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Abstract The application of nanotechnology in the
corrosion protection of metals has recently gained
momentum. A polymer nanocomposite coating can
effectively combine the benefits of organic polymers,
such as elasticity and water resistance, to that of
advanced inorganic materials, such as hardness and
permeability. Environmental impact can also be
improved by utilizing nanostructure particulates in
coatings and eliminating the requirement of toxic
solvents. Nanocomposites have also proven to be an
effective alternative to phosphate-chromate pretreat-
ment of metallic substrate, which is hazardous due to
the presence of toxic hexavalent chromium. This article
reports some of the preliminary investigations on the
corrosion-resistance performance of soya oil alkyd,
containing polyaniline/ferrite nanocomposite. The cor-
rosion-protective performance was evaluated in terms
of physico-mechanical properties, corrosion rate, and
SEM studies. The polyaniline/ferrite nanocomposite
coatings were found to show a far superior corrosion-
resistance performance compared to that of a pure
PANI/alkyd system.
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Introduction

Nanostructured materials have been establishing them-
selves as the modern generation of high-performance
materials in many areas, ranging from automotive

engineering to bioengineering, owing to a vast array of
unique properties.1,2 The tiny size of the nanoparticles
produces an extraordinarily high surface energy, an
increased number of surface atoms that exhibit en-
hanced compactness, and physico-mechanical and phys-
ico-chemical resistance performance compared to
common microparticles. Advancements in modern
engineering and technology have hastened the devel-
opment of high-performance, corrosion-resistant coat-
ings that have a broad spectrum of effectiveness under a
wider range of hostile environments.3 There has been a
lot of interest in the possibility of using conducting
polymers—such as polypyrrole, polyaniline, and their
derivatives—in the corrosion protection of iron and
aluminum-based materials.4 The interest in these poly-
mers stems from the fact that they can exist in different
oxidation states and can be easily converted from one
state to another. The polyaniline (PANI) based paint
formulation consists of predispersed and highly con-
centrated PANI (3–5wt%) in different binder matrices
such as alkyd, polyurethane, epoxy.5 These formula-
tions however do not fulfill all chemical, physical and
technical requirements, of corrosion protective coat-
ings.6 It has been reported that the PANI primer itself
does not work properly under all widely varying
practical applications.7–9 The technique proposed by
the NASA/Los Alamos group6 is not practical for the
general coatings industry because it fails in terms of
adhesion and reproducibility, and lacks superior per-
formance compared with high-performance coating
systems. The Monsanto variation7 also has yet to show
practical applicability and good performance of its
intrinsically conducting polymer (ICP)-based paint
formulations to an acceptable standard. The design
and production of PANI-based coating systems with
commercial viability requires paint formulations
with a minimum possible agglomeration of ICP,
well-dispersed nanoparticles (70–100 nm) of uniform
size, superior adhesion, and prolonged protective
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performance under different corrosive conditions. A
critical obstacle in assembling and maintaining a nano-
scale material is usually its tendency to agglomerate,
which is a deterrent to its applications.10 Furthermore,
several processing techniques require consolidation and
sintering of nanomaterials into solid blocks, coatings, or
thin films that often leads to unavoidable formation of
agglomerations and larger grains that effectively dis-
rupt the properties of the materials. The utilization
of PANI/ferrite nanocomposites may serve as a suitable
alternative to the problem of dispersion and agglomer-
ate formation because the coating is expected to
provide a binder matrix for the particles to prevent
grain growth and agglomeration—thereby yielding
uniform overall size distribution. The small and uniform
particle size of the nanocomposite is expected to
drastically enhance the corrosion-protective perfor-
mance even at a lower concentration (0.5–1.5 wt%) of
intrinsically conducting polymer (ICP). Literature sur-
veys reveal that no work has been reported on the
corrosion-protective performance of PANI/ferrite/
alkyd-based nanocomposite coatings. In our study, the
corrosion-protective performance of PANI/ferrite
nanocomposite-based alkyd coatings was investigated
on mild steel (MS) with very low PANI/ferrite content
(0.5–1.5 wt%) in alkyd. The obtained results were
compared with pristine PANI/alkyd coatings with a
similar loading of the conducting polymer as that of the
nanocomposite.

Materials

Materials including soya alkyd (Shankar Dyes, India),
xylene (Merck, India), sodium dodecylsulfate (SDS)
(Merck, India), ammonium per sulfate (APS) (Merck,
India), and ferric chloride (Merck, India) were used as
received. Aniline monomer (Sigma, Aldrich) was
double-distilled prior to use.

Synthesis of PANI/ferrite nanocomposites and
PANI/ferrite-alkyd coatings

The synthesis of ferrofluid used for the preparation of
PANI/ferrite nanocomposite was reported in our
earlier studies.11 A fixed volume of ferrofluid was
added dropwise to a 250 mL round bottom flask
containing hydrochloric acid (HCl) (8 mL, 1 N) and
double-distilled aniline (5 mL) with slow and contin-
uous stirring maintained at a constant temperature and
pH of 1. After an induction period of 30 min, the color
of the solution changed from red to green, which
confirmed the polymerization of aniline in conducting
form. Polymerization was further continued for 12 h at
20�C. The green precipitate of obtained Fe3O4/PANI
composite was filtered, washed several times with
distilled water and then methanol, and then dried in a
vacuum for 72 h at 60�C.

Synthesis of PANI/alkyd and PANI/ferrite-alkyd
coatings

The polyaniline used for the preparation of PANI/
alkyd coatings was synthesized by emulsion polymer-
ization using SDS, as reported by others.12 The PANI
alkyd coatings were prepared by dispersing 0.5, 1.0,
and 1.5 wt% PANI in 10 wt% solution of alkyd in
xylene.

Likewise, the PANI/ferrite/alkyd was prepared by
mixing the appropriate amount of PANI/ferrite with
10 wt% alkyd solution in xylene to obtain different
loadings of the nanocomposite, varying from 0.5 to
1.5 wt%.

Characterization

PANI/ferrite/alkyd coatings were applied by brush
(15 wt% of the blend solution in xylene) on all sides of
steel strips (70 · 30 · 1 mm) for determination of
specular gloss at 60� by gloss meter (model RSPT-20;
Veeco, Santa Barbara, CA), scratch hardness
(BS 3900), bending test (ASTM-D3281), and impact
resistance (IS:101 par 5/sec-31988). The thickness of
the coated samples was measured by elcometer (Model
345; Elcometer Instruments, Manchester, England).
Scanning electron micrographs of the uncorroded
coated (as well as corroded coated) specimens were
taken on a JEOL JSM840 scanning electron micro-
scope. Corrosion tests were performed in water, acid
(5 wt% HCl), alkali (5 wt% NaOH), and NaCl
(3.5 wt%) by placing the steel strips in 3-inch diameter
porcelain dishes and dipping the coated samples in the
test media until the coatings showed deterioration and
development of cracks.

The protective behavior of the coatings against the
dissolution of MS was evaluated by calculating the
corrosion rate (Vc) for each one of the samples.13 This
calculation was performed using the expression:

Vc ¼
Dg

A � t � d

where Dg 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. 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.

Results and discussion

Spectral analysis of PANI/ferrite

The UV–vis spectra of PANI/ferrite nanocomposite
(see Fig. 1) shows maximum absorption at 350 nm, as
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well as 600 nm. The former is assigned to P–P*
transitions, while the later peak can be correlated to
the polaronic transitions. The presence of a polaronic
transition peak confirms the emeraldine-doped state of
Cl– doped PANI in a Fe3O4/PANI nanocomposite.11

Physico-mechanical properties

The physico-mechanical characteristics of PANI/alkyd
and PANI/ferrite-alkyd coatings are depicted in
Table 1. The scratch hardness value of pristine alkyd
was found to be only 0.2 kg, while that of 0.5 PANI/
alkyd was found to be 3.0 kg. The scratch hardness
values were found to increase from 3.0 to 4.0 kg as the
loading of PANI increased. This was attributed to the
enhanced adhesion between the PANI/alkyd coatings
with MS substrate when the loading of the conducting
polymer was increased. In the case of aniline, the
amino group and the aromatic ring are in the same
plane, and this coplanar orientation with respect to the
metallic surface confers to PANI a greater capacity to
form more homogeneous films, which, in turn, trans-
lates into a better adhesion to the metal substrate.

Furthermore, the presence of a lone pair of electrons
on polyaniline enhances the electrostatic interaction
between coatings and the metal substrate, resulting in
superior scratch hardness.

The scratch hardness values of PANI/ferrite/alkyd
were found to be higher than the PANI/alkyd coatings
(see Table 1, Fig. 2). A maximum scratch hardness of
5 kg was obtained at 1.5 PANI/ferrite loading in alkyd,
while the scratch hardness value was found to be 4 kg
at similar loadings of PANI. The difference between
the scratch hardness values at similar loadings can be
correlated to the variation in the morphology of the
PANI/alkyd and PANI/ferrite/alkyd coatings (see
Fig. 3a, b). The presence of ferrite in PANI/ferrite
nanocomposite promotes adhesion as well as toughness
of the coatings due to higher electrostatic interaction of
ferrite with the metal substrate. Moreover, the PANI/
ferrite contains uniformly dispersed (maximum
70–100 nm particle size) nanoparticles of PANI/ferrite
in alkyd, leading to the formation of an agglomerate-
free morphology of the nanocomposites that ensures
better adhesion, with more compact structure in
comparison to PANI/alkyd. Likewise, the impact
resistance was found to increase from 70 kg/cm2 in
case of pure alkyd to 84 kg/cm2 in PANI/alkyd. The
impact resistance of PANI/ferrite/alkyd was also found
to be higher than the PANI/alkyd coatings. All the
coatings passed the conical mandrel bend test. The
gloss values were found to decrease with the loading of
ferrite in PNI/alkyd due to the increase in the opacity
of the coatings. It can be concluded that the physico-
mechanical properties of the PANI/alkyd coatings
were found to be significantly enhanced with the
loading of the PANI/ferrite nanocomposite in alkyd.

Analysis of corrosion rate

The pristine alkyd coatings dissolved completely within
2 h when placed in different corrosive media, revealing
a rapid corrosion rate of the organic coatings. The
corrosion rates of PANI/alkyd and PANI/ferrite/alkyd
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Fig. 1: UV visible spectra of PANI/ferrite nanocomposite

Table 1: Physico-mechanical characteristics of PANI/ferrite/alkyd coatings

Resin Drying time (h) Impact
resistance
(kg/cm2)

Scratch hardness
(kg)

Flexibility
(1/8¢¢ inch Conical

Mandrel)

Gloss
(at 45�)

Conductivity
(S/cm)

Dry to touch Dry to hard

Alkyd 0.5 96 70 0.2 FAIL 85 –
0.5 PANI/Alkyd 0.25 72 70 3 PASS 83 1.7 · 10–4

1.0 PANI/Alkyd 0.15 48 84 3.5 PASS 82 2.3 · 10–3

1.5 PANI/Alkyd 0.15 48 84 4 PASS 75 2.4 · 10–3

0.5-PANI/FERRITE-
ALKYD

0.25 48 100 3.5 PASS 50 2.7 · 10–3

1.0-PANI/FERRITE/
ALKYD

0.20 24 100 4.2 PASS 30 3.1 · 10–3

1.5-PANI/FERRITE-
ALKYD

0.10 24 100 5 PASS 30 3.1 · 10–3
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were monitored for a period of 960 h, and the coatings
revealed no visual deterioration or dissolution during
this period. It was noted that the sample of the MS had
a higher Vc, which decreased notably for the coated
specimens. The corrosion rate of PANI/alkyd was
found to be lower than bare MS (see Fig. 4a–c).
Phenomena like fissures, pulverization, and discolor-
ation usually observed for alkyd coatings are clearly
not observed in the presence of PANI, indicating the
improved degradation resistance of the coating. This
has been reported by others.5

In the case of PANI/alkyd, a compact iron/dopant
complex layer formation at the metal-coating interface
acts as a passive protective layer—as long as the PANI
has redox capability to undergo a continuous charge
transfer reaction at the metal-coating interface in
which PANI is reduced from emeraldine salt form
(ES) to an emeraldine base (EB) (Scheme 1).14 Upon
accumulation of excessive corrosive ions, coating
alkalization takes place, followed by a breakdown of
the passive layer. This type of corrosion protection
usually depends on the strength of the passive oxide
film that forms while the protective behavior depends
on the size and charge of the dopant—i.e., as the size of
the dopant increases, the strength of the iron/dopant
complex film increases, which improves the protective
efficiency.13–15 This explains why the corrosion rate
was found to vary insignificantly when the wt% loading
of PANI in alkyd was increased. However, the corro-
sion rate of PANI/ferrite/alkyd was found to decrease
appreciably with the increase in the PANI/ferrite
loading in alkyd (see Fig. 4a–c). In the case of PANI/
ferrite/alkyd, the inhibition effect of the nanocomposite
coatings can be attributed to the presence of ferrite
particles. The presence of excessive ferrite particles
maintains PANI in its doped state (i.e., prevents the
reduction of PANI from ES to EB) using faradic
charge, and prevents metal dissolution.16 Moreover,
the small pore size and uniform dispersion of the
PANI/ferrite nanocomposite in alkyd (Scheme 1) helps

in the formation of a well-adhered, dense, and contin-
uous network-like structure that impedes the penetra-
tion of the corrosive ions through to the metal
substrate, and inhibits the MS from the attack of the
corrosive species.17 Therefore, the PANI/ferrite/alkyd
coatings act as excellent inhibitors to protect metals
from corrosion.

Morphology

The SEM micrograph of 1.5 PANI/ferrite/alkyd-coated
MS specimen (Fig. 3a) reveals the formation of a
closely packed, continuous, dense uniform layer of
PANI/ferrite/alkyd coating. Despite being a composite
coating in nature, it was observed that neither a
dispersion nor a two-phase system was visible, indicat-
ing intimate, homogeneous mixing of the PANI/ferrite
in alkyd. The SEM micrograph of a 1.5 PANI/alkyd-
coated MS specimen (see Fig. 3b) shows an uneven
surface morphology with aggregation of PANI parti-
cles exhibited as white phase. Even after 960 h expo-
sure in 5% HCl (see Fig. 3c), the coating exhibited a
slight deposition of salt but remains completely intact.
The dense and continuous structure is consistent with
the ability of the coatings to protect the metal substrate
from corrosion as evidenced from the significantly
low corrosion rate of these coatings. In the case of
1.5 PANI/alkyd coatings (Fig. 3d), formation of cracks
and deep fissures was noticed, along with the deposition
of the corrosion product.
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Fig. 2: Variation of scratch hardness with loading of PANI
and PANI/ferrite in alkyd

Scheme 1: Mechanism of corrosion protection of PANI/
alkyd and PANI/ferrite-alkyd coatings
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Fig. 3: SEM micrograph of (a) 1.5 PANI/ferrite-alkyd coated MS specimen, (b) 1.5 PANI/alkyd coated MS specimen, (c) 1.5
PANI/ferrite-alkyd coated MS specimen immersed in 5% HCl (960 h), (d) 1.5 PANI/alkyd coated MS specimen immersed in 5%
HCl (960 h)
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Conclusion

A novel PANI/ferrite/alkyd coating material based on a
nanotechnological approach that was able to effectively
protect steel from corrosion in acid, alkaline, and saline
media was developed during this process. PANI/ferrite/
alkyd coatings were found to act as inhibitors, maintain-
ing high resistance to corrosive ions due to the presence
of a dense, nonporous, continuous network-like struc-
ture. This uniformly dispersed nanocomposite coating
provides space for a variety of modifications to its
physical structure, making it more malleable and
adaptable for many application processes, including
spraying, dipping, or spin coating.
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