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The use of conducting polymers as coating layers for the protection of surfaces against corrosion
represents an important topic for investigation, as reported in the literature. In this work, polypyrrole/
Fe,0, nanoparticles (Fe,O, NPs/PPy) hybrid nanocomposites (HN) were incorporated as anticorrosive
additives in an epoxy paint to protect SAE 1010 carbon steel from corrosion. The HN particles were
obtained by chemical polymerization of pyrrole in an aqueous solution in the presence of Fe,O, NPs
and were characterized by infrared absorption spectrophotometry, dynamic light scattering (DLS),
X-ray diffraction (XRD), transmission electron microscopy (TEM). The electrochemical impedance
spectroscopy (EIS) was used in the analysis of the electrochemical response of the coated surface
with and without HN. DLS data showed that the Fe,O, NPs and Fe,O, NPs/PPy obtained in solution
present average diameters of (19.7 +9.6) nm and (63.5 £ 27.7) nm, respectively. TEM images showed
Fe,O, NPs with smaller sizes (10 nm - 30 nm), and that the HN had diameters smaller than 100 nm,
consisting of Fe,O, cores coated with polypyrrole. EIS measurements have shown that the addition
of HN to the epoxy paint could improve the efficiency of the anticorrosive coating when compared to

the original epoxy paint prepared without any corrosion inhibitor.
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1. Introduction

Organic coatings are widely used to protect metal structures
from corrosive environments as they can be easily applied at
areasonable cost'. In addition, due to its excellent adhesion,
good mechanical properties and chemical resistance in various
aggressive environments, such as under conditions of high
humidity and wet surfaces?, epoxy resins have been used
in a wide variety of polymeric coatings to protect surfaces
against corrosion. Most of the primer coatings contain iron
oxide as one of their additives'.

The use of conductive polymers in corrosion protection was
reported in 1985, by DeBerry? and in 1987, by MacDiarmid
and Ahmad*. Many studies involving conductive polymers
(CP), such as polyaniline, polypyrrole, and polythiophene,
have been performed and reported in the literature®”, with
ofaim of investigating the efficiency of conductive polymer
coatings in corrosion protection of steels. In this context,
polypyrrole (PPy) and polyaniline (PANI), and other CP
can also be mixed with non-conductive paints for corrosion
control or used as primer coatings®!!.

The conductive polymer coating acts as an oxidant for
the metal substrates, and a stable oxide passivation film
is formed. The CP coatings have been investigated and
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applied in various technological applications due to their
peculiar properties, such as good environmental stability,
processability, high conductivity, and low cost'*!2.

Several studies also investigated the use of conducting
polymer-based nanocomposites for corrosion protection in
metal coatings'*'°. By adding metal, metal oxides, graphene,
or graphene oxide in conducting polymers, several works
developed hybrid and nanohybrid conducting polymers.
Reported results confirmed that these new materials can
improve the performance of devices applied in several fields,
such as sensors, electronic devices, biomedical applications,
or anti-corrosion coatings'.

On the other hand, magnetite (Fe,O,) has found a wide
range of applications in several areas, as a result of its good
catalytic, electrical, electronic and optical properties'"’. In a
previous study, PPy/Fe O, composites were electrochemically
synthesized on iron to provide corrosion protection by
maintaining the substrate in a passive state. Fe O, has
been pointed out as an interesting support to be used in
anti-corrosive coatings due to the characteristic low-cost,
which makes this system as a promising support for further
studies in corrosion protection.

Herein, it is reported the synthesis, characterization and
electrochemical evaluation of Fe,O, NPsand Fe,O, NPs/PPy
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nanocomposites by emulsion polymerization. The materials
were characterized by the use of several techniques, such
as dynamic light scattering (DLS), infrared spectroscopy
(FT-IR), X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Epoxy coating was used as a binder for
the nanoparticles and nanocomposites incorporation as a
part of a strategy to confer uniform coatings. Then, it was
explored electrochemical impedance spectroscopy (EIS)
to study the effect of Fe,O, NPs and Fe,O, NPs/PPy on
the corrosion inhibition capability of the epoxy coatings in
3% saline solution at room temperature. To the best of our
knowledge, no previous work about the use of Fe,O, NPs/
PPy nanocomposites as anticorrosive additives of epoxy
paints has been published in the literature. In addition,
the novelty of this paper refers to the complete electrical
characterization of the kinetics of the corrosive process in
negative control coatings and the use of nanocomposite as
a coating layer.

2. Experimental

2.1. Materials

Pyrrole monomer (C,H,N - Sigma-Aldrich, USA) was
previously distilled under a vacuum and subsequently stored
in a dark refrigerated environment. All chemical reagents,
such as ferrous sulfate heptahydrate (FeSO,.7H,O - Reagen,
Brazil), ferric chloride hexahydrate (FeCl,.6H,0O - Synth,
Brazil), ammonium hydroxide (NH,OH - Quimex, Brazil),
and sodium dodecyl sulfate (C,,H,,NaO,S - Sigma-Aldrich,
USA), were of analytical grade and we have used them
without purification.

2.2. Preparation of Fe, O, NPs

The Fe,0, NPswere obtained by chemical co-precipitation
method?!, as follows: two aqueous solutions were prepared,
each one with 25 mL, with the first containing FeSO,.7H,0
(1.0 M) and the second FeCl,.6H,0O (1.5 M). Subsequently,
these solutions were mixed and added to an aqueous solution
of NH,OH (50%, 50 mL). The resulting solution was kept
under stirring for 2 hours and then filtered on a paper filter
to collect the suspended material, which was abundantly
washed with deionized water, dried in a vacuum oven (60 °C)
for 48 hours, and then stored in a desiccator.

2.3. Preparation of Fe, O, NPs/PPy composites

The Fe,O, NPs/PPy composites were prepared by
chemical in situ polymerization of pyrrole in an aqueous
solution containing Fe,O, NPs and sodium dodecyl sulfate
(SDS)*'. The polymerization was conducted in a round bottom
100 mL flask. For this, it was prepared An aqueous solution
(20 mL) containing Fe,O, (10 mM) with the surfactant (SDS,
10 mM). The mixture was stirred vigorously for 20 minutes
and then the monomer pyrrole (250 uL) was added, with the
stirring maintained for one additional hour. Polymerization
was initiated as we slowly added 400 uL of a concentrated
solution of FeCl, (1M) to the volumetric flask. The solution
was kept under vigorous stirring for 24 hours for ensuring
complete polymerization. A stable, colloidal black-colored
Fe,O, NPs/PPy composite was formed. To obtain a powder
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composite material, aliquots of methanol were added in excess
to the colloidal dispersion, which was then centrifuged and
dried in a vacuum at 60 °C for 24 hours.

2.4. Sample Characterization

The particle size measurement was performed by
Dynamic Light Scattering (DLS) using a ZS90 Zetasizer
Nano equipment (Malvern Instruments, UK), with a laser
wavelength of 633 nm, under a scattering angle of 90°, and
25 °C. The results were obtained by taking into account the
average of three measurements performed on each sample.
To analyze the morphology of the samples, a Tecnai G2 Spirit
(FEI Company, USA) Transmission Electron Microscope
(TEM) with 100 kV was used. The samples were deposited
in Copper-coated 400 mesh carbon grids. The analysis of
vibrational spectroscopy in the infrared region was performed
with basis on the use of potassium bromide (KBr) pastilles
onan FTLA ABB model 2000 FTIR spectrometer (Bomem,
Canada) operating in the region of 2000-400 cm!, with a
4 cm™ resolution and taking 200 accumulations for each
spectrum. The crystal structure of the powder was analyzed
in a D5000 diffractometer (Siemens AG, Germany) using
Cu Ko radiation (A= 1.54 A). The scan rate used was 0.02°/
second in 26.

2.5. Preparation of Fe,0, NPs/PPy incorporated
into epoxy coating

SAE 1010 carbon steel specimens of size 50 mm x
50 mm x 3 mm were sandblasted (Sa 2.5) and then coated
with the developed paint. For the effect of comparison, a
commercial epoxy-based paint was used and tested with
and without the addition of 0.2% w/w Fe,O, NPs/PPy
composites. The coatings were applied over the sand-blasted
steel surfaces by immersion and evaluated after 10 days of
curing at room temperature.

2.6. Evaluation of corrosion-resistant properties
of the coating by EIS studies

Electrochemical Impedance Spectroscopy (EIS) studies
were performed using a PGSTAT 302N system (Autolab,
Netherlands), at room temperature (24° C). Experimental
data were acquired and processed by Nova 1.7 software.
The impedance measurements were carried out over a
frequency range of 6 kHz to 40 mHz using a 10 mV amplitude
of sinusoidal voltage as a perturbing signal. The corrosion cell
was equipped with platinum gauze as the counter electrode and
Ag/AgCl saturated KCl as a reference electrode. The coated
SAE 1010 carbon steel plate was the working electrode.
The coating layer thickness was (147 + 31) pm and the
whole tested area of the working electrode was 10.2 cm?.
The coated samples were immersed in 3 wt% NaCl solution
at room temperature for 0 to 20 h. This concentration of the
solution was chosen as a standard value reported in several
previous works?>%6.

3. Results and Discussion

The particle size distribution by DLS is shown in Figure 1.
The results indicate that for Fe,O, NPs the average particle
diameter obtained was (19.7 = 9.6) nm (Figure 1a) with a
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Figure 1. Size distribution of colloidal suspension particles: (a) Fe,O, NPs and (b) Fe,O, NPs/PPy characterized by DLS.
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Figure 2. Images obtained by TEM of: (a) Fe,O, NPs and (b) Fe,O, NPs/PPy.

narrow distribution. An average diameter of (63.5+27.7) nm
(Figure 1b) was observed for Fe,O, NPs/PPy nanocomposites.

Figure 2 shows the morphology of the Fe,O, NPs
and Fe,O, NPs/PPy nanocomposites obtained by TEM.
Fe,O, NPssamples were obtained with an average diameter
between 10 - 30 nm (see Figure 2a), while the diameter of
the Fe,0, NPs/PPy nanocomposite, which is composed of
Fe,0, NPs cores coated with polypyrrole, was smaller than
100 nm (Figure 2b).

Patterns of X-ray diffraction (XRD) analysis obtained
for the Fe,O, NPs and the Fe,O, NPs/PPy composite
are shown in Figure 3. The main diffraction peaks of
Fe,0, NPs, which are located at 26 = 18.4°; 30.2°; 35.6°
43.1°% 53.6° 57.3° and 62.85° and correspond to Bragg
reflections (111), (220), (311), (400), (422), (511) and
(440), respectively, allowed us to identify a cubic structure
spinel type for the magnetite phase?’. These peaks are in
agreement with the JCPDS (Joint Committee on Powder
Diffraction Standards) 19-0629 data for magnetite according
to reported literature. By analyzing the results obtained for
the Fe,0, NPs/PPy composite, we observed a decrease in
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Figure 3. X-ray diffraction patterns of (a) Fe,O, NPs and (b)
Fe,O, NPs/PPy.

the Fe,O, NPs peak intensity, confirming the presence of
Fe,O, in the hybrid composite, in an indication that indeed
no chemical interaction occurred between the polypyrrole
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and the magnetite. Thus, the crystalline structure of the
iron oxide should be preserved. It could also be noted that
a band at 20 = 15.7-27.3° is observed, which corresponds
to polypyrrole®.

The infrared spectrum (FTIR) of the Fe,O, NPs and
Fe,O0, NPs/PPy composite is shown in Figure 4. For the
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Figure 4. FTIR spectrum of (a) Fe,O, NPsand (b) Fe,O, NPs/PPy.
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Fe,O, NPs/PPy composite, the presence of absorption
bands at 1544, 1465, 1401, 1226 and 1078 cm’' is observed,
which is in agreement with data about polypyrrole reported
in literature®®. Such vibrational modes correspond to the
stretching of C = C bonds (1544 ¢m '), CN (1226 cm )
and the connections® of the pyrrole rings (1465, 1401 and
1078 cm™). The infrared spectrum shows bands of Fe,O, NPs
at 638 and 584 cm!, which are characteristic of Fe-O bond
vibrations®!. These bands indicate the presence of magnetite
in the nanocomposite.

The anticorrosive performance of the Fe,O, NPs/PPy
in epoxy coatings on the SAE 1010 carbon steel plate was
investigated by EIS measurements for two immersion times in
a3 wt% NaCl solution. Results shown in Figure 5 characterize
the complete variation in the real and imaginary parts of
impedance for all of the samples (Figures 5a and 5b), the
dependence of the modulus of impedance and the phase with
the frequency and the nature of the coating (Figures Sc and 5d),
and the Nyquist plot with data fitted from the equivalent
circuit (shown in the inset of Figure 5e) in which is possible
to identify the bulk resistance (R,), the charge transfer
resistance (R,) and a constant phase element (CPE) that
fits the capacitive effects at interfaces and corresponding
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Figure 5. Comparison of the electrical response of samples prepared by the coating of carbon steel plate coated with pure epoxy and
with epoxy and Fe,O, NPs/PPy 0.2% w/w after Oh and 20 h of immersion in saline solution in terms of the (a) real part of the impedance
and (b) imaginary parts of the impedance versus frequency, (c) modulus of the impedance and (d) phase angle versus frequency. Nyquist
diagrams for samples and the corresponding equivalent circuits with the fitting from solid lines with Table of data in the inset (e).
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parameter (o) that is adjusted from O to 1 to reproduce the
depressed behavior in a semicircle at Nyquist plot (an ideal
capacitor is observed at a=1).

From the results shown in Figure Sa for the real part
of impedance, it is possible to observe the general trend of
reduction in the value with the frequency (a general behavior)
that is also observed in the modulus of the impedance (see
Figure 5c). The most important aspect to be considered
from these results is a general reduction in the value of
impedance for samples immersed in saline solution for
20 h, as a consequence of the corrosive process that results
in the permeation of the saline solution in chains opened
in the insulating coating (extremely high impedance).
As a consequence, the reduction in the impedance can be
explored as a direct parameter to measure the corrosion in
the structure. In qualitative terms, it is possible to observe
a stronger reduction for samples prepared in the absence
of nanocomposite than in the presence of an additive, an
indication that the effects of improvement in the anticorrosive
activity can be attributed to the coating®. A more quantitative
evaluation is shown by fitting parameters from an equivalent
circuit. As can be seen from the inset of Figure 5e, the values
for charge transfer follow the order: sample Oh>sample
Oh/Fe,O,NPs/PPy> sample 20h/Fe,O ,NPs/PPy> 20h.
The higher values for samples previously to immersion in
saline solution confirm the high values for charge transfer
resistance of samples, while the stronger variation in the value
after 20h of contact with a corrosive medium confirms that
progressive corrosion in samples prepared in the absence
of nanocomposite follows faster kinetics.

Recently, Pasha et al.** studied the use of organic composite
coating consisting of epoxy (EP) reinforced with toluene
sulphonic acid doped PPy embedded with manganese iron
oxide (MnFe,O,) as a corrosion inhibitor for copper substrates.
They investigated the variation of corrosion resistance with
the time of immersion and the EIS measurements were
conducted on all the samples upon exposure to 1 M HCl
solution for 60 h. The authors concluded that the improved
corrosion resistance can be attributed to the formation of
the passive layer due to the presence of PPy and dispersed
MnFe O, nanoparticles in the PPy matrix also behave as
excellent physical barriers against the corrosive media.

In addition, Goswami et al.** worked on the synthesis
of different structural forms of polyaniline (PANI) and
their nanocomposites with graphene as functional fillers
to epoxy coating for minimizing mild steel corrosion.
Immersion studies were performed during 24 h to evaluate the
influence of exposure time by EIS and to reveal the corrosion
inhibition performance in 3.5 wt% NaCl electrolyte. Results
highlighted that the conductive nature of the CP is believed
to participate in the electron transfer mechanism to inhibit
corrosion and the graphene skeleton in the graphene/PANI
composite significantly improved the anticorrosive properties
of corresponding PANI with multifold enhancement in total
impedance.

These tests demonstrate that, as expected, the addition
of Fe,O, NPs/PPy increased the anticorrosive protection of
epoxy coatings. This offers promising possibilities for the
development of Fe,O, NPs/PPy additives for anticorrosive
paints.

4. Conclusions

In the present work, it is reported the synthesis of both
Fe O, NPsobtained by co-precipitation and Fe,O, NPs/PPy
nanocomposites obtained by polymerization of pyrrole in
the presence of SDS and Fe,O, NPs. DLS measurements
revealed that the Fe,O, NPs and Fe,O, NPs/PPy obtained
have average diameters of (19.7 +9.6) nm and (63.5 £27.7)
nm, respectively. TEM images confirmed that Fe,O, NPs
crystallize with a typical size of 10 - 30 nm and that Fe,O, NPs/
PPy nanocomposites were smaller than 100 nm, consisting
of magnetite cores coated with polypyrrole. Finally, EIS
measurements show that the addition of the Fe,O, NPs/PPy
nanocomposites to the epoxy paint allows greater anticorrosive
efficiency in comparison to pure epoxy paints without any
corrosion inhibitor. This behavior might be further exploited
for the development of innovative hybrid nano pigments
for corrosion protection. In addition, the study of other
concentrations of Fe,O, NPs/PPy and several immersion
temperatures could be a great path in further studies to
investigate the influence of the nanoparticles concentration
on the efficiency of the coating.
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