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Epoxy–coal tar coatings are widely used to protect steel structures exposed to marine atmosphere due to their good barrier
property. However, the presence of micropores and microcracks formed during the coating formation leads to failure of the coating
due to permeation of corrosive ions. In recent years, it has been established that the coatings containing polyaniline �PANI� is able
to protect pinholes and defects due to its passivating ability. Hence, a study has been made on the effect of polyaniline content �1
and 3%� in epoxy–coal tar coating on the corrosion protection of steel in 3% NaCl solution by electrochemical impedance
spectroscopy �EIS� studies. Both phosphate- and chloride-doped polyanilines were prepared by a chemical oxidative polymeriza-
tion method. From EIS studies, it has been found that the resistance value of the coatings containing 1 and 3% phosphate-doped
polyaniline and 3% chloride-doped polyaniline pigmented coatings are �109 � cm2 even after 90 days exposure to NaCl solution,
which are two orders high in comparison to that of conventional coal tar epoxy coatings. Besides, the conducting state of
polyaniline has been found to be decreased after exposure to NaCl solution due to redox property of PANI. X-ray photoelectron
spectroscopy studies have shown that polyaniline forms a complex layer with iron beneath the coating along with iron oxide.
© 2009 The Electrochemical Society. �DOI: 10.1149/1.3073874� All rights reserved.
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Epoxy–coal tar coatings are widely used for corrosion protection
of steel structures exposed to marine atmosphere due to their good
barrier property. However, the lifetime of these coatings is decreased
due to the formation of micropores and microcracks when epoxy
resin and coal tar are cross-linked with hardeners. In recent years, it
has been established that the presence of polyaniline �PANI� in or-
ganic coating on steel is able to passivate the pinholes and coating
defects by passivation of iron exposed.1,2 Besides, several studies
have shown that PANI-containing coatings are able to protect steel
more effectively due to its passivation ability.3-22 Recently, it is
shown that the addition of a small amount of titanium powder in an
epoxy–coal tar coating system is able to improve the corrosion-
resistance property of the coating.23 Furthermore, it has been re-
ported that the dopants in PANI play an important role in corrosion
protection due to the formation of an iron-dopant secondary
layer.8,10 Hence, a study has been made on the effect of the addition
of polyaniline with phosphate and chloride dopants in the epoxy–
coal tar system on the corrosion-protection performance of steel in
sodium chloride solution by the electrochemical impedance spec-
troscopy �EIS� method in order to elucidate the role of inhibitive
phosphate and corrosive chloride dopants.

Experimental

Preparation of polyaniline–phosphate (PANI–PO4) and
polyaniline–chloride (PANI–Cl) pigments.— One molar of distilled
aniline was dissolved in 500 mL of 1 M solution of phosphoric acid
or 1 M solution of hydrochloric acid. Precooled 1 M solution of
ammonium persulfate was added dropwise to the precooled aniline
acid mixture for �90 min. The reaction was conducted at 5 � 1°C.
After the addition, the stirring was continued for 2 h. A dark-green-
colored conducting polyaniline was filtered and washed with dis-
tilled water to remove residual acid content. The polymer was dried
in an oven at 80°C. The dried polyaniline was finely ground in
mortar and then used as pigment.

Characterization of polyaniline pigment.— The polyaniline was
characterized by Fourier transform IR �FTIR�, X-ray diffraction
�XRD�, and conductivity measurements. The experimental details
were given in earlier publications.16,17

Preparation of polyaniline containing epoxy–coal tar paint.—
The epoxy resin solution was prepared by dissolving solid epoxy
having an epoxy equivalent weight of 450–550 in xylene. The coal
tar was added to the epoxy resin and mixed thoroughly. The ratio of
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epoxy and coal tar was 1:3 by weight. The PANI having chloride
and phosphate as dopants were used in the preparation by varying
the pigment volume concentration 1 and 3%. The volume solids of
the prepared paint were 65–70%. The paint was applied on the sand-
blasted �Sa 2.5� mild steel panel and evaluated after 10 days of
curing at room temperature. The coating thickness was
100 � 10 �m.

Evaluation of corrosion-resistant property of the coating.— To-
tal immersion test.— Coated panels of 10 � 15 cm were exposed to
3% NaCl for a period of 90 days. The performance of the coating
was examined visually for various immersion periods.

OCP measurements.— A glass tube of 1.2 cm diam was fixed on the
coated steel panels with m-seal adhesive so as to expose an area of
1 cm2. A solution of 3% NaCl was taken in the glass tube, and the
saturated calomel reference electrode was placed inside the glass
tube. The open-circuit potential �OCP� of the coated steel was mea-
sured with respect to saturated calomel electrode �SCE� using a high
input impedance voltmeter �HP 973 A�.

EIS studies.— The electrochemical cell as described above with a
platinum auxillary electrode inside the glass tube along with SCE
reference electrode was used for EIS measurements. The assembly
was connected to an Advanced Electrochemical System �PAR 2273�.
Impedance measurements were carried out using Powersine soft-
ware for a frequency range of 100 kHz to 0.1 Hz with an ac signal
of amplitude of 20 mV for a different immersion time in 3% NaCl.
The impedance values were reproducible �2 to 3%.

The bode representations of the impedance data were analyzed
with Zview software. When there was a single time constant, the
impedance data were analyzed using the equivalent circuit

where Rs is the solution resistance, Rc is the coating resistance, and
CPEc is the constant phase element corresponding to the capacitance
of the coating.

When there exist two time constants the impedance data were
analyzed using the equivalent circuit
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where CPEdl is the CPE corresponding to the interfacial double-
layer capacitance and Rct is the charge transfer resistance due to the
faradaic reaction at the interface.

For the description of a frequency-independent phase shift be-
tween an applied ac potential and its current response, a CPE is used
that is defined in impedance representation as
ownloaded 03 Jun 2009 to 210.212.252.226. Redistribution subject to E
Z�Q� = Y0
−1�j��−n

where Y0 is the CPE constant, � is the angular frequency �in radians
per second�, j2 = −1 is the imaginary number, and n is the CPE
exponent �n � 0, for ideal capacitance Z�CPE� = C, n = 1�. The
following equation used to convert Y0 into C is24

C = Y0��m� �n−1

where C is either the coating resistance or the double-layer capaci-
tance and �m� is the angular frequency at which Z� is maximum.

XPS studies.— X-ray photoelectron spectra �XPS� of the samples
were recorded on MultiLab 2000 �Thermofisher Scientific, UK� fit-
ted with a twin anode X-ray source using Mg K� radiation
�1253.6 eV�. The sample was mounted on the stainless steel sample
stubs using conducting silver paint �Agar Scientific Ltd., UK�. The
stub was initially kept in the preparatory chamber overnight for
desorbing any volatile species at 10−9 mbar and was then introduced
into the analysis chamber having a base pressure of 9.8
� 10−10 mbar for recording the spectra. High-resolution spectra av-

Figure 1. FTIR spectra of polyaniline: �a�
PANI-Cl and �b� PANI-PO4.
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eraged over five scans with a dwell time of 100 ms in steps of
0.05 eV were obtained at pass energy of 20 eV in constant analyzer
energy mode. The binding energy was referenced with C �1s� at
284.98 eV within accuracy of �0.05 eV. Sample analysis was done
on the coating-removed area after 90 days exposure to 3% NaCl
solution.

Results and Discussion

Characterization of PANI pigments.— The FTIR spectra of
PANI-Cl and PANI-PO4 are shown in Fig. 1a and b. The quinoid
and benzenoid peaks for PANI-Cl and PANI-PO4 are found at 1561
and 1490 cm−1 and at 1562 and 1475 cm−1, respectively.25 The band
around 1140 cm−1 for both polyanilines is assigned to a vibrating
mode of –NH+ = structure, which is formed during protonation.26

Besides, the band characteristics of conducting protonated form is
observed at �1235 cm−1 for both the polymers due to C–N+ stretch-
ing vibration.27

The XRD pattern of both polymers showed an intense peak of 2�
value of 25 ° and had a similar profile as reported for PANI in the
literature.28,29 The conductivity value of PANI-PO4 was 2.17 S cm−1

and that of PANI-Cl was 0.02 S cm−1. The reported values of con-
ductivity for PANI-PO4

30 and PANI-Cl31 were 15.5 and 0.1 S cm−1,
respectively. These results show that the prepared polyaniline pig-
ments are conducting in nature and contain both benzenoid and
quinoid moieties.

Total immersion tests.— The steel panels coated with 1 and 3%
PANI-PO4 and 3% PANI-Cl containing coatings have been found to
be rust free after 90 days exposure. But in the case of coated panels
with 1% PANI-Cl and plain epoxy coal tar have shown rust spots in
few places after 90 days exposure.

OCP measurements.— The variation of OCP values with immer-
sion time for studied systems is shown in Fig 2. The OCP values of
the epoxy–coal tar coating panel are found to shift from −0.7 V vs
SCE to −0.1 V vs SCE gradually up to 10 days immersion and
remained in the same value up to 30 days and then decreased to
−0.65 V vs SCE after 90 days. The PANI-PO4 containing coating
showed a shift of potential in noble direction from −0.65 V vs SCE
to −0.1 V vs SCE for 10 days and remained at noble values higher
than −0.2 V vs SCE after 20 days immersion. But PANI-Cl-
containing coatings showed a small shift in noble direction and at-

Figure 2. Variation of OCP with time for epoxy coal tar-coated steel in 3%
NaCl solution: � epoxy coal tar; � 1% PANI-PO4, � 3% PANI-PO4, � 1%
PANI-Cl, and 	 3% PANI-Cl.
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tain about −0.3 V vs SCE after 90 days immersion. On comparing
the OCP values, the PANI-PO4-containing coatings have shown a
larger shift in noble direction due to better passivation by polya-
niline along with phosphate.

EIS studies.— The variation of impedance values with exposure
period in 3% NaCl for epoxy–coal tar–coated panel is shown in Fig.
3, and the coating resistance �Rc� and coating capacitance �Cc� val-
ues are given in Table I. The Rc values remained at 1.07–7.7
� 108 � cm2 up to 30 days and decreased to 5.62 � 107 � cm2

after 90 days. However, the Cc values remained in the range of
1.0–5.44 � 10−10 F cm−2 for the test period. Figures 4 and 5 show
the impedance behavior of 1 and 3% PANI-PO4-containing coatings
on steel in 3% NaCl, respectively. Table II gives the corresponding
Rc and Cc values. Mostly, the Rc values for both the coatings are
found to increase with immersion period and reach 1.38
� 109 � cm2 in the case of 1% PANI-PO4 and 1.05 � 109 � cm2

in the case of 3% PANI-PO4-containing coatings. These values are
nearly 2 orders high in comparison to that of plain epoxy–coal tar
coating. The capacitance values for both coatings with PANI-PO4
remain less than 1 � 10−10 F cm−2.

Figures 6 and 7 show the impedance variation of PANI-Cl-
containing coatings on steel in 3% NaCl. In the case of 1% PANI-
Cl-containing coating, the impedance data showed the existence of
two time constants, and hence, they have been fitted with the corre-
sponding equivalent circuit containing two R and C described in the
Experimental section where as in the case of 3% PANI-Cl-
containing coating, existence of two time constants were noted ini-
tially, which disappeared after four days of immersion. This suggests
the onset of corrosion at the earlier instances of both 1 and 3%
PANI-Cl-containing coatings. Because of the passivating ability of
PANI, the corrosion was suppressed and passivated in the case of
3% PANI-Cl-containing coating. Hence, this resulted in the exis-
tence of a single time constant for subsequent exposure periods.

Table I. Impedance parameters of epoxy–coal tar paint-coated
steel in 3% NaCl.

Time
days

Rc
� cm2

Cc
F cm−2

Initial 1.29 � 1010 1.03 � 10−10

1 7.71 � 108 1.51 � 10−10

4 6.49 � 108 4.60 � 10−10

10 1.07 � 108 5.44 � 10−10

30 6.49 � 107 4.60 � 10−10

90 5.62 � 107 2.22 � 10−10

Figure 3. Impedance plots of epoxy–coal tar paint coated steel in 3%
NaCl:—Initial, � 1 day, � 4 days, � 10 days, � 30 days, and � 90 days.
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Whereas in the case of 1% PANI-Cl-containing coating, the exis-
tence of two time constants were observed for the entire test period.
The coating resistance Rc, coating capacitance Cc, charge transfer
resistance Rct, and double-layer capacitance Cdl obtained from these
figures are given in Table III. Even though there is a slight increase
in Rct values for 1% PANI-Cl-containing coating, the Rc value is
decreased from 5.95 � 108 to 4.62 � 106 � cm2 after 90 days im-
mersion, and this value is slightly less than that of the plain epoxy–

Table II. Impedance parameters of 1 and 3% PANI-PO4 contain-
ing epoxy–coal tar paint-coated steel in 3% NaCl.

Time
Days

1% PANI-PO4 3% PANI-PO4

Rc
� cm2

Cc
F cm−2

Rc
� cm2

Cc
F cm−2

Initial 3.17 � 108 3.02 � 10−10 2.59 � 1010 7.37 � 10−11

1 1.81 � 108 2.21 � 10−10 3.86 � 108 1.40 � 10−10

4 4.08 � 108 2.15 � 10−10 1.37 � 108 1.46 � 10−10

10 2.26 � 108 2.81 � 10−10 4.31 � 107 3.74 � 10−10

30 3.19 � 108 1.73 � 10−10 3.55 � 109 8.64 � 10−11

60 3.08 � 108 2.43 � 10−10 1.22 � 1010 1.11 � 10−10

90 1.38 � 109 1.65 � 10−10 1.05 � 109 1.15 � 10−10

Figure 4. Impedance plots of 1% PANI-PO4 containing epoxy–coal tar
paint-coated steel in 3% NaCl:—Initial, � 1 day, � 4 days, � 10 days, �
30 days, � 60 days, and � 90 days.

Figure 5. Impedance plots of 3% PANI-PO4 containing epoxy–coal tar
paint-coated steel in 3% NaCl:—Initial, � 1 day, � 4 days; � 10 days, �
30 days, � 60 days, and � 90 days.
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Table III. Impedance parameters of 1 and 3% PANI-Cl contain-
ing epoxy–coal tar paint-coated steel in 3% NaCl.

Time
Days

1% PANI-Cl

Rc
� cm2

Cc
F cm−2

Rct
� cm2

Cdl
F cm−2

Initial 5.95 � 108 9.91 � 10−11 — —
1 7.02 � 104 2.73 � 10−10 9.54 � 106 5.71 � 10−8

4 7.18 � 105 1.62 � 10−10 1.18 � 107 1.62 � 10−8

10 4.30 � 105 1.74 � 10−8 1.03 � 107 1.74 � 10−8

30 9.47 � 105 1.84 � 10−10 7.04 � 106 1.02 � 10−9

60 1.43 � 106 1.95 � 10−10 5.43 � 106 1.95 � 10−10

90 4.62 � 106 1.63 � 10−10 1.17 � 107 4.22 � 10−10

3% PANI-Cl

Initial 1.98 � 109 1.32 � 10−10 — —
1 8.79 � 106 1.12 � 10−8 4.47 � 105 3.18 � 10−10

4 8.36 � 105 3.56 � 10−10 9.21 � 106 3.53 � 10−9

10 9.83 � 106 1.62 � 10−10 — —
30 1.79 � 108 1.86 � 10−10 — —
60 5.80 � 108 2.78 � 10−10 — —
90 1.68 � 109 1.94 � 10−10 — —
Figure 6. Impedance plots of 1% PANI-Cl containing epoxy–coal tar paint-
coated steel in 3% NaCl:—Initial, � 1 day, � 4 days, � 10 days, �
Figure 7. Impedance plots of 3% PANI-Cl containing epoxy–coal tar paint-
coated steel in 3% NaCl:—Initial, � 1 day, � 4 days, � 10 days, �
30 days, � 60 days, and � 90 days.
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coal tar–coated system. But in the case of coating containing 3%
PANI-Cl, the Rc values are found to be decreased to 8.36
� 105 � cm2 after four days immersion and afterward the Rc values
are increased to 1.68 � 109 � cm2 after 90 days immersion, which
is nearly 2 orders high in comparison to that of plain epoxy–coal tar
coating. These studies have clearly shown that the coatings contain-
ing PANI-PO4 and PANI-Cl are found to be more protective than
that of plain epoxy–coal tar coating.

The OCP values of PANI-PO4- and PANI-Cl-containing coatings
on steel are found to be in the noble range in comparison to that of
plain epoxy–coal tar coating. Such high positive OCP values for
PANI-coated iron have been reported in sodium chloride solution.4,6

This positive shift of potential is mainly attributed to the passivation
of iron surface by PANI due to its redox property.32-34 On comparing
the shift of OCP values, the PANI-PO4-containing coatings have
exhibited very high noble values due to the reinforced passivation
effect of both PANI and phosphate. It has been well established by
de Souza et al.8 and da Silva et al.10,22 from Raman spectroscopy
that the dopants present in the polyaniline coating form a protective
iron-dopant complex layer on the iron surface. But in the case of
ownloaded 03 Jun 2009 to 210.212.252.226. Redistribution subject to E
PANI-Cl, the formed iron-dopant complex is less protective in na-
ture and, hence, the small shift of OCP value is mainly due to redox
property of PANI.

Besides the shift of OCP values for PANI-PO4-containing coat-
ing on steel, an increased value of Rc is observed for longer expo-
sure time. These Rc values are nearly 2 orders higher in comparison
to that of plain epoxy–coal tar coating. Similarly, the coating con-
taining 3% PANI-Cl has shown the Rc value of 2 orders higher than
that of plain epoxy–coal tar coating. These high Rc values indicate
that PANI present in the coating is able to protect steel. Earlier
scanning electron microscope and XPS studies have shown that
polyaniline forms a passive oxide layer and the oxide layer formed
by PANI on the iron surface is mainly of an Fe2O3 layer.35 The
mechanism of protection of iron by doped PANI is shown that PANI
�Emeraldine salt �ES�� and PANI �Leuco base �LB�� redox couple
has been regarded as being responsible for establishing the potential
of iron in the passive region.32,33 The PANI �LB� that has been
formed is cyclically oxidized to PANI �ES� again by the reduction of
oxygen so that the potential of iron is always maintained in the
passive region.36

Figure 8. FTIR spectra of PANI pig-
mented epoxy–coal tar coating before ex-
posure to 3% NaCl solution: �a�
PANI-PO4 and �b� PANI-Cl.
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It has been reported that the peaks around 1235 and 1140 cm−1

are due to C–N+ vibration of the polaron structure and vibration
mode of –NH+ = structure, which formed during protonation are
indicative of the conducting nature of polyaniline.26 Figures 8 and 9
show the FTIR spectra of PANI-containing coating before and after
exposure to NaCl solution. It can be seen that the FTIR spectra of
coated samples after exposure to NaCl solution do not show the
peaks around 1235 and 1140 cm−1, which indicate the change of the
conducting state of PANI due to dedoping. Furthermore, the pres-
ence of polyaniline on the iron surface beneath the paint coating has
been confirmed by the FTIR spectroscopic studies of the paint re-
moved area after exposure to NaCl solution for 90 days. Figure 10
shows the FTIR spectra of the above-mentioned system. In the spec-
tra, the characteristic peaks of polyaniline are observed. Besides, it
is found that a blueshift of quinoid and benzenoid vibration is due to
the interaction of PANI and iron salts as reported by Dimitriev.37

Furthermore, Izumi et al.38 have proved by Raman and UV spec-
troscopy that Fe�III� forms complexes with PANI. Hence, the corro-
sion protection offered by PANI in epoxy–coal tar system may also
ownloaded 03 Jun 2009 to 210.212.252.226. Redistribution subject to E
be due to the formation of Fe-PANI complex beneath the paint coat-
ing exposed to NaCl solution along with passive oxide film and iron
phosphate salt layer. Such type of the formation of the metal ion–
PANI complex has been reported to offer corrosion protection as
shown by Fahlman et al.39 and Epstein et al.40 on Al–Cu alloys due
to the formation of Cu–PANI complex.

XPS studies.— XPS data of the surface beneath the coating re-
moved area after 90 days exposure to 3% NaCl solution are shown
in Fig. 11 and 12. The presence of iron peaks at 723.61 and
709.6 eV has been related to the presence of the Fe2O3 layer.41 The
reported binding energies for the quinoid amine �–N = � benzenoid
amine �–NH–�, the positively charged nitrogen �N+� are 398.2,
399.4, and above 400 eV, respectively.42 The observed nitrogen
beak at 399.8 eV indicates the presence of dedoped polyaniline on
the surface. The XPS results indicate the presence of the oxide layer
along with a dedoped polyaniline layer on the surface. Besides, the
presence of chlorine and phosphorous in traces has also been indi-
cated. Hence, the oxide layer or Fe-PANI complex layer protect the

Figure 9. FTIR spectra of PANI pig-
mented epoxy–coal tar coating after expo-
sure to 3% NaCl for 90 days: �a�
PANI-PO4 and �b� PANI-Cl.
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iron surface from corrosion. Earlier XPS studies of PANI-coated
steel showed similar spectra.43 The details of percentage contribu-
tion to each element are given in Table IV.

Conclusion

Phosphate- and chloride-doped polyaniline have been synthe-
sized by chemical polymerization methods. The corrosion protection
property of the epoxy–coal tar coatings containing these polymers
has been studied by OCP and the EIS method in 3% NaCl solution.
Coatings containing 1 and 3% phosphate-doped PANI and 3%
chloride-doped PANI were found to be highly corrosion resistant.
The higher corrosion protection ability of phosphate-doped PANI is
due to redox property of PANI along with the formation of iron-
PANI complex and secondary layer of iron-phosphate layer on steel.
Figure 10. FTIR spectra of PANI pig-
mented epoxy–coal tar coating on paint
removed area after exposure to 3% NaCl
solution for 90 days: �a� PANI-PO4 and
�b� PANI-Cl.
ownloaded 03 Jun 2009 to 210.212.252.226. Redistribution subject to E
Figure 11. XPS spectra of PANI-Cl pigmented epoxy–coal tar coating on
paint removed area after exposure to 3% NaCl solution for 90 days.
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