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In recent years it has been shown that electrically conducting polymers such as
polyaniline (PANI) in integrated coating applications are able to protect steel from
corrosion due to formation of passive oxide layer on the metal surface. In this report,

we present the comparative corrosion protection performance of the coatings 
containing nanopolyaniline and polyaniline/TiO2 nanocomposites (PTC) on carbon
steel in epoxy binder. The PANI was prepared by emulsion polymerization method of
aniline using ammonium persulphate. The synthesized polymers were characterized by
FTIR, X-ray diffraction (XRD) and the particle size and surface morphology were 
analyzed by transmission electron microscopy technique. The corrosion protection 
performance of the coatings was evaluated by weight loss measurement in different
corrosive media for 960 h and surface morphology was examined by scanning electron
microscopy. Furthermore, immersion test was carried out in an aqueous solution of
NaCl for 720 h and corrosion of the panels was monitored by visual inspection. The
water adsorption in the prepared coatings was also studied. In our study, it was
observed that the PANI/TiO2 in epoxy coating showed better physico-mechanical 
properties as compared to nano-PANI containing coatings. The PANI/TiO2 could be
useful as an adhesion promoter and corrosion inhibitor.

INTRODUCTION

Corrosion protection of the metal is
one the most serious problems that
mankind has to face. Conducting
polymers as either film forming
corrosion inhibitors or in protect-
ing coating have attracted more and
more attention due to excellent
anticorrosion ability and 
environmental friendship [1,2].
Polyaniline is one of the important
conducting polymers which has
been studied extensively for vari-
ous applications such as sensors

[3], transparent conductor [4], 
electrostatic dispersive (ESD),
electromagnetic interference (EMI)
[5] protection and electrochromic
displays, etc. This polymer has
been found to be an important con-
stituent in coatings and recently it
has drawn attention as an effective
material for corrosion protection
[6-10]. Electroactive polymers can
be deposited by two methods,
namely, chemically or electrochemi-
cally [11]. Chemical deposition
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is the best way from the viewpoint of application
practicality, whereas electrochemical deposition is
burdensome and virtually impossible on large 
equipment such as ships, bridges and pipelines [12].
It has been reported that PANI based coatings can
prevent corrosion even in scratched areas where bare
steel surface is exposed to the aggressive 
environment [13,14]. The design and production of
PANI-based coating systems with commercial 
viability requires paint formulations with a minimum
possible agglomeration ICP (intrinsic conducting
polymer), well-dispersed nanoparticles of uniform
size, superior adhesion [15] and prolonged protective
performance under different corrosive conditions. 

The development of conducting polymeric nano-
particles to be used as corrosion inhibitors with 
self-cleaning properties, discoloration resistance and
high scratch as well as wear resistance is expected to
motivate a major revolution in the world of corrosion.
Most of such coatings acquire their biocidal/
self-cleaning capacity by incorporating specific
nanoparticles: basically silver (Ag) and titanium
dioxide (TiO2). Nano-TiO2 is used for developing
anti-UV, anti-bacterial and self-cleaning paints [16]. 

Hydrophobic substrates have ability to remove the
dust particles, water droplets and other contaminants
from the surface. This self-cleaning action helps to
clean and maintain surfaces and to accelerate drying,
leaving the surface with minimal spotting [17]. 

Hence, the present study was aimed at the prepa-
ration of nano-PANI and PANI/TiO2 nanocomposites
followed by their PANI/epoxy and PANI-TiO2/epoxy
coatings on carbon steel panels to study the physico-
mechanical properties and anti-corrosion capability
of these coatings by weight loss measurement and
immersion studies in different corrosive media. The
result of these studies along with the surface morphol-
ogy of the corroded films was examined by scanning
electron microscopy (SEM).

EXPERIMENTAL

Materials
The materials include aniline (purified by distilla-
tion), ammonium persulphate (APS), epichlorohy-
drin, diethylene triamine (S.D. Fine Chemicals Ltd.,

Mumbai, India), sodium dodecyl sulphate (SDS),
bisphenol A, xylene (Loba Chemicals, India) and
TiO2 nanoparticles (Aldrich, USA). All these chemi-
cals were of synthetic grade and used as such in the 
experiment.

General Procedure for Preparation of PANI
An amount of 0.49 g (0.0021 mmol) of APS was 
dissolved in 10 mL of 0.1 M HCl solution and 
added dropwise into a mixture containing 0.40 g
(0.0043 mmol) of aniline and 9.80 g (0.034 mmol) of
SDS in 100 mL of 0.1 M HCl solution, at 1.0 mL/min
rate. The molar ratio of monomer to APS was kept at
2.0 throughout the experiment, and the total volume
of mixture after the addition of initiator (APS) was
110 mL. Since the Krafft point (temperature at which
the solubility of surfactant become equal to the 
critical micelle concentration) of SDS is around
16°C, the polymerization was performed at 20±0.1°C
with the mechanical stirring of 500 rpm in a two-
necked round-bottomed flask mounted in a thermo-
stat for 12 h. The dark green precipitated PANI was
filtered and washed several times with methanol and
then dried in a vacuum oven at 60°C for 72 h.

Preparation of PANI-TiO2 Composites
PANI-TiO2 was synthesized by a method reported in
literature [18].

Synthesis of Epoxy Resin
Epoxy resin was synthesized by a method reported in
literature [19].

Synthesis of PANI/Epoxy and PANI-TiO2/Epoxy
Coatings
The synthesized nano-PANI and PANI-TiO2
nanocomposites were used for the preparation of
PANI/epoxy and PANI-TiO2/epoxy coatings. The
PANI/epoxy and PANI-TiO2/epoxy coatings were
prepared separately, by dispersing 0.5, 1.0 and 
1.5% (by weight) PANI and PANI-TiO2 in 10% (by
weight) solution of epoxy in xylene.

Preparation of Coatings 
PANI/Epoxy and PANI-TiO2/epoxy coatings were
applied by a film applicator on all sides of carbon
steel of dimension 70×30×1 mm3 having thickness of
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120±10 μm and edges were sealed by brush. 

Characterization 
The determination of specular gloss of the prepared
PANI/epoxy and PANI-TiO2/epoxy coatings at 60°C
was performed with gloss meter (G 1060, Khushboo
Scientific, Mumbai, India), while scratch hardness
and impact resistance properties were measured with
the instruments from Khushboo Scientific, Mumbai,
India (ASTM D2794). The surface morphology of the
resulting polymeric films was examined by a Jeol
scanning electron microscope (JSM-6360A).

Water Uptake Studies of Coating
The total paint system was applied over 5 cm × 7.5 cm
glass plates by means of brush and allowed to cure for
7 days at ambient temperature. These coated glass
plates were weighed and immersed in a 500 cm3

beaker containing 400 cm3 of distilled water. The 
panels were reweighed after regular time intervals 
(24 h) after removing the surface water by means of a
blotting paper. The weight gain was measured up to
10 days, with the accuracy of the weight measurement
in the order of ±0.1 mg 

Corrosion Studies
Weight Loss Measurement
Corrosion tests were performed in acid (5% by weight
HCl), alkali (5% by weight NaOH) and NaCl (3.5%
by weight) by placing the steel strips in dip glass dish-
es and dipping the coated samples in the test media
until the coatings showed deterioration and develop-
ment of cracks. The protective behaviour of the poly-
meric films against the dissolution of carbon steel was
evaluated by calculating the corrosion rate (Vp) for
each samples using following expression:

where, Δg is the weight loss in grams for each 
sample, A is the exposed area of the sample in cm2, t
is the time of exposition in years and d is the density
of the metallic species in g/cm3 [20]. 

The weight loss was measured after carefully
washing the samples with distilled water to remove
the deposited corrosion product and dried in a vacuum
at 60°C to remove moisture from the samples.

Immersion Studies
Corrosion studies were carried out with the help of
home-made equipment which was fabricated by 
following the method described by Armelin et al.
[21]. This device allows accelerated immersion assays
in an aggressive solution medium which consists of
an aqueous solution of NaCl (3.5% by weight, pH 6.6)
stored in a glass container, through programme-con-
trolled cycles. The operating conditions for one cycle
were: immersion of coated steel sheets of dimension
(150×100×1 mm) (15 min), wring out (30 min), 
drying stage with bulbs (230 V-100 W, 10 min) and
cooling time at room temperature (5 min). The 
samples were tested for a total exposure time of 
720 h. The corrosion of the steel was monitored by
visual inspection of the coating surfaces using Nikon
L-14 camera. 

RESULTS AND DISCUSSION

Water Uptake Studies of Coating
It was observed that PTC/epoxy coatings absorb less
water compared to those of nano-PANI coatings,
which was due to the surface contact angle between
the former composite with water droplets above 90°
resulting in hydrophobic coating. An exactly opposite
trend was observed in PANI/epoxy coating. The 
contact angle between PANI/epoxy and water droplets
was less than 90° which favoured hydrophilic 
interaction effect (Figure 1).

Figure 1. Water uptake of PANI and PTC paint films. 
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Figure 2. FTIR Spectra of: (a) PANI and (b) PTC.

FTIR Analysis
Figure 2 shows the FTIR spectra of PANI (spectrum
a in Figure 2) and PANI-TiO2 composite (spectrum b
in Figure 2). Close examination of the figure reveals
that the PTC contains all the main characteristics
bands of PANI, i.e., 829 cm-1 (out-of-plane C-H
bond), 1153 cm-1 (aromatic C-N-C bond); 1463 cm-1

(aromatic C=C double bond), and 1605 cm-1 nitrogen
bond between benzenoic and quinonoic rings [6].
These absorption bands when compared to that of
PTC, a slight shift was observed due to strong 
attraction of TiO2 particles with PANI (spectrum b in
Figure 2). Similar observation has been also reported
by Lee et al. [22].

X-Ray Diffraction Studies
The XRD patterns observed for PANI, TiO2 and PTC
are shown in Figure 3. It can be seen that XRD 
pattern of PTC is more or less similar to that of TiO2.
PANI pattern shows that the broad diffraction peak 

Figure 3. XRD Patterns of: (a) PANI, (b) TiO2 and (c) PTC.  

at 2θ = 25.4° is absent in the PTC pattern which 
indicates that the presence of TiO2 in the polymeriza-
tion strongly affects the crystalline behaviour of
PANI and the interaction of PANI and TiO2 restricted
the crystallization of PANI. It was also confirmed that
the PANI deposited on the surface of TiO2 particle
had no effect on the crystallization behaviour of TiO2
particles. 

TEM Analysis
The particle size and surface morphology of PANI
and PTC nanocomposite were investigated by TEM.
The PANI nanoparticles were found to be spherical
with an average diameter of 30-50 nm (Figure 4a).
However, Figure 4b shows the TEM micrograph of
PTC nanocomposite with an average diameter of
110-115 nm. An increase in particle size of PTC was
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due to the formation of PANI around the TiO2
particles. The surface of TiO2 particles has the point
of zero charge at pH 5.9 that may be positively
charged in the acidic condition made by addition of
HCl (pH 2-3). Thus, the Cl- ions adsorbed on the 
positive charged TiO2 particles would work as charge 
compensator for positively charged PANI chain in the
formation of PTC [23]. Figure 4c shows the electron

diffraction pattern of single PTC nanocomposite. 

Physico-mechanical Properties 
The physico-mechanical distinctions between
PANI/epoxy and PTC/epoxy coatings are summarized
in Table 1. The drying time of both coatings (dry-to-
touch and dry-to-hard) was decreased as the 
percentage of PTC nanocomposites and PANI
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(a) (b)

(c)

Resin code Drying time (h) Scratch 
hardness (kg)

Impact 
resistance (kg/cm2)

Flexibility Gloss 
(at 60°C)

Dry-to-touch Dry-to-hard

Epoxy
0.5 PANI/Epoxy
1 PANI/Epoxy
1.5 PANI/Epoxy
0.5 PTC/Epoxy
1 PTC/Epoxy
1.5 PTC/Epoxy

1.00
0.75
0.50
0.50
0.75
0.50
0.50

96
90
87
85
85
80
80

0.9
1.8
2.6
2.3
1.9
2.8
2.4

80
100
150
150
100
150
150

PASS
PASS
PASS
PASS
PASS
PASS
PASS

86
72
62
50
74
65
55

 

 

Figure 4. TEM Micrographs of: (a) PANI, (b) PTC and (c) electron diffraction pattern of composites.

Table 1. Physico-mechanical properties of PANI and PTC (% by weight) in epoxy coating.
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nanoparticles increased. The scratch hardness of both
coatings was found to be synergistically increased as
compared to pristine epoxy coating. Scratch hardness
of both coatings was increased from 0.5% to 1% (by
weight) and again decreased for 1.5% (by weight) due
to increased loading of nanoparticles and nanocom-
posites of the epoxy. The impact resistance of
PTC/epoxy coating was also found to be higher than
PANI/epoxy coatings, and in both cases it was
increased with increasing loading from 0.5% to 1%
(by weight) and then remained constant at 1.5% (by
weight) loading of polymers. The gloss finish of PANI
and PTC in alkyd coating decreased with higher 
percentage composition of conducting polymers, due
to the increase in opacity of the coatings. It can be
concluded that the physico-mechanical properties of
the PTC/epoxy coatings were found to be signifi-

cantly enhanced with the loadings of the PTC
nanocomposites in coatings.

Morphology
The SEM micrographs of 1.0% (by weight) PANI/
epoxy and PTC/epoxy coatings before corrosion (a)
and (c) and after corrosion of coatings (b) and (d) 
are shown in Figure 5, respectively. The SEM 
micrographs of 1.0% (by weight) PTC/epoxy and
1.0% (by weight) PANI/epoxy coated MS specimen
(Figures 5a and 5c) reveal the formation of closely
packed, continuous, dense uniform layers of PTC and
PANI epoxy coatings, indicating intimate, homoge-
neous mixing of the PANI nanoparticles and PTC
nano-composites in coatings. The SEM micrograph of
1% (by weight) PTC/epoxy after 960 h exposure in
HCl 5% (by weight) (d), the coating exhibited a slight 
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Figure 5. SEM Micrographs of: (a) 1% PANI/epoxy coated MS specimen, (b) 1% PANI/epoxy coated MS specimen
dipped in  HCl 5% (960 h), (c) 1% PTC/epoxy coated MS specimen and (d) 1% PTC/epoxy coated MS specimen
dipped in HCl 5% (960 h) (all by weights).
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deposition of salt with small cracks developed though
it remained completely intact. However, in 1.0% (by
weight) PANI/epoxy coating, the coating exhibited
poor performance in the same corrosive media for the
same length of time, with highly deep cracks and
noticeable loss of coating (b). Considering the fact
that PANI polymerization was carried out in the pres-
ence of nano-TiO2 dispersed in the reaction medium,
it is expected that the PANI would be formed around
these particles giving a core-shell type structure: the
core being TiO2 with the shell formed by PANI. This
type of structure would give rise to higher surface
area for PANI as compared to the particles totally
made of PANI. The role of PANI in corrosion protec-
tion is by the virtue of its redox behaviour. PANI is
expected to capture the ions liberated during the 
corrosion reaction of steel in the presence of salt,
water and oxygen and become doped and liberate the
dopant ions which form a passivating layer even
when there is an initiation of the corrosion process at
the substrate. Thus, it acts as a self-healing coating
with improved corrosion resistance [18]. Since the
release of the ions by PANI would be facilitated in the
form of thin layer on nano-TiO2 support, its corrosion
prevention would become more effective when it is in
the form of solid particle.

Corrosion Rate Analysis of PANI/Epoxy and
PTC/Epoxy Coatings
In this study, PANI/epoxy, PTC/epoxy and pure
epoxy coatings were placed in different corrosive
media for 960 h in which the pure epoxy coating was
found to be removed completely within 40-50 h. The
corrosion rate of PANI/epoxy and PTC/epoxy 
coatings were monitored for 960 h and both coatings
showed no visual deterioration or dissolution during
this period. It was found that sample of the epoxy
coated steel had a higher corrosion rate (Vp), while
the rate of corrosion decreased slowly as the 
percentage of PANI and PTC  in epoxy coatings
increased which was due to the formation of superior
passive oxide layer on the metal substrate. In overall
study, it was found that PTC/epoxy coating showed
better corrosion resistivity than PANI/epoxy coatings
(Figures 6a, 6b and 6c). 

Figure 7 shows the immersion studies of the 
coating after 720 h. It was also found that 0.5% (by 

Figure 6. Corrosion rate of PANI/epoxy, PTC/epoxy and
MS coatings in (a) 5% HCl, (b) 5% NaOH and (c) 3.5%
NaCl (all by weights).

weight)  PANI/epoxy, 0.5%  (by weight) PTC/epoxy,
1% (by weight) PANI/epoxy and 1% (by weight)
PTC/epoxy coatings showed better resistivity than
epoxy (e) coatings. It is observed that both PTC-con-
taining coating panels are free from rust and blister
and also there is no more spreading of  rust 
along the tested pannel. However, more corroded part
of the panel was noted for PANI containing coating.

There is also a possibility of charge trapping
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process in such PTC composite because TiO2 is 
n-type [24] with a band gap of 3.13 eV while PANI is
p-type with band gap of 2.1 eV [25] which improves
tremendously the barrier properties of the coating as
well as its self healing effect attributing a great 
advantage in anti-corrosion behaviour when com-
pared to 1% (by weight) PANI/epoxy coating. Both
weight loss measurement and immersion test showed
that the PANI-TiO2 composite (PTC) containning
coating has higher corrosion resistance. The corrosion
and rust formation on steel consist several steps
involving oxidation and reduction reactions:

(i)

(ii)

(iii)

(iv)

when one of the above processes is under arrest, the
corrosion process is inhibited and thus, coating
becomes helpful for corrosion protection. This is
because PANI being p-type provides a large barrier
for electron transport while TiO2 being n-type, causes
an obstruction against hole transport across the 
interface. Also, the charge transport from PANI to
TiO2 and vise versa is not simple due to the difference
in the position of their valence bands and the energy
gaps. Thus, in the above reactions, steps (i) and (ii) are
blocked by the presence of PANI while steps (iii) and
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Figure 7. Photographs of the painted rectangular test pieces: 0.5% PANI/epoxy (a), 0.5% PTC/epoxy (b), 1%
PANI/epoxy (c), 1% PTC/epoxy (d) and epoxy (e) after 720 operating cycles in 3.5% (all by weights) NaCl solution.
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(iv) are delayed by TiO2 [26]. 

CONCLUSION

Conductive PANI nanoparticles were prepared in
emulsion polymerization in the micellar solution of
SDS. The study of FTIR, XRD and TEM confirmed
the formation of PANI nanoparticles and PTC
nanocomposites. The weight loss measurement of
coated sample in 5% (by weight) HCl, 5% (by weight)
NaOH and 3.5% (by weight) NaCl and immersion
studies in 3.5% (by weight) NaCl test have shown that
the PTC-containing coating had higher corrosion
resistivity property than PANI-containing coating.
The PTC-containing coating prevented the corrosion
by three possible mechanisms operating simultane-
ously: (a) enhancement of barrier properties, (b) for-
mation of passive oxide layer on the metal surface and
(c) formation of p-n junctions which stop easy charge
transport when coating is subjected to scratch or
scribble. Apart from the prevention of corrosion,
PTC-containing coating exhibited better physico-
mechanical properties as compared to PANI-contain-
ing coating. Such system could be used as primer
coating or single coating on steel where the chances of
corrosion are greater.  
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