the incorpo-

ration of inorganic nanofillers into the CP matrix (Sen et al.

2016). The uniform distribution of nanofillers generally

provides the hybrid system with properties that differ from

those of individual ingredients. Using CP-based

nanocomposite coatings for corrosion protection, several

limitations of CPs such as processing, homogeneity,

adhesion to metal surface, permeability to corrosive spe-

cies, stability at elevated temperatures, and short service

life can be overcome. Approaches to produce PANI

nanocomposites involve in situ polymerization processes of

aniline (ANI) in the presence of inorganic fillers (Fig. 1).

Several studies have demonstrated use of conducting

PANI nanocomposites as effective pigments in anticorro-

sive coatings, e.g., see references in (Deshpande et al.

2014; Deshpande and Sazou 2015). Utilizing suitable inor-

ganic fillers and dopant ions during the synthesis of PANI

effectively modified the adhesion, high aspect ratio, barrier

properties, and electrical conductivity of PANI. Metal or

metal oxide nanoparticles, smectite clays (e.g., montmo-

rillonite, MMT), carbon nanotubes (CNTs), and graphene

were suggested as possible fillers in PANI nanocomposites

applicable for protection of metals against corrosion. The

resulted organic–inorganic hybrid nanostructured coatings

seem to increase the corrosion resistance of technologically

important metals such as iron (Alam et al. 2010; Anoop

et al. 2013; Mostafaei and Nasirpouri 2013, 2014; Mosta-

faei and Zolriasatein 2012; Sathiyanarayanan et al.

2007b, d), aluminum (Ates and Topkaya 2015; Hosseini

et al. 2011; Jafari et al. 2013; Shabani-Nooshabadi et al.

2011), magnesium (Sathiyanarayanan et al. 2007a; Zhang

et al. 2013) and copper (Jafari et al. 2016; Shabani-

Nooshabadi and Karimian-Taheria 2015; Singh et al.

2013a).

The enhanced anticorrosion performance of PANI

nanocomposite coatings containing metal and metal oxide

nanoparticles has been attributed primarily to synergistic

effects that improve the electrochemical corrosion property

of PANI, increase the surface area available for the release

of dopant ion (corrosion inhibitor) due to the nano-size

filler, as in the case of TiO2 nanoparticles (Jafari et al.

2013; Li et al. 2013b; Mahulikar et al. 2011) and enhance

the cathodic protection of metals, as in the case of Zn

nanoparticles where conducting PANI preserves conduc-

tance between Zn particles and metal substrate (Tuken

et al. 2006).

In the case of PANI-clay nanocomposite coatings,

improved protection performance has been explained on

the basis of properties of clay lamellar elements (e.g., high

aspect ratio, stiffness, and high in-plane strength) resulting

in improved gas barrier effect, thermal stability, and

mechanical strength (Soundararajah et al. 2009). Since the

first report by Yeh et al. (2001), important on-going

developments on preparation procedures and techniques

aiming at improved protective properties of lamellar

nanocomposites of PANI with a variety of layered mate-

rials have emerged. In particular, MMT in combination

with PANI has been widely used for the anticorrosion

protection of metals and alloys, e.g., steel (Chang et al.

2007; Kalaivasan and Shafi 2012; Olad and Rashidzadeh

2008; Yeh et al. 2007) and aluminum (Hosseini et al. 2011;

Shabani-Nooshabadi et al. 2011).

This article was prepared to review the progress made in

the last decade toward the direction of developing PANI

nanocomposite coatings using inorganic nanostructured

materials in the presence of or inside the PANI matrix for

metal protection against corrosion. Emphasis is placed on

PANI nanocomposite coatings used for steel protection in

corrosive environments. Blends and composites of nanos-

tructured PANI with conventional organic polymers (Pud

et al. 2003) were not discussed apart, but only in con-

junction with PANI-inorganic filler system when conven-

tional polymer is one of ingredients. Suggested corrosion

protection mechanisms of PANI-based coatings are briefly

highlighted first, and then several examples of PANI

nanocomposite coatings exhibited more effective corrosion

protection of steel than neat PANI coatings are discussed.

Synthesis techniques and the origin of improved anticor-

rosion properties of PANI nanocomposite coatings asso-

ciated with special properties of the hybrid PANI

nanocomposite system are outlined.Fig. 1 Formation of the polyaniline nanocomposite from constituents

using an oxidant agent
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Corrosion protection mechanism induced
by polyaniline-based coatings

The corrosion protectionmechanismof PANI is still not fully

comprehended and considerable work remains to be done

toward an unanimously accepted mechanism for metal pro-

tection. PANI protection mechanism is complicated com-

pared with that of conventional organic coatings acting

mostly via a barrier effect that increases the diffusion resis-

tance of corrosive species toward the metal substrate.

Understanding the way by which PANI offers protection

comprises several factors including coating formulation,

corrosive environment, metal substrate, electrochemical

properties, and acid–base equilibrium of PANI along with

doping–dedoping process, the nature, and size of dopant ion

(Dominis et al. 2003; Kinlen et al. 2002; Silva et al. 2007).

Electrochemical properties of PANI provide PANI-

based coatings with self-healing and multifunctional

properties. Pristine PANI exists in three different forms

(Fig. 2), the completely reduced leucoemeraldine base

(LEB) (x = 0), half-oxidized emeraldine base (EB)

(x = 0.5), and completely oxidized pernigraniline base

(PA) (x = 1).

PANI as LEB, EB, and PA is an insulator and only in the

form of emeraldine salt (ES) exists as a conductor or rather

as a semiconductor. The ES state can be achieved by

proton doping (Fig. 3).

Anodic protection mechanism

Coatings containing PANI provide enhanced protection on

a surface of an oxidizable metal due to the electrochemical

properties of PANI. There is a general consensus that the

PANI plays the role of an oxidizer either by promoting

passivity through the formation of the oxide layer beneath

the coating or by retarding a local corrosion process once

initiation of small defects and exposition of a tiny area of

the metal surface to the corrosive environment occur. The

capability of PANI to maintain stainless steel in its passive

state was early noticed by DeBerry (1985) introducing the

idea of the anodic protection mechanism (DeBerry 1985).

Wessling (1996) hypothesized and supported by a series of

experimental results the self-healing capability of PANI in

its ES form. It could keep the open circuit potential of a

metal|electrolyte interface in anodic values, within the

passive region, maintaining thereby a protective oxide

layer on the metal surface. A sufficient condition to be

fulfilled in this model is that oxygen reduction on the

PANI-based coating can restore the polymer charge which

was exhausted by metal corrosion in order for the open

circuit potential to be re-established within the passive

region (Wessling 1996). Reactions (1) and (2) display that

the reduction of PANI results in the passivation of the

metal substrate whereas the oxidized form of PANI can be

Fig. 2 Different states of pristine PANI, leucoemeraldine base (LEB) (x = 0, completely reduced form), emeraldine base (EB) (x = 0.5, half-

oxidized form), and pernigraniline base (PA) (x = 1, completely oxidized form)

Fig. 3 Protonic doping of the emeraldine base (EB) leads to the conducting emeraldine salt (ES) of PANI
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recovered by the reduction of dissolved or atmospheric

oxygen:

1=nM þ 1=mPANI� ESmþ þ y=nH2O

! 1=nM OHð Þ n�yð Þþ
y þ1=mPANI� LEB0 þ y=nHþ

ð1Þ

m=4O2 þm=2H2O þ PANI� LEB0

! PANI� EBmþ þmOH�: ð2Þ

There exist also evidences for a shift of the location of

cathodic reactions due to the conductive state of PANI. For

instance, the reduction of oxygen to hydroxide ions shifts

from the metal surface to the PANI|electrolyte interface

associated perhaps with reaction (2):

m=4O2 þm=2H2O þme� ! mOH�: ð3Þ

When PANI is used as a primer without a topcoat there

is a high possibility for a cathodic degradation of the

interfacial bonds from the metal|PANI interface and hence

the delamination of PANI film from the metal substrate due

to the increase of pH at the interface. Therefore, the effi-

cacy of reactions (1)–(3) is strongly dependent on the

barrier topcoat, which is expected to be impermeable to

water and oxygen hindering their transport through the

PANI film. The anodic protection mechanism was ade-

quately supported by numerous evidences, particularly for

metal materials exhibiting active to passive transition like

iron and ferrous alloys (Deshpande and Sazou 2015).

However, contradictory experimental results and diverse

opinions exist with respect to the corrosion protection

properties of EB and ES states of PANI (Cecchetto et al.

2007; Dominis et al. 2003; Fang et al. 2007). Electro-

chemical studies on EB-coated aluminum substrates pro-

vided evidence that EB is able to promote transition of the

metal to the passive state and decrease of the corrosion

current depending on the EB film thickness. It was postu-

lated that the ennobling effect of the metal substrate is

mediated by the presence of ES inside the film formed by

water doping of EB in the electrolyte and/or by acid–base

interaction of EB with the hydrated substrate. Perhaps, this

low conductivity of the film in conjunction with the low

ion-permeability of EB might act beneficially in neutral

environments by decreasing the hydrogen and oxygen

reduction rates and and thus improving the corrosion

resistance of aluminum (Cecchetto et al. 2007).

In the case of ferrous metals, it is suggested that the EB

form of PANI with polyurethane topcoats (amine-cured

epoxy was avoided to exclude the possibility the ES form

to be converted to EB due to the alkaline nature of epoxy

topcoat) might provide more effective anticorrosion pro-

tection to the metal substrate. On the contrary, the effec-

tiveness of the ES form was found to be dependent on the

type of the dopant used. The dependence of the corrosion

rate on the type of dopant of PANI appears to be associated

with the extent of galvanic activity between the ES and the

steel substrate, which results in the reduction of PANI

(Beard and Spellane 1997) manifested by the color change

of the film from green to yellow (Dominis et al. 2003).

Therefore, for metals, which do not exhibit active–passive

transition an increase of the open circuit potential or the

corrosion potential may cause an increase in corrosion

current.

Controlled inhibitor release mechanism

According to the controlled inhibitor release mechanism,

suitable dopant ions (selected to be corrosion inhibitors)

can be released through the reduction of PANI due to metal

electrodissolution at pinholes (Kendig et al. 2003; Souza

2007; Torresi et al. 2005) or ion-exchange process (Kendig

and Hon 2004). The released dopant anions can either form

a second physical barrier, which blocks the transport of

corrosive species like aggressive anions (Kinlen et al.

2002; Souza et al. 2001) or inhibit oxygen reduction

(Kendig and Hon 2004). These PANI-based coatings are

also termed as smart coatings in the sense that the dopant

anion (corrosion inhibitor) is released on demand, in other

words, when destruction of the coating leads to metal

corrosion and consequently to the PANI reduction (reac-

tions (1) and (2)). Besides oxide formation, complexes

between the inhibitor and metal ions can be produced on

the metal surface resulting in additional anodic protective

layers (Silva et al. 2005).

Cathodic protection mechanism

It was also observed that PANI can protect mild steel in

neutral aggressive media by the contribution of a cathodic

protection effect through the so-called « switching

zone » mechanism (Elkais et al. 2013). Elkais et al. (2013)

reported that benzoate-doped PANI shifts the corrosion

potential of mild steel in 3 wt% NaCl toward negative

values due to the dedoping process, reaction (1) and oxy-

gen reduction, reaction (3). Under these conditions, the Fe

electrodissolution rate is low due to the slow kinetics of

reaction (3) on the PANI surface. In the LEB form of

PANI, the corrosion potential is determined by the oxygen

reduction on mild steel surface and the doping process,

possibly by Cl-. The electrons released during the doping

process could be transferred to the metal where the oxygen

reduction occurs preventing the anodic Fe electrodissolu-

tion due to the cathodic protection effect. After a partial

doping of PANI, the potential shifted to less negative

values and the series of the above-mentioned processes

repeated. In the case of partially coated steel surfaces with

benzoate-doped PANI, corrosion prevention via the
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cathodic protection effect is restricted within a region

located close to the PANI coating (Elkais et al. 2013).

However, there is uncertainty regarding the role of

dissolved oxygen reflecting the general ambiguity for

corrosion protection mechanisms by PANI (Fang et al.

2007; Nguyen et al. 2004). For instance, Li et al. (2011)

pointed out the significant role of the oxygen reduction in

corrosion protection by the EB form of PANI in terms of a

different mechanism. In the presence of the EB coating, a

dense oxide film was observed on the steel surface beneath

the coating, through reactions (1) and (2), while no oxide

film was formed on the exposed in 1 wt% NaCl steel area

though corrosion protection was provided. This behavior

was explained by the different reduction rates of O2 on EB

and bare steel. It was suggested that oxygen reduction is

catalyzed on EB due to the strong activation ability of

PANI on chemisorbed O2. Thus, an oxygen concentration

gradient emerges between EB-free and EB-coated areas

leading to the diffusion of O2 from the EB-free to the EB-

coated area. Consequently, the depletion of O2 results in

the suppression of corrosion in the exposed EB-free area

(Li et al. 2011).

Barrier protection mechanism

PANI coatings may also act as physical barriers preventing

the transport of corrosive agents toward the metal substrate.

In other words, an insulating PANI (EB) coating with

sufficient thickness and low porosity works like a con-

ventional barrier paint coating (Deshpande and Sazou

2015). A simple barrier effect, however, is not what is

anticipated when PANI-based coatings are designed for

metal protection because PANI-based coatings are inten-

ded to offer active protection. Certainly, a barrier effect

works synergistically to other mechanisms originated from

the electrochemical and electronic properties of PANI.

Understanding PANI protection mechanisms to a cer-

tain extent has led to a recent great effort to reinforce the

corrosion protection performance of PANI-based coatings

via several strategies. Among these strategies, the prepa-

ration of PANI nanocomposite coatings is regarded as a

very promising approach toward the development of

novel PANI-based anticorrosive coatings with enhanced

activity and relatively long lasting service life. In sum-

mary, at the presence of solidnanofillers in the PANI

nanocomposite system, the resulting coatings exhibit

better corrosion ability due primarily to: (i) the stability of

the redox activity of PANI and diminution of its degra-

dation, (ii) imporved ability of PANI to function persis-

tently as a reservoir of inhibitor anions/dopants, which are

uniformly distributed within the nanocomposite replacing

chlorides in the PANI component and may be released

once a defect appears and PANI is reduced, (iii) the

uniform distribution of PANI and the increased possibility

of forming uniform passive layers on the metal surface,

(iv) the control of the electrical conductivity of PANI

influenced also by the size, functionality, and amount of

doped PANI chains present in the nanocomposite system,

(v) the restriction of the penetration and lengthening of

the diffusion path of water and oxygen molecules through

the nanocomposite coating and (vi) the enhanced

mechanical stability of the coating and its high adhesion

strength to the metal substrate.

By varying the nature of component materials, the

synthesis technique, and reaction parameters, several

physicochemical properties of PANI nanocomposite coat-

ings can be controlled. Moreover, the versatility of tech-

niques available for the characterization of nanocomposite

materials led to the realization of new properties that have

raised a wide scientific and technological interest also in

other disciplines. The evaluation of the corrosion protec-

tion efficiency of PANI-based nanocomposite materials

implemented on metals in the form of coatings is based

primarily on electrochemical measurements, such as

monitoring of the open circuit potential (OCP), potentio-

dynamic polarization recordings, and Tafel analysis as well

as electrochemical impedance spectroscopy (EIS) carried

out in corrosive environments. This series of measure-

ments, along with weight loss measurements in some cases,

has been applied in most of the studies discussed in sec-

tions following this one to assess corrosion current, or

corrosion rate, corrosion potential, and resistance of PANI-

based nanocomposite coatings as well as the long-term

stability of coatings in corrosive media, especially in

neutral chloride-containing solutions. Comparative

tables composing PANI nanocomposites with different

inorganic fillers applicable for corrosion protection of steel

are included in Appendix.

Polyaniline–Zn nanocomposites

Zinc nanoparticles are expected to improve the barrier

property of PANI coating resulting in an enhancement of

its protective capability, as was observed using a combi-

nation of PANI with zinc dust (Kalendova et al. 2008). In

most cases, the effective corrosion protection property of

PANI–Zn hybrid materials applied on iron seems to be

primarily based on a synergistic effect. Certain content of

nanoparticles at a particular size is required for such a

synergistic effect to be evolved bringing together barrier

and redox properties of PANI–Zn nanocomposites. Adding

considerably high amounts of Zn (or related ZnO, salt or

complexes) in the PANI matrix may weaken the mechan-

ical strength and the adhesion of PANI–Zn composite

coatings to the substrate.
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PANI–Zn nanocomposites can be readily prepared by

in situ chemical polymerization of ANI in the presence of

Zn nanoparticles using ammonium peroxydisulphate (APS)

as oxidant in a HCl solution. The resulted PANI–Zn

nanocomposite can be applied on metals in the form of

coatings by the solution casting method. PANI and PANI

nanocomposites were dispersed first in N-methlyl-2-

pyrrolidone (NMP). Olad and Rasouli (2010) have shown

that iron samples coated with PANI–Zn (5 wt%)

nanocomposite exhibit an anodic shift of the open circuit

potential and decreased corrosion current in 0.1 M H2SO4

and 0.1 M HCl compared with iron samples coated with

simple PANI (Olad and Rasouli 2010). The average size of

Zn nanoparticles was * 80 nm. The improved corrosion

protection provided by PANI–Zn nanocomposite coatings

was attributed to the good barrier properties of Zn

nanoparticles, and the enhancement of the electrochemical

activity of PANI in the presence of Zn nanoparticles.

PANI–Zn nanocomposites exhibit a higher conductivity

than that of pure PANI. Similarly with PANI, Zn plays the

role of a sacrificial anode resulting in a synergistic effect

and thereby an efficient anticorrosion performance of

PANI–Zn nanocomposite coatings on iron.

A more effective preparation method of PANI–Zn

nanocomposites for industrial purposes was found to be a

solution mixing method by which a solution mixing of

PANI and Zn nanoparticles/particles can be prepared (Olad

et al. 2011). Olad et al. (2011) found that the Zn average

particle size and loading are critical factors for the

improvement of the protective ability of PANI–Zn

nanocomposite coatings prepared on iron by the casting

method. Increasing the Zn loading increases the electrical

conductivity and protective efficiency of both PANI–Zn

nanocomposites and PANI–Zn composites containing Zn

nano- and microparticles, respectively. Experimental

results indicated a higher electrical conductivity and a

better corrosion protection effect for the PANI–Zn

nanocomposite coatings on iron coupons than for PANI–Zn

composite coatings (Olad et al. 2011). The best corrosion

protection effect in 0.1 M HCl was found for the PANI–Zn

nanocomposite (4 wt%) coating. This result was associated

with the good dispersion of Zn nanoparticles in the PANI

matrix and hence with the low porosity of the coating and

the increased tortuosity of the diffusion path of corrosive

species toward the metal surface.

In an attempt to enhance the mechanical strength of

PANI and take advantage of the synergistic effect of PANI

and Zn in protection of iron, a hybrid thin layer coating

comprising PANI–Zn nanocomposite and epoxy resin was

applied on iron surfaces immersed in 0.1 M HCl (Olad

et al. 2012). It was shown that the presence of both zinc

nanoparticles and epoxy resin in PANI improved the

overall anticorrosion performance of PANI–Zn

nanocomposite epoxy coatings on iron samples. The best

anticorrosion performance evaluated on the basis of the

open circuit potential and corrosion current was achieved at

a loading of 4 wt% Zn nanoparticles and 3–7 wt% epoxy

resin. In this PANI-based formulation, epoxy resin

enhanced the mechanical and barrier properties of PANI

whereas Zn nanoparticles reinforced the electrochemical

anticorrosion behavior of PANI.

Polyaniline-ZnO nanocomposites

Nanostructured PANI and ZnO form a strong network in

a nanocomposite coating when their content in the com-

posite exceeds the percolation threshold (\2 wt% for

nanoparticles). The combination of PANI with ZnO can

hinder ionic and electronic transport processes across the

film via a synergistic effect since ZnO exhibits n-type

semiconductivity whereas PANI in its half-oxidized form

(ES) acts as a p-type semiconductor. Therefore, p–n

junction could be established in the PANI–ZnO compos-

ite, which permits electron transport only in one direction

enhancing the barrier effect of the PANI–ZnO composite

coating.

Patil and Radhakrishnan (2006) prepared conducting

PANI-based hybrid composite coatings containing

nanoparticulate ZnO in a poly(vinyl acetate) (PVAc)

matrix for steel protection. The PANI was also in

nanometer size, doped with dodecylbenzenesulfonic acid

(DBSA). The PANI–PVAc–ZnO nanocomposite was pre-

pared by a mixing solution method. Coatings containing

both ZnO and PANI (2 wt%) in the PVAc matrix exhibit

improved corrosion protection performance on steel plates

immersed in saline water in comparison with the one-

component PVAc coating or even the two-component

PVAc–ZnO coating (Patil and Radhakrishnan 2006).

Authors attributed the enhanced anticorrosion performance

to the synergistic effect of PANI with PVAc and ZnO

nanorods. PANI provides a physical barrier inhibiting the

transfer of corrosion species to the steel surface and

simultaneously assists passivation of steel either when a

defect in the coating is formed and the corrosion current

increases or the coating gets breached and the PANI–

PVAc–ZnO composite becomes a cathode to the steel.

Additionally, under these conditions, PANI can release the

dopant anion (DBSA), which forming complexes with iron

may also lead to the steel passivation. The release of

inhibiting dopants is triggered by the reduction of PANI.

The role of PANI is well supported via scanning electron

microscopy (SEM) images of PANI–PVAc–ZnO coatings

treated in the corrosive environment. SEM images display

a uniform surface without pits such as those observed in the

case of the PANI-free PVAc–ZnO coating.

464 Chem. Pap. (2017) 71:459–487

123



In a series of studies (Mostafaei and Nasirpouri

2013, 2014; Mostafaei and Zolriasatein 2012), a variety of

physicochemical properties of the PANI–ZnO nanocom-

posites and corresponding coatings in epoxy resin were

investigated upon varying the content in ZnO nanorods

along with the corrosion protection ability of epoxy

nanocomposite coatings. PANI filled with ZnO nanorods

can be prepared by using the chemical oxidative poly-

merization of ANI in camphorsulfonic acid (CSA) with

APS in the presence of ZnO (Mostafaei and Zolriasatein

2012). Adding ZnO nanorods as fillers in PANI matrix

reduces the electrical conductivity (Mostafaei and Nasir-

pouri 2013, 2014). The measured conductivity values of

nanocomposites in comparison with those of constituents

can be seen in Table 1. The decline of the electrical con-

ductivity was attributed to interactions between PANI and

ZnO nanorods as the possibility of bond formation between

PANI via –NH on the surface of ZnO nanorods is enhanced

resulting in the decrease of the conducting PANI:ZnO

nanorods ratio (Mostafaei and Nasirpouri 2014). PANI–

ZnO nanocomposites show also improved thermal stability

as compared to PANI assigned to strong interactions at the

interface created between ZnO and PANI, though ther-

mogravimetric analysis revealed that the decomposition

trend of nanocomposites is similar to that of PANI.

Mostafaei and Nasirpouri (2014) have shown that the

PANI–ZnO nanocomposite combined with epoxy resin,

can lead to coatings on carbon steel plates that exhibited

better corrosion resistance in 3.5 wt% NaCl compared with

pure epoxy and epoxy-PANI coatings (Table 1). The con-

tent of conducting materials in the epoxy binder was 2 wt%

and the dry film thickness for all coatings equal to

*120 lm. Electrochemical measurements on the coated

steel samples in the corrosive medium indicated that the

open circuit potential shifted to anodic values, the impe-

dance was increased and the corrosion rate was reduced in

the case of PANI–ZnO nanocomposite coatings (Mostafaei

and Nasirpouri 2014). It was argued that ZnO nanorods,

additionally to PANI, can appreciably expand the barrier

effect and hence the corrosion protection performance of

the epoxy coating due to the flaky -shaped structure of

PANI–ZnO nanocomposites. As was observed in SEM

images (Fig. 4), the morphology of PANI exhibiting

mostly agglomerates turns into a flaky structure attributed

to both the presence of ZnO nanorods and doping anion

(CSA).

The flaky structure of nanocomposite coatings seems to

restrict the transport of water through the coating in

agreement with water uptake studies, which have shown

that PANI–ZnO-epoxy coatings exhibit a lesser tendency

for water adsorption and penetration than PANI-epoxy

coating. Additionally, adhesion tests indicated that PANI–

ZnO-containing coatings exhibit an adequate adhesion to

the metallic substrate. As Table 1 shows less than 5% of

the coating was removed by increasing the content of ZnO

nanorods. Though ZnO nanorods cannot be distinguished

in SEM images (Fig. 4b), transmission electron micro-

scopy (TEM) disclosed that PANI uniformly covers the

ZnO nanorods (Fig. 5b).

On the basis of the open circuit potential monitoring

with time and EIS measurements, it was found that the

highest corrosion resistance of epoxy coatings containing

PANI–ZnO nanocomposites appears at a content of 2 wt%

in ZnO nanorods in 3.5 wt% NaCl at both 25 �C (Amir

Mostafaei and Nasirpouri 2014) and 65 �C (Mostafaei and

Nasirpouri 2013, 2014), because the presence of PANI

derives an optimum barrier capability in the nanocompos-

ite-based paint and better structural conditions for the

establishment of passivity at the interface between the

metal substrate and the coating. However, it should be

noted that the coating resistance, Rc decreases with

extending exposure of coated steel samples in 3.5 wt%

NaCl, as can be seen by comparing Rc values at the

beginning and after 30 days of exposure (Table 1). A fur-

ther decrease of the Rc was observed by prolonging the

exposure to the corrosive medium indicating the transport

of Cl- through the coating, though the Rc was sufficiently

high in the case of the epoxy-PANI–ZnO nanocomposite

coatings, even after 120 days of exposure in 3.5 wt% NaCl

at 65 �C (Mostafaei and Nasirpouri 2013, 2014).

Table 1 Electrical conductivity, r of ZnO nanorods, CSA-doped

PANI and PANI–ZnO nanocomposites along with the adhesion

(measured by the % weight loss of surface material) of corresponding

epoxy coatings applied to steel samples and their resistance, Rc in 3.5

wt% NaCl at 25 �C evaluated by EIS measurements (Mostafaei and

Nasirpouri 2014)

Material r (S cm-1) Adhesion of epoxy coatings to metal Rc (initial) (X cm2) Rc (30 days) (X cm2)

ZnO nanorods 0.016 15–35% 7 9 105 3 9 104

CSA-doped PANI 0.025 5–15% 9 9 106 1 9 106

PANI–ZnO 1 wt% 0.0068 5–15% 8 9 107 3 9 107

PANI–ZnO 2 wt% 0.0029 Less than 5% 4 9 109 3 9 109

PANI–ZnO 4 wt% 0.0014 Less than 5% 5 9 108 2 9 108
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In conclusion, PANI in the epoxy-PANI–ZnO nanocom-

posite coatings as a smart material provides a self-healing

capability to the system. The PANI in epoxy coatingsmay be

partially deprotonated resulting in the conversion of the

PANI-ES to the PANI-EB due to the basic nature of the

amine-cured epoxy used in coatings. It was suggested that

that PANI protects via anodic protection and the controlled

inhibitor release mechanism by which the formation of iron

oxide and iron camphorsulfonate complexes is facilitated

when PANI is reduced and dopant anion is released due to the

initiation of pitting corrosion:

2Fe3þ þ 6OH� ! Fe2O3 þ 3H2O ð4Þ

2Fe3þ þ Dopant anion; e:g: CSAð Þ
! Complex passivatingð Þ: ð5Þ

The overall protection mechanism was described

(Mostafaei and Nasirpouri 2013, 2014) as follows

(Scheme 1).

The corrosion protection efficiency of PANI–ZnO

nanocomposite was also examined for iron samples in

3.5 wt% NaCl in the form of coatings prepared with

polyvinyl chloride (PVC) dissolved in tetrahydrofuran by a

solution mixing method (Olad and Nosrati 2013). The

PANI–ZnO nanocomposite with core–shell nanostructure

was synthesized by in situ chemical polymerization of ANI

in the presence of APS, HCl, and dispersed ZnO

nanoparticles (average particle size less than 50 nm). FTIR

characterization of the PANI–ZnO nanocomposite was

shown that peaks related to benzenoid and quinoid rings of

PANI shifted to lower wave numbers demonstrating

Fig. 4 SEM images of a CSA-doped PANI and b PANI–ZnO 2 wt%. Reprinted with permission from (Mostafaei and Nasirpouri 2013) Source:

Copyright 2013 Taylor & Francis Ltd

Fig. 5 TEM images of a ZnO nanorods with diameters ranging from

20 to 50 nm and lengths ranging from 50 to 200 nm, and b PANI–

ZnO 2 wt% nanocomposite in which the ZnO nanorods were

uniformly coated with PANI. Adapted with permission from

(Mostafaei and Nasirpouri 2014) Source: Copyright 2014 Elsevier
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increasing electron density in PANI chains, which results

in an increase of the electrical conductivity of nanocom-

posites, in agreement with previous studies (Alvi et al.

2010; Eskizeybek et al. 2012) but different compared to

findings reported by Mostafaei and Nasirpouri

(2012, 2013, 2014). In latter studies, a decrease of the

electrical conductivity of PANI–ZnO nanocomposites was

measured. Examining the preparation approaches used in

all above-mentioned studies shows that differences

regarding the electrical conductivity trends of nanocom-

posites in the presence of ZnO nanoparticles might be

associated to the different type of dopant used and perhaps

to the PANI:ZnO ratio in the nanocomposite. In studies by

Olad and Nosrati (2013) and Alvi et al. (2010), the poly-

merization was carried out in the presence of HCl, while in

works by Mostafaei and Nasirpouri (2012, 2013, 2014) in

the presence of CSA. The type of dopant used and the level

of doping influence the electron density and bond energy in

the PANI chains as well as the morphology of nanocom-

posites. The morphology might be also affected by the

structure of ZnO nanoparticles.

Corrosion tests carried out by Olad and Nosrati (2013)

in 3.5 wt% NaCl by applying the three-component PVC/

PANI–ZnO coating on iron coupons by casting revealed

enhanced anticorrosion properties for nanocomposite

coatings in comparison with pure PANI. This enhanced

corrosion protection effect of the PVC/PAN–ZnO

nanocomposite coating was attributed to the presence of

ZnO nanoparticles that expand the barrier and electro-

chemical anticorrosive properties of PANI and PVC that

strengthens further the barrier ability of the coating. Sim-

ilarly, good corrosion protection of steel in 0.1 M HCl and

1 M NaCl was also found by Alvi et al. (2015) using

PANI–ZnO nanocomposite coatings prepared by dissolv-

ing the PANI–ZnO powder in NMP (Alvi et al. 2015).

The presence of ZnO nanoparticles (with average

diameter\100 nm) in the polymerization solution (sulfuric

acid and aniline) during the potentiostatic deposition of the

poly(o-phenylenediamine) (PoPDA) on austenitic stainless

steel (AISI304) was found to lead easily to PoPDA-ZnO

nanocomposite coatings (Ganash 2014). The presence of

ZnO nanoparticles enhanced the barrier and electrochem-

ical properties of PoPDA and thereby supported active

protection to stainless steel in 3.5 wt% NaCl for prolonging

periods of time. It was suggested that ZnO nanoparticles

catalyze the oxygen reduction on the PoPDA surface pro-

moting its ability to plug pores and defects by triggering

the oxide formation as soon as a pinhole appears.

In an attempt to improve the properties of PANI–ZnO

nanocomposite, Alam et al. (2016) suggested a terpolymer

of aniline (ANI), 2-pyridylamine (PA) and 2,3-xylidine

(XY), poly(AN-co-PA-co-XY) filled with ZnO nanoparti-

cles namely, poly(AN-co-PA-co-XY)-ZnO (Alam et al.

2016). Synthesis of the PANI-based nanocomposite was

carried out through a chemical oxidative polymerization of

aniline employing APS as oxidant agent. The ZnO

nanoparticles, fairly dispersed into the terpolymer matrix,

affect the crystalline structure of the nanocomposite.

Nanocomposites of homopolymers: PANI–ZnO,

poly(XY)-ZnO, and poly(PA)-ZnO were also synthesized

through similar synthesis routes. The resulted compounds

were deposited on mild steel specimens using solvent

evaporation method with NMP as solvent and 10 wt%

epoxy resin as binder. Anticorrosive properties of

homopolymer nanocomposites, terpolymer, and corre-

sponding nanocomposite coating applied on mild steel

were studied in 0.1 M HCl by subjecting coated mild steel

surfaces to various corrosion tests. The results revealed that

after 30 days of immersion in the corrosive medium the

terpolymer nanocomposite coating provided better corro-

sion protection in comparison to the terpolymer alone and

individual homopolymer nanocomposite coatings. FTIR

spectrum suggested strong interactions between terpolymer

chains and ZnO nanoparticles. Prolonging the immersion

of coated mild steel did not cause any significant damage to

the terpolymer nanocomposite coating displaying a defect-

free surface whereas the terpolymer coating was affected

and ample cracks were visible on the coating surface.

Scheme 1 Passivation of steel

induced by conducting PANI-

based nanocomposite coating
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Polyaniline-TiO2 nanocomposites

PANI–TiO2 nanocomposites can be prepared by: (i) in situ

polymerization of ANI with APS as the oxidant in the

presence of TiO2 nanoparticles (usually prepared by a sol–

gel method) (Radhakrishnan et al. 2009), (ii) in situ elec-

trochemical polymerization (i.e., by cyclic voltammetry) of

aniline in the presence of TiO2 nanoparticles from 0.5 M

H2SO4 resulting in a direct electrodeposition of the PANI–

TiO2 nanocomposite on the metal substrate (Abaci et al.

2014; Ates and Topkaya 2015), (iii) self-assembly method

involved in situ polymerization of ANI and its derivatives

in the presence of TiO2 nanoparticles and salicylic acid

(Mahajan and Mhaske 2012) or different surfactants

(Yavuz and Aysegul 2007).

Several studies have shown that the morphology and

physico-electrochemical properties of PANI–TiO2 con-

ducting composites differ as compared with those of

the « host » PANI matrix and the « guest » TiO2 filler

(Somani et al. 1999; Su and Gan 2012). The protection

efficiency of PANI–TiO2 conducting materials is essentially

improved if nanoparticles instead of microparticles of TiO2

can be used (Sathiyanarayanan et al. 2007b, d). The TiO2

nanoparticles interacting with PANI via the formation of

hydrogen bonding lead to changes in the morphology and

electrical properties of PANI (Xu et al. 2005). The electrical

conductivity of nanocomposites at a low TiO2 content is

greater than that of neat PANI. Upon increasing the content

of TiO2, the conductivity shows a gradual decrease. The

characteristic current–voltage curve of PANI–TiO2

heterostructure diode displays a nonlinear response which

confirms that a p–n heterostructure at the interface between

PANI and TiO2 can be created (Abaci et al. 2014).

Interactions between TiO2 particles, ANI ring sub-

stituent and dopant may also modify the morphology and

properties of composites. For instance, poly(o-anisidine)

(POA)-TiO2 microspheres produced in the presence of

salicylic acid (SA) as a dopant and APS as oxidant dis-

played regular spherical morphology. The spherical mor-

phology established via the self-assembly of microspheres

was assigned to the hydrogen bonding between the –OH

group of SA and the amine group of POA as well as to the

interactions developed between POA and TiO2 particles.

The conductivity of POA-SA-TiO2 composite micro-

spheres was lesser than that of the POA-SA coating (Ma-

hajan and Mhaske 2012).

Radhakrishnan et al. (2009) prepared conducting PANI–

TiO2 nanocomposite-based coatings for the protection of

stainless steel plates. PANI–TiO2 nanocomposites of dif-

ferent PANI:TiO2 ratios were synthesized chemically by

in situ chemical polymerization of ANI in the presence of

APS, HCl and different amounts of TiO2 nanoparticles.

The stainless steel substrate was dip coated in a dispersion

formed by mixing PANI–TiO2 powder with polyvinyl

butyral (PVB). The open circuit potential of the coated

stainless steel (0.38 VSCE) in 3.5 wt% NaCl shifted anod-

ically with time. The presence of TiO2 nanoparticles in the

PANI–TiO2 nanocomposite coating was found to be crucial

in ennobling the open circuit potential and enhancing the

corrosion resistance of the coated stainless steel. It was

postulated that PANI as p-type semiconductor impedes

electron transport, while TiO2 as n-type semiconductor

prevents the hole transport through the interface. Addi-

tionally, the charge transport from PANI to TiO2 is hin-

dered due to the difference in energy levels. Therefore, a

synergistic effect was suggested to be responsible for the

outstanding corrosion protection performance of PANI–

TiO2 nanocomposite coatings (Radhakrishnan et al. 2009).

Mahulikar et al. (2011) have observed that PANI–TiO2

nanocomposites in epoxy binder showed superior physic-

ochemical and mechanical properties when applied on

carbon steel panels compared to plain nanoPANI-contain-

ing coatings in epoxy binder. PANI spherical nanoparticles

were prepared by emulsion polymerization in the micellar

solution of sodium dodecyl sulfate. Improved anticorrosion

performance of PANI–TiO2-epoxy nanocomposite coatings

for carbon steel in 3.5 wt% NaCl, 5 wt% HCl, 5 wt%

NaOH was rationalized via enhanced barrier property,

oxide formation ability, and p–n junction effect, which

contributes by inhibiting charge transport when a pinhole

was formed (Mahulikar et al. 2011).

Strongly adherent core–shell PANI–TiO2 nanocomposite

films electrodeposited on a steel electrode by cyclic voltam-

metry from a polymerization solution containing ANI, oxalic

acid solution, and TIO2 (rutile) nanoparticles displayed

superior corrosion protection effect in 1 wt% NaCl that pure

PANI films (Karpakam et al. 2011). The enhanced anticor-

rosion performance of PANI–TiO2 nanocomposite films was

attributed to the strong interactions, perhaps hydrogen bond-

ing, between the PANI and TiO2 nanoparticles revealed by

FTIR and XPS techniques, the high adhesion strength,

homogeneity of the nanocomposite film and the stable elec-

troactivity of PANI–TiO2 nanocomposite films.

Interactions between the polymer and TiO2 particles

resulted in a more uniform structure of the obtained com-

posite. Characterization of poly(2,3-dimethylaniline)

(PDMA)–TiO2 composites prepared by in situ oxidative

polymerization of 2,3-dimethylaniline (DMA) in phosphoric

acidmediumwithAPS as oxidant showed that TiO2 particles

were encapsulated or entrapped into the polymer core than

being simply blended or mixed up. The higher protective

efficiency of PDMA-TiO2-containing epoxy resin coatings

against the corrosion of steel in 3.5 wt%NaCl in comparison

with that of PANI- and PDMA-containing coatings was
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attributed to a synergistic result between the electrochemical

properties of PDMA, the large surface area available for the

liberation of dopant due to the presence of TiO2 nanoparti-

cles and the increase of the barrier against the transport of

corrosive species (Li et al. 2013b).

Cyclic voltammetry applied for the direct electrodeposi-

tion of PANI–TiO2 composite on A304 stainless steel from

LiClO4-sulfuric acid solution led to PANI–TiO2 coatings

with TiO2 nanoparticles homogeneously covered by PANI.

The corrosion protection properties of PANI–TiO2 coatings

investigated in 1 MH2SO4 by potentiodynamic polarization

and EIS measurements were noticeably enhanced in the

presence of TiO2. The protection efficiency of PANI–TiO2

nanocomposite coating depends on the ANI:TiO2 ratio in the

polymerization solution and is promoted at a low content of

TiO2 (Abaci and Nessark 2015). The corrosion protection

effect of PANI–TiO2 coatings seems to be related to the

decrease of PANI degradation and low porosity of the

composite coating in the presence of TiO2 particles.

Therefore, improvement of the barrier effect and other

physico-mechanical properties of PANI–TiO2 nanocom-

posite coatings, stabilization of the redox activity of PANI,

enlargement of the surface area available for the release of

dopant ions, and establishment of a p–n junction between

PANI and TiO2 nanoparticles to hinder charge transport

once the coating is broken are all factors operating syner-

gistically toward the enhancement of the coating protection

efficiency when low amount of TiO2 nanoparticles are

encapsulated in the PANI matrix.

Polyaniline–ZrO2 nanocomposites

ZrO2was widely used effectively as anticorrosionmaterial on

mild steel (Behzadnasab et al. 2011) and NiTi (Sui and Cai

2006).The combinationofPANI and its derivativeswithZrO2

might be expected to result in composite materials with

improved anticorrosion properties (Gu et al. 2012). Toward

this goal, ZrO2 nanoparticles were combined with poly(o-

toluidine) (POT) resulted in the POT-ZrO2 nanocomposite

coating (Chaudhari et al. 2007). Using cyclic voltammetry,

Chaudhari et al. (2007) synthesized electrochemically, in a

single step, strongly adherent poly(o-toluidine) (POT)-ZrO2

coatings on mild steel from aqueous tartrate solutions of o-

toluidine containing ZrO2 nanoparticle. Potentiodynamic

polarization and EIS measurements have shown that the

inclusion of ZrO2 nanoparticles into the polymer matrix can

notably improve the corrosion properties of POT in aqueous 3

wt% NaCl. This behavior was assigned to the lower porosity

of the POT-ZrO2 nanocomposite coating that hinders the

access of chlorides to the mild steel substrate. The POT-ZrO2

nanocomposite surface was uniform displaying a pore-free

and smooth morphology. It seems that either the ZrO2

particles seal the pores in the coating or the addition of ZrO2

changes the morphology of the POT (Chaudhari et al. 2007).

Polyaniline-CdO nanocomposites

Cadmium-containing coatings are widely used in pigments to

prevent galvanic corrosion between steel and aluminum and

prolong anticorrosive protection. CdO is an inorganic coun-

terpart in the composite. Within this framework, Chaudhari

et al. (2010) suggested the electrochemical synthesis of POT-

CdO nanocomposite to serve as a corrosion protection coating

on mild steel. Anticorrosion properties can be regulated by

controlling the incorporation of CdO-nanoparticles

(*18 nm) into poly(o-toluidine) (POT) from an aqueous

tartrate solution. It was shown that the electrodeposited POT-

CdO nanocomposite may function as excellent anticorrosive

coating preventing initiation of localized corrosion on mild

steel in 3 wt% NaCl (Chaudhari et al. 2010).

Polyaniline -ferrite nanocomposites

The combination of PANI with ferrite-type pigments was

found to exhibit good protection properties against the corro-

sion of carbon steel (Brodinove et al. 2007). Ferrite-type pig-

ments were first prepared by mixing oxides (ZnO) and

carbonates (CaCO3, MgCO3) of relevant metals with iron

oxide, and PANI deposition was carried out on pigment par-

ticles by oxidative polymerization of ANI. This type of PANI-

ferrite-alkyd coatings demonstrated higher anticorrosive

capability than PANI-alkyd coatings due to the presence of

ferrite. It should be noted that PANI-alkyd coatings alone

exhibited also a considerable protective effect against the

corrosion of steel in aggressive environments like 5 wt%HCl,

5 wt% NaOH, and 3.5 wt% NaCl (Alam et al. 2009). PANI-

alkyd coatings attract special interest in metal protection

technologyas theyarepreparedusing the soyaoil alkyd.Due to

their unique chemical structure with unsaturation sites, epox-

ies, hydroxyls, esters, and other functional groups along with

inherent fluidity characteristics, the vegetable oils constitute a

large class of eco-friendly, low cost materials capable to be

used as ingredients in paints and coatings (Alam et al. 2014).

The preparation of PANI-ferrite-alkyd coatings can be

achieved by mixing a proper amount of PANI-ferrite with

10 wt% soya oil alkyd solution in xylene to attain different

loadings of the nanocomposite, ranging from 0.5 to

1.5 wt% (Alam et al. 2008). The PANI in PANI-alkyd

coatings was produced by emulsion polymerization

employing sodium dodecyl sulfonate (Oh and Im 2002).

Alam et al. (2008) have shown that the physicochemical

and mechanical properties of PANI-alkyd coatings were

considerably improved with increasing the loading of alkyd
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in the PANI-ferrite nanocomposite. PANI-ferrite-alkyd

coatings work as efficient inhibitors against the corrosion

of steel in 5 wt% HCl, maintaining high resistance to

corrosive ions (Alam et al. 2008). Equally effective cor-

rosion inhibition was also observed in alkaline media for

the PANI-ferrite-alkyd-coated steel. The inhibition effi-

ciency of the composite was found to be of the order of

83% in 3.5 wt% HCl and 79% in 3.5 wt% NaOH (Alam

et al. 2010). The improved inhibition efficiency of the

PANI-ferrite-alkyd nanocomposite coating as compared

with that of PANI-alkyd coatings was attributed to the

dense, nonporous, continuous network-like structure of the

nanocomposite coating.

Polyaniline–Fe2O3�NiO nanocomposites

There exist evidences that the 1:1 PANI–Fe2O3 composite

coating containing phosphate as a dopant provided higher

corrosion protection to steel in 3 wt% NaCl than the

coatings containing only Fe2O3 or PANI due to the growth

of a passive oxide film along with the establishment of an

iron-phosphate salt film on the iron surface (Sathiya-

narayanan et al. 2007c). It is anticipated that the presence

of Fe2O3 nanoparticles instead of Fe2O3 microparticles

would provide even a better protection effect.

As was shown by Nghia and Tung (2009), PANI–Fe2-
O3�NiO nanocomposites with interesting magnetic and

conductive properties can be prepared using in situ

polymerization of aniline in the presence of Fe2O3�NiO
nanoparticles synthesized by precipitation–oxidation

methods. Investigations regarding the structure of the

PANI–Fe2O3�NiO nanocomposite showed that Fe2O3�NiO
nanoparticles were well dispersed in the PANI matrix

with a uniform size ranging between 50 and 60 nm.

Moreover, it was found that the saturated magnetization

of the nanocomposite increases whereas its electrical

conductivity decreases by increasing the Fe2O3�NiO
content. Corrosion tests on painted steel panels in 3 wt%

NaCl disclosed that the protective functioning of poly-

urethane paint containing PANI–Fe2O3�NiO nanocom-

posite was appreciably extended with increasing the

PANI–Fe2O3�NiO content in paint (Nghia and Tung

2009).

Hydrophobic polyaniline-SiO2 nanocomposites

PANI-SiO2 composite coatings doped with dodecylben-

zenesulfonic acid and blended in polystyrene exhibited

enhanced corrosion protection for cold-rolled steel than

PANI (Weng et al. 2012). Weng et al. (2012) assigned

this enhanced protective property to the synergistic effect

of the passive oxide layer stabilized or restored by PANI

on the metal surface and the barrier property of PANI-

SiO2 core–shell microspheres. Using SiO2 particles in

nano- instead of micro-size in composite coatings, the

active role of PANI in corrosion protection seems to be

further promoted.

Corrosion studies have shown that PANI-SiO2

nanocomposites in the form of coatings showed enhanced

protection properties ascribed to the improved electro-

chemical properties and uniform dispersion of PANI in

the coating. PANI-SiO2 nanocomposites can be synthe-

sized electrochemically or chemically by in situ poly-

merization of ANI (Bhandari et al. 2012) as well as by

emulsion polymerization (Yu et al. 2012) in the presence

of properly treated SiO2 nanoparticles. SiO2 nanoparticles

of uniform size can be obtained by a hydrolysis process of

tetraethyl orthosilicate (TEOS) in the presence of aqueous

ammonia followed by isolation of silicon dioxide and

calcination at 823 K (Bhandari et al. 2012). Though

PANI-SiO2 hybrid coatings prepared directly from a

PANI emulsion medium and TEOS via a sol–gel process

provided improved barrier effect and corrosion protection,

the increase of TEOS content in the PANI-SiO2

nanocomposite caused fragility and micro-breaks in the

coating which might lead to the deterioration of the

anticorrosion property.

PANI-SiO2 nanocomposites with improved hydropho-

bic character can be prepared by in situ chemical

oxidative polymerization of ANI using APS as an oxi-

dant in 0.2 M phosphoric acid/0.2 M perfluoro octanoic

acid (PFOA). By this method, SiO2 particles formed

micelles in PFOA and ANI was adsorbed on SiO2

nanoparticles. The polymerization process was controlled

by a drop-wise addition of APS for 4–6 h at a temper-

ature of 0–3 �C (Fig. 6). The PANI-SiO2 can then be

isolated and dried.

The powder coating method was suggested to be con-

venient and effective in developing hydrophobic, highly

adhesive, long-lasting polymer nanocomposite coatings

(Anoop et al. 2013). Hydrophobic PANI-SiO2 nanocom-

posites synthesized chemically by in situ polymerization

and deposited on mild steel via powder coating method

exhibit improved corrosion protection performance as

compared to that of PANI in 3.5 wt% NaCl. The

hydrophobic character of the PANI-SiO2 nanocomposite

and the reinforcement of PANI chains due to the presence

of SiO2 nanoparticles were considered as critical factors for

the anticorrosion effectiveness of these coatings (Bhandari

et al. 2012). Therefore, the PANI-SiO2 nanocomposite

facilitates the formation of the passive oxide layer due to

the presence of PANI and simultaneously acts as a physical

barrier to prevent chloride transport to reach the metal
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substrate. On the other hand, the entrapped SiO2

nanoparticles into the PANI matrix decrease the PANI

degradation in corrosive environments by strengthening

PANI chains.

Certain interactions between poly(2,3-dimethylaniline),

P(2,3-DMA), and SiO2 nanoparticles seem to result in

better thermal stability and electrochemical performance of

the P(2,3-DMA)-SiO2 nanocomposite in comparison with

the P(2,3-DMA). It was reported that the P(2,3-DMA)-

SiO2 nanocomposite synthesized by in situ polymerization

using SiO2 nanoparticles was remarkably modified with

respect to the poly(2,3-dimethylaniline) (P(2,3-DMA)) (Ma

et al. 2014). Examining the anticorrosion properties of

epoxy coatings containing simple P(2,3-DMA) and P(2,3-

DMA)-SiO2 nanocomposite showed that the P(2,3-DMA)-

SiO2 nanocomposite coating provided better protection to

steel in 3.5 wt% NaCl than the simple P(2,3-DMA) coat-

ing. Improved anticorrosive properties of the P(2,3-DMA)-

SiO2 nanocomposite coating seem to be related to entrap-

ped SiO2 nanoparticles, which contribute to better barrier

properties by reducing the transport of corrosive agents

through the coating.

Hydrophobic polyaniline-boron nitride
nanocomposites

Hierarchical PANI-boron nitride (BN) nanocomposites

with a surface textured analogous to that of the Aloe-vera

leave were synthesized by in situ chemical polymerization

of aniline in the presence of colloidal BN nanoparticles

(ANI:BN = 37:1) and mixed with poly vinyl alcohol

(PVA) to prepare coatings for the corrosion protection of

mild steel (Sarkar et al. 2016). Sarkar et al. (2016) pro-

posed that the 3D hierarchical evolution of PANI-BN

nanocomposites is based on the morphological evolution of

1D nanofibers, as can be seen in Fig. 7. Aniline dimers and

semidines result in the formation of trimers with phenazine

moiety that constitute nucleates. Nucleates in acidic solu-

tion (pH\ 2.5) are transformed to initiation centers for the

following propagation of PANI chains and the growth of

PANI nanofibers (Chiou and Epstein 2005a, b). The self-

assembly of nucleates into 1D columnar structure is not

favored in the presence of BN colloidal particles due to

strong p–p interactions between the surface of BN and the

Fig. 6 Schematic representation of hydrophobic PANI-SiO2 nanocomposites (Bhandari et al. 2012)
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nucleate that follows the hierarchical evolution of PANI

chains with the core of the hierarchical tube filled up with

self-assembled BN nanoparticles.

The corrosion resistance of mild steel samples painted

with PANI-BN-PVA nanocomposites, PANI-PVA, and

PVA coatings was investigated in 1 M HCl, 1 M H2SO4,

and 3.5 wt% NaCl solutions by potentiodynamic polariza-

tion and EIS measurements. The PANI-BN-PVA coating

exhibits enhanced anticorrosion efficiency as compared with

PANI-PVA and PVA coatings. It was suggested that the

ennobling of the open circuit potential and improved cor-

rosion protection properties are associated with changes in

the physicochemical properties of PANI, such as the crys-

tallinity and hydrophobicity, due to the incorporation of BN

nanoparticles into the core structure of PANI-BN nanohy-

brid material. The presence of the hierarchical PANI-BN

nanocomposite improved the adhesion and mechanical

properties of coatings by increasing the interactions between

the PANI-BN and steel surface. Due to the rough surface

and the improved hydrophobicity of PANI-BN-containing

coatings, the transport of Cl-, H2O, and O2 is limited and

the self-healing effect is enhanced. Eventually, there is a

synergistic effect between PANI and nano BN particles that

results in the suppression of steel electrodissolution

improving concurrently the tendency for passivation.

Polyaniline-SiC nanocomposites

Hu et al. (2016) reported recently that steel coupons coated

with PANI-based coatings containing silicon carbide (SiC)

nanoparticles exhibit enhanced corrosion resistance in 3.5

wt% NaCl compared with corresponding coupons coated

with SiC–free PANI coatings (Hu et al. 2016). The PANI-

SiC nanocomposites were synthesized by in situ chemical

polymerization of aniline on the surface of SiC nanopar-

ticles. As Fig. 8 shows, dispersion of the PANI-SiC

material into epoxy (EP) resin and appropriate curing leads

to the PANI-SiC/EP hybrid coatings. XRD analysis

revealed that the cystalline structure of SiC nanoparticles is

retained in the presence of PANI. Moreover, FTIR spectra

indicated physicochemical interactions between PANI and

SiC, likely through hydrogen bonds, since the character-

istic peaks of PANI shift to lower wavenumbers.

Potentiodynamic polarization along with EIS measure-

ments and immersion tests was carried out comparatively for

uncoated steel and coated with PANI-SiC/EP, PANI/EP, and

pure EP. The results indicated that the anticorrosion perfor-

mance of PANI-SiC/EP hybrid coating was better than that of

other coatings. The enhanced corrosion protection ability of

the PANI-SiC/EP coating can be attributed to the formation of

uniform passive layer on the steel surface and prevention of

corrosion species to reach the substrate due to the barrier

properties of SiCnanoparticles. SEMmicrographs support the

densification properties of the nanocomposite material, in

concert with FTIR andUV spectra that indicated the existence

of interactions between PANI and SiC. It was revealed that

SiC nanoparticles are evenly dispersed in PANI matrix

resulting in remarkable improvement of the compactness of

the PANI structure. Similar enhanced corrosion protection

properties were also recognized in the case of poly(o-tolu-

idine)-SiC/EP nanomposite coatings (Huang et al. 2015).

Fig. 7 Genesis of hierarchical PANI-BN nanohybrids. Reprinted with permission from (Sarkar et al. 2016) Source: Copyright 2016 American

Chemical Society
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Polyaniline-clay nanocomposites

Since first reports (Yeh et al. 2001, 2002) on the better

anticorrosion performance of PANI-clay composites

against the corrosion of cold-rolled steel in 5 wt% NaCl

compared to that of conventional PANI coatings, many

studies regarding the preparation and evaluation of corro-

sion protection properties of lamellar nanocomposites of

PANI with various layered materials were reported (Ak-

barinezhad et al. 2011; Chang et al. 2007; Chang et al.

2006; De Riccardis and Martina 2014; Deshpande et al.

2014; Deshpande and Sazou 2015; Hosseini et al. 2011;

Kalaivasan 2015; Kalaivasan and Shafi 2012; Navarchian

et al. 2014).

Layered materials like smectite clays (e.g., montmoril-

lonite, MMT) exhibit high aspect ratio, stiffness, and high

in-plane strength. Two kinds of MMT are mostly used,

namely hydrophilic montmorillonite (Na-MMT) and

organophilic montmorillonite (O-MMT). Layered silicates

such as MMT consist of negatively charged layers, which

are stacked face to face forming crystallites, called also as

tactoids, with a regular gap in between them (interlayer

spacing or gallery). Depending on the synthesis route but

primarily on the ANI:clay ratio, two types of structure can

be obtained for PANI-clay nanocomposites: (i) intercalated

nanocomposites where PANI chains are between the tac-

toids, resulting in regular repeated layers of clay and

polymer, and (ii) exfoliated nanocomposites where clay

crystallites are delaminated forming individual layers dis-

persed within the polymer.

Among synthetic approaches for preparing PANI-clay

nanocomposite materials is the intercalation of anilinium

salt inside the interlayer region where, after the addition of

the oxidizing agent, the ANI?-MMT as precursor drives

in situ the chemical polymerization between the tactoids

(Fig. 9) (Reena et al. 2009). Amphiphilic dopants like the

dodecylbenzenesulfonic acid and camprorsulfonic acid are

frequently used because they combine both hydrophilic and

hydrophobic character by which can maximize the affinity

between hydrophilic host (MMT) and hydrophobic quest

(ANI) and, in addition, serve as a dopant for PANI.

Furthermore, PANI-clay nanocomposite materials have

also been prepared by suspension and emulsion oxidative

polymerization. By these routes, the polymerization may

not necessarily occur inside the interlayer spacing (exfoli-

ated nanocomposites). Though, several experimental

observations support structurally restricted polymerization

conditions for PANI in the presence of clay, the length of

PANI chains and either the intra-chain or inter-chain PANI

arrangements depend on the amount of clay or the

PANI:clay ratio, the dopant and the polymerization route.

Chang et al. (2006) prepared nanocomposite materials

comprising PANI and Na-MMT clay platelets through

in situ chemical polymerization with APS as oxidizing

agent and dodecylbenzenesulfonic acid (DBSA) as dopant

and emulsifier/intercalating agent. The anticorrosion

properties of the synthesized nanocomposite materials at

low Na-MMT clay loading up to 3 wt% were investigated

on cold-rolled steel (CRS) in 5 wt% NaCl in comparison

with those of neat DBSA-doped PANI coatings. The

coatings on CRS were prepared by dissolving first the

DBSA-doped PANI and nanocomposite powder in NMP

and the solutions were cast drop-wise on the CRS surfaces.

Due to the relatively low content of Na-MMT clay, the

PANI-Na-MMT nanocomposite exhibited a mixed nanos-

tructure with individual layers along with multiple ones, up

Fig. 8 Schematic

representation of the preparation

of PANI-SiC/EP hybrid

coatings on steel surfaces (Hu

et al. 2016)
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to four layer stacks, exfoliated into the PANI matrix.

However, despite the low clay amount, the electrical con-

ductivity of PANI-Na-MMT nanocomposite was found to

be lower than that of the DBSA-doped PANI. This

behavior was rationalized by the decreasing molecular

weight of PANI existing in the nanocomposite, which

evaluated by gel permeation chromatography was found to

be remarkably lower than that of the neat PANI. This

explanation was further supported by the higher electrical

conductivity found for the nanocomposite of PANI with

organophilic, O-MMT clay (PANI-O-MMT) in the pres-

ence of the same amount of clay, which exhibited a higher

molecular weight (Chang et al. 2006). The electrical con-

ductivity is associated with the continuous conductive

network through the composite, which seems to be limited

in these nanocomposites implying perhaps a reduction of

radical cation segments in PANI chains due to the con-

finement of the polymeric chains (Do Nascimento et al.

2006).

On the basis of potentiodynamic polarization and EIS

measurements, PANI-Na-MMT nanocomposite coatings

were found to be superior in corrosion protection of CRS in

5 wt% NaCl than the DBSA-doped PANI due to the

combination of the redox catalytic property of PANI and

the molecular barrier effect of MMT clay platelets dis-

persed in nanocomposites. The enhancement of the

molecular barrier effect of PANI-Na-MMT nanocomposite

coatings might be due to the dispersed silicate monolayer

of MMT clay in the PANI matrix resulting in a lower

permeability of H2O and O2 through the nanocomposite

and in lengthening of their diffusion pathways. Moreover,

the PANI-Na-MMT nanocomposite coating containing

3 wt% Na-MMT clay exhibited better corrosion protection

effect on CRS than the PANI-O-MMT nanocomposite

coating with the same clay loading (3 wt%) (Chang et al.

2006).

In another study, Chang et al. (2007) investigated

comparatively the anticorrosive properties of PANI-Na-

MMT nanocomposite (at 1 wt% Na-MMT clay loading)

and DBSA-doped PANI coatings on CRS at different

operational temperatures and found that the corrosion

potential of uncoated, DBSA-doped PANI and PANI-Na-

MMT-coated CRS all shifted to lower values indicating

more severe corrosion in 5 wt% NaCl upon increasing the

operational temperature from 30 to 50 �C. However, even
under relatively high temperatures the DBSA-doped PANI

Fig. 9 Schematic representation of in situ oxidative polymerization

of ANI between the interlayer region of clay where an amphiphilic

sulfonic acid may serve concomitantly as intercalating precursor

ANI?-MMT and dopant for PANI Reprinted with permission from

(Reena et al. 2009) Source: Copyright 2009 John Wiley and Sons
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and PANI-Na-MMT nanocomposite coatings protect

effectively CRS coupons. The decrease of the polarization

resistance in the case of PANI-Na-MMT nanocomposite

coatings was lesser than for the uncoated and PANI-coated

CRS (Chang et al. 2007). These findings might be associ-

ated with the increase in the electrical conductivity of

PANI-Na-MMT nanocomposites caused by increasing the

operational temperature within the same range, though the

effect of the operational temperature was not provided on

the as prepared DBSA-doped PANI but for PANI doped

with inorganic acids. In the same study, authors studied the

temperature effect on PANI and PANI-Na-MMT

nanocomposite doped with HCl, HNO3, and H2SO4. It was

shown that the effect of the type and size of dopant on the

electrical conductivity of the PANI-Na-MMT nanocom-

posite is similar with that of the neat PANI though elec-

trical conductivity values are lower than those for PANI, by

almost one order of magnitude. The electrical conductivity

followed the order HCl[HNO3[H2SO4 for both PANI

and PANI-Na-MMT nanocomposite due perhaps to the

smaller size of Cl- relatively to the size of other dopant

anions (Chang et al. 2007).

An enhancement of anticorrosion properties was also

observed in the case of nanocomposite coatings comprising

poly(o-methoxyaniline) (PMA) and Na-MMT clay (Yeh

et al. 2007). DBSA-doped PMA and PMA-Na-MMT

nanocomposite along with corresponding coatings were

prepared through the same chemical polymerization routes

and preparation methods used in above-mentioned studies

(Chang et al. 2006, 2007). PMA-Na-MMT nanocomposite

coatings at low Na–MMT clay loading (up to 5 wt%)

exhibited better corrosion protection efficiency for the CRS

in 5 wt%NaCl than the neat DBSA-doped PMA. This effect

was assigned to the combination of the redox catalytic

property of PMA with the barrier effect of MMT clay pla-

telets against the transport of O2 and H2O through the coat-

ing, as in the case of PANI-based analogous nanocomposite

coatings. Likewise, the electrical conductivity of the PMA-

Na-MMT nanocomposite was found to be lower than that of

the DBSA-doped PMA implying perhaps a decreased con-

jugated chain length of the PMA within the Na-MMT clay.

This observation seems consistent with the blue shift of the

excitation absorption peak in UV–Vis spectra for

nanocomposites and the lower molecular weight found for

the PMA existing in nanocomposites.

Olad and Rashidzadeh (2008) prepared nanocomposites of

PANI with organophilic montmorillonite (O-MMT) and

hydrophilic montmorillonite (Na-MMT) by in situ chemical

oxidative polymerization of ANI in 1.5 M HCl using as oxi-

dant agent the APS. In this study, the role of hydrophilic and

organophilic MMT on the anticorrosion effectiveness of

PANI-based nanocomposite coatings is examined compara-

tively. Cyclic voltammetricmeasurements of nanocomposites

on Au have shown that both PANI-Na-MMT and PANI-O-

MMT (with 5 wt% MMT content) exhibit reversible electro-

chemical redox behavior with slightly higher anodic/cathodic

currents in the case of the latter nanocomposite. In agreement,

with this behavior, the PANI-O-MMT exhibited higher

(29.4%) electrical conductivity than the PANI-Na-MMT

nanocomposite (5.8%) and the neat PANI. This result is

consistent with the trend reported by Chang et al. (2006).

Coatings of PANI-Na-MMT and PANI-O-MMT

nanocomposites and neat PANI were prepared by the

casting method using NMP as solvent. The corrosion pro-

tection performance of three coatings was investigated

comparatively by potentiodynamic polarization measure-

ments for iron samples in 3.5 wt% NaCl and 1 M H2SO4.

On the basis of corrosion potential, Ecorr and corrosion

current, Icorr, Olad and Rashidzadeh (2008) found that both

nanocomposites might offer better corrosion protection

than neat PANI only in 3.5 wt% NaCl. In contrast, in 1 M

H2SO4 both the Ecorr and Icorr for nanocomposites shift to

higher values with respect to corresponding values evalu-

ated for PANI. It should be noted that these findings did not

match neither with corrosion rates evaluated by authors, in

the same work, nor with the final conclusion of the study

(Olad and Rashidzadeh 2008). Both Ecorr and Icorr values

were lower for PANI-O-MMT than for PANI-Na-MMT

nanocomposite coatings in both 3.5 wt% NaCl and 1 M

H2SO4. This trend is different from that reported by Chang

et al. (2006) in 5 wt% NaCl but in agreement with that

observed by other authors (Navarchian et al. 2014).

Differences observed in various studies are perhaps

originated from different preparation methods used. In fact,

Navarchian et al. (2014) used PANI and PANI-MMT

nanocomposite as pigments into epoxy paint, while Olad

and Rashidzadeh (2008) and Chang et al. (2006) applied

PANI and PANI-MMT nanocomposite as primers using the

same casting method. On the other hand, for the synthesis

of PANI-MMT nanocomposites, in situ emulsion poly-

merization in the presence of DBSA was used by Chang

et al. (2006) and suspension polymerization in the presence

of HCl by Olad and Rashidzadeh (2008) and Navarchian

et al. (2014). Therefore, differences may be also originated

from different polymerization routes and dopant anions

used as both factors are expected to influence the structure

and physicochemical properties of PANI-based coatings.

The anticorrosive properties of PANI-Na-MMT- and

PANI-O-MMT-based pigments along with those of the

PANI pigment were studied comparatively for steel sub-

strates in 3.5 wt% NaCl aiming to examine the effect of

clay addition and the type of clay cation, including Na? in

natural clay (Na-MMT) and alkyl ammonium ions in

organo-modified montmorillonite (O-MMT) (Navarchian

et al. 2014). The results from several corrosion tests,

including potentiodynamic polarization, EIS, and weight
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loss measurements, agree that the addition of PANI-O-

MMT nanocomposite into epoxy paint promotes corrosion

protection of steel more effectively than PANI-Na-MMT

nanocomposite and neat PANI do. This trend was

rationalized by considering the higher adhesion strength of

the PANI-O-MMT nanocomposite into epoxy paint on

steel, which was remained almost constant during immer-

sion for 30 days in the NaCl solution compared to pig-

ments containing PANI-Na-MMT and PANI (Navarchian

et al. 2014). The higher adhesion strength may be origi-

nated from the hydrophobic nature of O-MMT compared to

Na-MMT that restricts water uptake and transport of

electrolyte solution through the coating (Bagherzadeh and

Mousavinejad 2012).

Akbarinezhad et al. (2011) synthesized PANI-based

clay nanocomposite by in situ suspension oxidative

polymerization of ANI with APS in the presence of

Cloisite 30B nanoclay, which is an organophilic MMT

(O-MMT). SEM images revealed that the PANI-O-MMT

nanocomposite exhibits tightly packed particles of nan-

oclay and PANI nanoparticles with size ranged from 70 to

150 nm. It was found that the electrical conductivity of

PANI-O-MMT is almost one order of magnitude higher

than that of pristine PANI (r = 6.3 9 10-5 S cm-1).

Though this result is opposite compared to that reported

in above studies, is in agreement with observations

reported by Reena et al. (2009) where experimental data

support the strong influence of the PANI:clay ratio and

dopant anion used on the electrical conductivity and

structure of PANI-clay nanocomposites. At relatively high

concentrations of PANI, the insulative clay may interrupt

the 3-D organization of PANI chains and lead to expan-

ded conformation of PANI chains in a confined environ-

ment where charge delocalization is promoted resulting in

a higher electrical conductivity for the PANI-MMT

composite than for PANI.

The effect of the addition of PANI-O-MMT on the

anticorrosion properties of ethyl silicate zinc-rich primer

(ZRP) was examined by modifying the primer with PANI-

O-MMT. The anticorrosion performance of the PANI-O-

MMT-modified ZRP was investigated in comparison with

that of the unmodified primer on carbon steel panels in

3.5 wt% NaCl for a period of 120 days. Open circuit

potential and EIS measurements have shown that the open

circuit potential and polarization resistance were higher for

the PANI-O-MMT-modified ZRP coating than for the

unmodified ZRP after 120 days of immersion. The open

circuit potential for both coatings remained lower than

-0.8 VSCE during the period of 120 days indicating the

active contribution of zinc particles. The improved corro-

sion protection of the PANI-O-MMT-modified ZRP was

attributed to the electrochemical active contribution of

PANI-O-MMT nanocomposite through the promotion of

the metal substrate passivation and barrier effects (Ak-

barinezhad et al. 2011).

Kalaivasan and Shafi (2012) suggested the synthesis of

PANI-Na-MMT nanocomposites by employing a solvent-

free mechanochemical method, which involves the direct

intercalation of anilinium chloride into Na-MMT layers

and in situ polymerization within interlayer region. After

grinding Na-MMT with anilinium chloride, the APS was

added and the mixture was ground also mechanochemi-

cally (Kalaivasan and Shafi 2012). It was shown that the

HCl-doped PANI-MMT nanocomposite coatings on C45

demonstrated a better anticorrosion performance in 3.5

wt% NaCl over that of conventionally synthesized PANI-

Na-MMT nanocomposite coatings (Kalaivasan 2015).

Clinoptilolite (Clino), a widely distributed zeolite min-

eral in nature, was also found to enhance the anticorrosive

properties of PANI when PANI-Clino nanocomposite was

used in the form of a coating for iron protection (Olad and

Naseri 2010). Clinoptilolite has a two-dimensional layer-

like structure in which (Si,Al)O4 tetrahedral are connected

via oxygen atoms in layers. The PANI-Clino nanocom-

posite was prepared using natural clinoptilolite by chemical

oxidative polymerization of anilinium cations facilitating

the replacement of protons in acidic clinoptilolite. PANI-

Clino nanocomposites with 1, 3, and 5% w/w of clinop-

tilolite content were examined as anticorrosive coatings

(20 lm in thickness) on iron surfaces in different corrosive

media, namely 1 M H2SO4, 1 M HCl, and 3.5 wt% NaCl.

Corrosion tests in acid environments demonstrated that the

PANI-Clino nanocomposite has better protection effect

than the neat PANI coating. The anticorrosive properties of

nanocomposite proved to depend on both the clinoptilolite

content and the corrosive medium. In particular, the PANI-

Clino nanocomposite coating with 3% (w/w) clinoptilolite

exhibited the highest protective efficiency for iron in all the

above-mentioned corrosive media. In conclusion, appro-

priate encapsulation of PANI in clinoptilolite channels and

dispersion of clinoptilolite layers into the PANI matrix

stimulate the anticorrosive performance of PANI-Clino

nanocomposite coating preventing the diffusion pathway of

corrosive agents towards the iron surface (Olad and Naseri

2010).

Layered double hydroxides (LDHs) constitute another

type of clay materials used in the preparation of polymer

nanocomposites. Hu et al. (2014) prepared PANI-LDH-

based nanocomposites by chemical grafting of the PANI

onto LDH. Decavanadate anion (V10O28
6-) with anticor-

rosion ability was intercalated into Zn–Al–NO3-LDH via

an anion-exchange reaction leading to the D-LDH. The

D-LDH was treated with APS to form a bonding layer on

its surface. The PANI–clay composite was synthesized by

in situ oxidative polymerization on the APS-treated

D-LDH surface (AD-LDH) and is designated as PANI-AD-

476 Chem. Pap. (2017) 71:459–487

123



LDH. The corrosion protection effectiveness of the PANI-

AD-LDH nanocomposite was examined in epoxy pigments

applied on mild steel. The PANI-AD-LDH nanocomposite

coating demonstrated a higher anticorrosion effect against

the corrosion of mild steel in 3.5 wt% NaCl than the

individual components D-LDH and PANI. The higher

corrosion protection ability of coatings containing PANI-

AD-LDH nanocomposite has been attributed to: (i) the

increase of the length of diffusion pathways for O2 and

H2O and decrease of the permeability of the coating, (ii)

the redox properties of PANI by which the formation of the

passive oxide film on steel is stimulated and (iii) the

presence of inhibiting anions (V10O28
6-), which, if a defect

is generated, may be released by the reduction of the EB

form of PANI to retard the corrosion of steel (Hu et al.

2014).

Polyaniline-graphene nanocomposites

The lower density and higher aspect ratio of conductive

graphene relative to nonconductive clay platelets inducted

a great deal of interest in utilizing graphene for the

preparation of nanomposite materials in designated appli-

cations, such as energy storage devices (Li et al. 2013a)

and innovative gas (e.g., O2 and H2O) barrier polymer

composite films (Compton et al. 2010). Polymer-graphene

composites being good O2 and H2O gas barriers initiated

also the interest for their application as anticorrosive

coatings (Singh et al. 2013a, b). Within this context, novel

PANI-graphene composite anticorrosion coatings were

obtained through exfoliating and functionalizing by a direct

electrophilic substitution reaction with 4-aminobenzoic

(ABA) in polyphosphoric acid (PPA)/P2O5 (Fig. 10). This

method was developed for graphene functionalization

(Choi et al. 2010) and applied widely for several carbon-

based materials (e.g., carbon nanotubes, diamond, and

fullerenes). The chemical oxidative polymerization of ANI

with different amounts of 4-aminobenzoyl group-func-

tionalized graphene-like (ABF-G) sheets was carried out in

1.0 M HCl solution of the oxidant APS to provide PANI-

graphene composites (PAGCs) (Chang et al. 2012). The

graphene was found to be well dispersed into the PANI

matrix. The electrical conductivity of the PANI-graphene

composites with 0.5 wt% ABF-G loading was one order of

magnitude higher than that of PANI. As conductive filler

the graphene does not cause a decrease but on the contrary

leads to an increase of the electrical conductivity of PANI.

This is not always the case for PANI-clay nanocomposite

materials as clay is an insulator.

PANI-graphene composite was dispersed in NMP and

coatings were prepared by the casting method onto the steel

substrate. The anticorrosive properties of PANI-graphene

composites in the form of coatings on steel were investigated

in 3.5 wt% NaCl (Chang et al. 2012). On the basis of com-

parative results obtained for PANI-graphene and PANI-clay

nanocomposite coatings was concluded that well-dispersed

graphene in the PANI matrix, with a relatively high aspect

ratio compared with clay, enhances the impermeability of

the coating to gas molecules like O2 and H2O. The

enhancement of the coating impermeability to these mole-

cules along with other properties makes PANI-graphene

coatings perhaps more suitable materials in anticorrosion

applications than PANI-clay nanocomposite coatings.

Polyaniline-carbon nanotube composites

Composite materials based on the coupling of carbon nan-

otubes (CNTs) with PANI and its derivatives constitute

multifunctional materials, which retain properties of indi-

vidual components via a synergistic effect (Baibarac and

Gomez-Romero 2006). CNTs can be classified into twomain

categories: single-walled carbon nanotubes (SWNTs) and

multi-walled carbon nanotubes (MWNTs). The former

results from a single graphene sheet, whereas the latter from

additional graphene sheets wrapped around the SWNT core.

In PANI-CNTs nanocomposites, either the polymer func-

tionalizes CNTs or the PANI is doped with CNTs and charge

transfer takes place between the two components via the

formation of donor–acceptor complexes (Fig. 11).

PANI-CNTs nanocomposites have a great potential in

many applications including anticorrosion technology.

Electrochemical deposition of neat PANI and PANI con-

taining two different types of CNTs was carried out on

stainless steel (AISI 304) substrates. The results suggested

that PANI was synthesized electrochemically onto the CNTs

acting as backbone due to a donor–acceptor effect created

between PANI and CNTs (Fig. 11). Thus, the presence of

CNTs in the PANI matrix leads to an increase of the amount

of PANI electrodeposited on the substrate. The PANI-CNTs

nanocomposite films dispalyed an enhanced anticorrosion

performance forAISI 304 in sulfuric acid solutions due to the

improved blocking effect of the composite material regard-

ing transport of corrosion products as compared with that of

PANI films. Furthermore, comparing between two kinds of

CNTs suggested that the blocking property is better forCNTs

of smaller diameter and higher length (Martina et al. 2011).

Deshpande et al. (2013) formulated PANI-MWNTs

nanocomposite paint coating. The corrosion rate was

shown to be 5.2 times lower than that of unpainted low

carbon steel samples (Deshpande et al. 2013). The good

corrosion protection performance of the PANI-MWNTs

nanocomposite paint coating might be due to the larger

surface area and the higher conductivity of the PANI-
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MWNTs nanocomposite relatively with the neat PANI

(Konyushenko et al. 2006). The surface modification of

MWCNTs with PANI and the electronic interaction

between the two ingredients bring functional groups on the

PANI surface that may affect the interaction with the

polymer matrix constituting the paint.

The physicochemical properties of PANI-MWNTs

nanocomposites can be tuned by functionalization with

carboxylic acid and amino groups PANI. Functionaliza-

tion can be carried out by appropriate treatment of

MWCNTs leading to carboxylated and amino CNTs (f-

CNTS), from which PANI-f-CNTs nanocomposite coat-

ings can be prepared by in situ chemical oxidative poly-

merization of ANI (Kumar and Gasem 2015a) or

electrochemical polymerization (Kumar and Gasem

2015b) on mild steel (MS) surface from an aqueous oxalic

acid solution containing 0.1 M ANI and 0.01 M sodium

dodecyl sulfate. In the latter case, the PANI-f-CNTs

nanocomposite coating was directly deposited on the

metal substrate whereas in the former case the dipping

method was used. The resulted PANI-f-CNTs nanocom-

posite coatings displayed uniform dispersion of f-CNTs

into the PANI matrix, improved mechanical properties

and hydrophobicity dependent on the f-CNTs content.

Upon increasing the f-CNT content both the hardness and

the surface hydrophobic character of the coating were

increased. On the basis of electrochemical corrosion tests,

it was shown that the inclusion of CNTs into the PANI

coating can lead to a notable increase in the corrosion

resistance of MS in 3.5 wt% NaCl solution. The best

protective performance was found for PANI-f-CNTs

nanocomposites with good dispersion of the functional-

ized CNTs into the PANI matrix and strong interaction

between PANI and CNTs (Kumar and Gasem 2015a).

Fig. 10 Schematic representation of the preparation of PANI-graphene composites. Reprinted with permission from (Chang et al. 2012) Source:

Copyright 2012 Elsevier

Fig. 11 Illustration of the interaction between PANI and CNTs (Martina et al. 2011) Source: With permission of Springer
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Design care

There is evidence that nanoparticles (\100 nm) such as

SiO2 and TiO2 can be hazardous to humans and can display

ecotoxicity. Therefore, in the design of nanocomposites

with such nanoparticles, hazard reduction extending to the

full nanocomposite life cycle would seem an issue of

concern. Possibilities for hazard reduction comprise:

modifications of nanoparticle surface, crystal structure,

morphology, composition, well fixation of nanoparticles in

nanocomposites, including persistent suppression of

oxidative damage to polymers by nanoparticles and appli-

cable strategies leading to the liberation of fairly large

particles (Reijnders 2009). Given further advances in tai-

loring nano-scale architectures of PANI and SiO2 or TiO2

particles toward enhanced activity and durability in anti-

corrosion technology and other applications, further pro-

gress in hazard reduction approaches is expected alongside

novel multifunctional materials.

Conclusions

Encapsulation of nanofillers such as metal and metal oxide

particles, nanoclays, graphene and carbon nanotubes in

PANI chain results in novel nanocomposite materials,

suitable for the development of self-healing functional

coatings exploited in metal anticorrosion protection. PANI

nanocomposites combining the qualities of conducting

PANI and inorganic nanoparticles display better mechani-

cal, physical, and chemical properties than the parent PANI

and can function as effective pigments in anticorrosive

coatings for steel. The improved protective performance of

PANI-based nanocomposite coatings is mostly associated

with synergistic effects by which anodic or cathodic pro-

tection mechanisms of PANI are enhanced prolonging the

service life of coatings. Control of the physico-electro-

chemical properties of PANI nanocomposites through

appropriate selection of synthesis parameters and compo-

nent materials will be necessary for the development of

protective PANI-based nanocomposite coatings with pre-

determined properties to meet efficiently and persistently

operational conditions of metals in specific corrosive

environments.

Appendix

See Tables 2, 3, 4.

Table 2 Nanocomposites of PANI with metal and metal oxide nanoparticles

Nanocomposite Coating

composition/substrate/corrosive

medium

Synthesis

method

Coating

characterization

Salient features References

PANI–Zn PANI–Zn in NMP/Fe/0.1 M HCl

0.1 M H2SO4

3.5 wt% NaCl

In situ chemical
polymerization in
presence of APS,
HCl

FTIR, AFM, OCP monitoring,
four probe technique,
potentiodynamic polarization,
CV

Increasing conductivity
with Zn content up to
5 wt%

Olad and
Rasouli
(2010)

Zn nanoparticle
size *80 nm

Synergistic effect

PANI–Zn PANI–Zn in NMP/Fe/0.1 M HCl Solution mixing
method

FTIR, XRD, SEM, four
probe technique, EIS,
OCP monitoring,
potentiodynamic
polarization

Best anticorrosion
effect at 4 wt% Zn
loading

Olad et al.
(2011)

Increased tortuosity of
the diffusion path of
corrosive species

PANI–Zn PANI–Zn -epoxy/Fe/0.1 M HCl Solution mixing
method

FTIR, XRD, SEM,
potentiodynamic
polarization, OCP
monitoring

Improved mechanical
and barrier properties

Olad et al.
(2012)

Best corrosion
protection effect at 4
wt% Zn and 3–7 wt%
epoxy
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Table 2 Nanocomposites of PANI with metal and metal oxide nanoparticles

Nanocomposite Coating

composition/substrate/corrosive

medium

Synthesis

method

Coating

characterization

Salient features References

PANI–ZnO DBSA-PANI–ZnO- PVAc/steel/
3.5 wt% NaCl

Solution mixing
method

XRD, SEM, cyclic
voltammetry,
potentiodynamic
polarization, OCP
monitoring

Synergistic effect results in
an enhanced barrier
effect

Patil and
Radhakrishnan
(2006)

Release of DBSA when
PANI is reduced at
coating defects

PANI–ZnO PANI–ZnO-epoxy/steel/3.5 wt%
NaCl

In situ emulsion
polymerization
in the presence
of APS, CSA

FTIR, XRD, SEM, TEM,
TGA, four probe
technique, adhesion
strength, OCP
monitoring, EIS

Best corrosion protection
effect at 2 wt% ZnO
loading

Mostafaei and
Nasirpouri
(2014)

Flaky- shaped structure

PANI–ZnO PANI–ZnO- epoxy/steel/3.5 wt%
NaCl

In situ emulsion
polymerization
in the presence
of APS, CSA

FTIR, XRD, SEM, TEM,
TGA four probe
technique, OCP
monitoring, EIS

Increasing the temperature
from 25 �C to 65 �C the
coating resistance
remains sufficiently high

Mostafaei and
Nasirpouri
(2013, 2014)

PANI–ZnO PANI–PVC–ZnO/Fe/3.5 wt%
NaCl

In situ chemical
polymerization
in the presence
of APS, HCl

FTIR, XRD, SEM, TEM,
four probe technique,
potentiodynamic
polarization, OCP
monitoring

ZnO particles expand
barrier and
electrochemical
properties of PANI

Olad and Nosrati
(2013)

PVC strengthens barrier
ability

PANI–ZnO PANI–ZnO in NMP/steel and Al/
0.1 M HCl

1 M NaCl

In situ chemical
polymerization
in the presence
of APS, HCl

SEM, cyclic
voltammetry,
potentiodynamic
polarization, EIS

Increased adhesion
strength on steel Anodic
protection mechanism

Alvi et al. (2015)

PoPDA–ZnO PoPDA–ZnO/AISI304 stainless
steel/3.5 wt% NaCl

Potentiostatic
deposition

FTIR, SEM, OCP
monitoring,
potentiodynamic
polarization, EIS

ZnO nanoparticles
catalyze the reduction of
O2 on PoPDA

Ganash (2014)

Increased ability of
PoPDA to plug defects
initiating oxide
formation

PANI–ZnO

poly(XY)-ZnO
poly(PA)-ZnO

poly(ANI-co-
PA-co-XY)-
ZnO

Nanocomposites in epoxy resin/
mild steel/0.1 M HCl

In situ chemical
polymerization

FTIR, XRD, SEM, OCP
monitoring, weight loss
measurements,
potentiodynamic
polarization, EIS

Terpolymer
nanocomposite coating
superior in corrosion
protection during
prolonging immersion

Alam et al.
(2016)

Strong interactions
between terpolymer
chain and ZnO particles

PANI–TiO2 PANI–TiO2/stainless steel/3.5
wt% NaCl

In situ chemical
polymerization
in presence of
APS, HCl

SEM, OCP monitoring,
potentiodynamic
polarization, weight
loss measurements, EIS

p-n junction effect Radhakrishnan
et al. (2009)

Enhanced anticorrosion
property due to a
synergistic effect

PANI–TiO2 PANI–TiO2-epoxy/carbon steel/
3.5wt%NaCl

5 wt% HCl

5wt% NaOH

In situ emulsion
polymerization

FTIR, XRD, SEM, TEM,
OCP monitoring,
weight loss
measurements, EIS

Enhanced barrier property
and oxide formation
ability

p–n junction effect

Mahulikar et al.
(2011)
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Table 2 continued

Nanocomposite Coating
composition/substrate/corrosive
medium

Synthesis method Coating characterization Salient features References

PANI–TiO2 Oxalic acid-PANI–TiO2/steel/1
wt% NaCl

Cyclic
voltammetry
from oxalic
acid ? ANI
solution

Cyclic voltammetry,
FTIR, XPS

Improved,
stable electroactivity

Strong interactions
between PANI chains
and TiO2 nanoparticles

Karpakam et al.
(2011)

PDMA-TiO2 PANI–TiO2-epoxy/steel/3.5 wt%
NaCl

In situ chemical
polymerization
in presence of
APS, H3PO4

FTIR, XRD, SEM, OCP
monitoring, EIS

TiO2 nanoparticles
enhanced the barrier
effect and the liberation
of dopant/inhibitor when
PDMA was reduced

Li et al.
(2013a, b)

PANI–TiO2 PANI–TiO2/A304 stainless steel/
1 M H2SO4

Cyclic
voltammetry
from LiClO4-
H2SO4

?ANI
solution

Cyclic voltammetry,
potentiodynamic
polarization, EIS, SEM

Decrease of PANI
degradation and porosity
due to the presence of
TiO2 particles

Abaci and
Nessark (2015)

POT-ZrO2 POT-ZrO2/mild steel/3 wt% NaCl Cyclic
voltammetry
from
tartrate ? ANI
solution

Cyclic voltammetry,
potentiodynamic
polarization, EIS, SEM

Uniform and smooth
morphology

Low porosity

Prevention of chloride
transport

Chaudhari et al.
(2007)

POT-CdO POT-CdO/mild steel/3 wt% NaCl Cyclic
voltammetry
from tartrate
solutions of
o-toluidine

Cyclic voltammetry, UV–
Vis, FTIR, XRD, SEM,
EIS, potentiodynamic
polarization

Low porosity

Reduced corrosion rate

Increased corrosion
resistance

Chaudhari et al.
(2010)

PANI-ferrite PANI-ferrite-alkyd/steel/3.5 wt%
NaCl

5 wt% HCl

5 wt% NaOH

In situ chemical
polymerization
and dispersion
into alkyd

UV–Vis, SEM, weight
loss measurements

Dense, nonporous
continuous network-type
morphology

High resistance to
corrosive ions

Alam et al.
(2008)

PANI-ferrite PANI-ferrite-alkyd/steel/3.5 wt%
NaCl

3.5 wt% HCl

3.5 wt% NaOH

In situ chemical
polymerization
and dispersion
into alkyd

Potentiodynamic
polarization

Low corrosion rate

Good corrosion protection
efficiency

Alam et al.
(2010)

PANI–
Fe2O3.NiO

PANI–Fe2O3.NiO in polyurethane
matrix/steel/3 wt% NaCl

Precipitation-
oxidation
method

XRD, magnetization,
electric conductivity,
SEM, EIS

Magnetic and electric
properties depend on
Fe2O3.NiO content

Nghia and Tung
(2009)

PANI-SiO2 PANI-SiO2/mild steel (powder
coating method)/3.5 wt% NaCl

In situ chemical
polymerization
of ANI in APS,
0.2 M H3PO4/
0.2 M PFOA

FTIR, UV–vis TGA,
SEM, weight loss
measurements,
chronoamperometry,
potentiodynamic
polarization,

Hydrophobic character

Reinforcement of PANI
chains

High resistance to
transport of chlorides

Bhandari et al.
(2012)

P(2,3-DMA)-
SiO2

P(2,3-DMA)-SiO2/steel/3.5 wt%
NaCl

In situ chemical
polymerization
in the presence
of APS, HCl

FTIR, TGA, cyclic
voltammetry, EIS, OCP
monitoring
potentiodynamic
polarization

Improved barrier
properties

Better thermal stability

Delay in transport of
corrosive agents through
coating

Ma et al. (2014)
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Table 3 Nanocomposites of PANI with clay materials

Nanocomposite Coating

composition/substrate/corrosive

medium

Synthesis method Coating characterization Salient features References

PANI-O-MMT PANI-O-MMT in NMP (1

wt%)/CRS/5 wt% NaCl

In situ

polymerization of

ANI in the

presence of APS,

HCl (0.25, 0.5,

0.75 wt%

O-MMT)

FTIR, XRD, TEM, TGA,

GPC, gas permeability,

differential scanning

calorimetry, dynamic

mechanical analysis,

potentiodynamic

polarization

Reduction in O2

permeability

Decrease of PANI

molecular weight,

mechanical strength

and thermal

decomposition

temperature

Better anticorrosion

performance

Yeh et al.

(2001)

PEA-O-MMT PEA-O-MMT in NMP (0.75

wt%)/CRS/5 wt% NaCl

In situ

polymerization in

the presence of

APS, HCl (0.5, 1,

3, 5 wt% O-MMT)

FTIR, XRD, TEM, TGA,

GPC, gas permeability

analyzer, four-probe

technique, UV–vis,

EIS, potentiodynamic

polarization

Enhancement in gas

impermeability up

to 3 wt% MMT

Decrease of PEA

molecular weight

and electrical

conductivity

Yeh et al.

(2002)

PANI-Na-

MMT

PANI-O-MMT

DBSA-doped PANI-MMT in

NMP (1 wt%)/CRS/5 wt%

NaCl

In situ emulsion

polymerization in

the presence of

APS, DBSA (0.5,

1, 3 wt% MMT)

FTIR, XRD, TEM, UV–

Vis, gas permeability

analyzer, four-probe

technique,

potentiodynamic

polarization, EIS

Decreased

conductivity

Enhancement in gas

impermeability

Higher conductivity,

and anticorrosion

performance for

PANI-O-MMT

Chang et al.

(2006)

PANI-Na-

MMT

DBSA-doped PANI-Na-MMT

in NMP (1 wt%)/CRS/5 wt%

NaCl

In situ emulsion

polymerization of

ANI in the

presence of APS,

DBSA (1 wt%

MMT)

FTIR, XRD, TEM, UV–

Vis, gas permeability

analyzer, four-probe

technique,

potentiodynamic

polarization, EIS

Lesser decrease of the

anticorrosion

property of PANI-

Na-MMT with

operational

temperature

(30–50 �C) than that

of PANI

Chang et al.

(2007)

PMA-Na-

MMT

DBSA-doped PMA-Na-MMT in

NMP (1 wt%)/CRS/5 wt%

NaCl

In situ emulsion

polymerization in

the presence of

APS, DBSA (1, 3,

5 wt% MMT)

FTIR, XRD, SEM, TGA,

UV–Vis, gas

permeability analyzer,

four probe technique,

potentiodynamic

polarization, EIS

Enhancement in the

barrier effect against

permeation of O2

and H2O

Decrease in electrical

conductivity and

molecular weight of

PMA

Yeh et al.

(2007)

PANI-Na-

MMT

PANI-O-MMT

PANI-MMT in NMP/CRS/1 M

H2SO4

3.5 wt% NaCl

In situ chemical

polymerization in

the presence of

APS, HCl

FTIR, four-probe

technique,

potentiodynamic

polarization, cyclic

voltammetry

Higher electrical

conductivity for

PANI-O-MMT

Better anticorrosion

performance only in

3.5 wt% NaCl

Olad and

Rashidzadeh

(2008)

PANI-O-MMT PANI-MMT

(2 wt%) in ethyl silicate

ZRP/carbon steel/3.5 wt%

NaCl

Suspension

polymerization in

the presence of

APS

FTIR, XRD, SEM, four-

probe technique, OCP

monitoring, EIS

Higher electrical

conductivity for

PANI-O-MMT and

lower for PANI-Na-

MMT compared to

PANI

Better anticorrosion

performance

Akbarinezhad

et al. (2011)
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Table 3 continued

Nanocomposite Coating

composition/substrate/corrosive

medium

Synthesis method Coating characterization Salient features References

PANI-Na-

MMT

DBSA-doped PANI-Na-MMT/

C45 steel/3.5 wt% NaCl

Solvent-free

mechanochemical

intercalation

method

FTIR, UV–vis, SEM,

potentiodynamic

polarization, EIS

Porous network-type

morphology

Superior in

corrosion protection

over neat PANI

coatings

Kalaivasan and

Shafi (2012)

PANI-Na-

MMT

HCl-doped PANI-Na-MMT/

C45 steel/3.5 wt% NaCl

Solvent-free

mechanochemical

intercalation

method

FTIR, XRD, SEM,

potentiodynamic

polarization

Superior in corrosion

protection over neat

PANI coatings

Kalaivasan

(2015)

PANI-Na-

MMT

PANI-O-MMT

PANI-Na-MMT(2 wt%) in

epoxy/Fe/3.5wt% NaCl

In situ chemical

polymerization in

the presence of

APS, HCl

FTIR, XRD,

potentiodynamic

polarization, EIS,

adhesion tests

Higher anticorrosion

efficiency for PANI-

O-MMT

Improved adhesion

strength

Navarchian

et al. (2014)

PANI-Clino PMA-Clino in NMP/Fe/

1 M H2SO4

1 M HCl

3.5 wt% NaCl

In situ chemical

polymerization in

the presence of

APS, HCl (1, 3, 5

wt% Clino)

FTIR, XRD, SEM, cyclic

voltammetry,

potentiodynamic

polarization

Corrosion protection

efficiency depends

on the corrosive

medium

Higher anticorrosion

efficiency at 3 wt%

loading

Olad and

Naseri

(2010)

PANI-AD-

LDH

PANI-AD-LDH(5 wt%) in

epoxy/mild steel/3.5 wt%

NaCl

In situ chemical

polymerization in

the presence of

APS, HCl after the

V10O28
6-

intercalation

FTIR, XRD, SEM, TGA,

potentiodynamic

polarization, salt spray

test, OCP monitoring,

EIS

Enhancement of

corrosion protection

properties in NaCl

Short nanorods

Partial exfoliation of

AD-LDH in the

PANI matrix

Hu et al.

(2014)

Table 4 Nanocomposites of PANI with carbon-based materials

Nanocomposite Coating

composition/substrate/corrosive

medium

Synthesis method Coating characterization Salient features References

PANI-

graphene

PANI-graphene in NMP/steel/

3.5wt% NaCl

In situ chemical

polymerization

using

functionalized

graphene, APS,

HCl

FTIR, TEM, TGA, four-probe

technique, potentiodynamic

polarization, gas permeability

analysis

Well-dispersed

graphene in

PANI, high

aspect ratio

Enhanced

impermeability

for O2 and H2O

Chang

et al.

(2012)

PANI-CNTs PANI-CNTs/AISI 304/50 mM

H2SO4

Cyclic voltammetry

form ANI, H2SO4

solution

Cyclic voltammetry, SEM,

in situ FTIR spectra

CNTs affect the

electronic

structure of

PANI

Nano-fibrillar

morphology

Blocking of

ferrous ions

Martina

et al.

(2011)
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