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a  b  s  t  r  a  c  t

This article  presents  the corrosion  protection  ability  of  blended  polyaniline  (PANI)  and  polyvinyl  chloride
(PVC)  polymers  applied  on  1010  steel.  The  PANI/PVC  blends,  as  well  as  pure  PANI  coatings,  were  fabricated
via a casting  method  and  characterized  using  infrared  spectroscopy.  Carbon  steel  substrates  protected
with  the  coatings  were  subjected  to 40 day  exposure  tests  in saline  (3%  NaCl)  and  acidic  (0.1  M HCl)
environments  and  subsequently  analyzed  using  electrochemical  methods  Electron  microscopy  (SEM)
and  spectroscopic  methods  (EDS  and  XPS)  were  used  to  study  the  corroded  surface  of  the  1010  steel
underlying  the protective  coating,  as well  as the  polymer  coating  itself. The  PANI/PVC  blends  demon-
strated  superior  corrosion  protection  in  both  environments  as  compared  to  pure  PANI and  pure  PVC
coatings.  The  PANI/PVC  blend  with  a  1/1 proportion  offered  the  most  effective  corrosion  protection  in
acidic  and  saline  environments  based  on  high  charge  transfer  resistance  values  and  corrosion  potential
values  that  approach  zero  volts.  The  corrosion  protection  abilities  of  the  blended  coatings  are  attributed
to  a combination  of barrier  protection  from  the  PVC  and  the  formation  of a protective  oxide  layer  at  the
steel-to-polymer  interface  that  is  facilitated  by  the  conductivity  of  PANI.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Polyaniline (PANI) is a semiconductive polymer comprised of
benzoid and quinoid rings [1]. The proton-doped form of this poly-
mer  possesses high electron conductivity that favors its use as a
protective coating for metals that form a passive oxide upon corro-
sion [2]. Studies have suggest that PANI may  be reduced to maintain
surface passivation and then be successively reoxidized by air [3].
Although the mechanisms for corrosion protection with conductive
polymers are not completely understood, two effects are often con-
sidered to explain the effectiveness of these coatings. The first is a
simple barrier mechanism in which the polymer isolates the metal
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from the corrosive environment through the formation of an imper-
meable layer [4]. Corrosion protection based on a physical barrier
is negatively impacted by cracks and defects, thus it is dependent
on good adhesion of the coatings. The second effect is electro-
chemical in origin. In the case of certain metals and alloys, the
application of a conductive polymer such as PANI facilitates the for-
mation of a passive surface oxide [5–7]. Several studies have shown
that PANI exhibits strong protection of metals and alloys, such as
steels and aluminum, through this mechanism [8–12]. PANI coat-
ings deposited via electropolymerization are often vulnerable to
cracking that arises from the deposition process [13]. This problem
can be mitigated through the use of a chemical synthesis process
that produces a high molecular weight polymer which can effec-
tively coat a variety of metals with different surface morphologies
[14].

Polyvinyl chloride (PVC) also possesses attractive proprieties for
use as corrosion protection coatings that include good mechani-
cal characteristics (i.e. elastic modulus and shock adsorption), as
well as chemical resistance to acidic, alkali, and oxidative envi-
ronments. The low cost and wide availability of PVC promotes the
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immediate and facile application of this polymer in industrial pro-
cesses [15,16]. In addition, PVC can be used as a capacitive coating
material for corrosion protection [17]. In 2000, Oladegaragoze and
Mirmohseni compared the anti-corrosive properties of PANI and
PVC coatings on iron; the study demonstrated that PANI offers the
superior corrosion protection as evidenced by more noble corrosion
potential values [18].

The use of PANI-based blends as corrosion protection coat-
ings has shown to be successful for iron and its alloys. Studies on
this topic have demonstrated that certain PANI-containing blends
are more protective than pure PANI coatings [19,20]. Chen and
Liu studied PANI blended with partially phosphorylated poly(vinyl
alcohol) as a coating for mild steel [20]. They attributed the
observed improvement in corrosion protection to the presence
of a thin and uniform oxide layer (Fe2O3), as expected for steel
protected with a conductive polymer coating. However, the pres-
ence of additional iron-phosphate complexes was also linked to
improvements in corrosion protection. Elsewhere, it was shown
that more nobel corrosion potential values are measured for car-
bon steel protected with a polyaniline-jackfruit latex blend than
for steel protected by pure PANI [19]. The same study noted that
the blended coating also displayed improved adhesion to the sub-
strate. Another promising polymeric blend for corrosion protection
of steel is polyaniline combined with poly(methylmethacrylate)
(PMMA) [21–23]. Besides the straightforward blending polymers
with desirable properties to form superior coatings, another strat-
egy is the addition of dopants. Silva et al. studied the effect of adding
passivating dopants to PANI/PMMA blends for the corrosion pro-
tection of different metals [22]. They found that PANI/PMMA blends
containing phenylphosphonic acid were effective coatings for the
protection of various metallic substrates. These studies demon-
strate that PANI-based blends can be fine-tuned in several ways
to further optimize their properties.

1010 carbon steel is an important model alloy for corrosion
protection studies because the results can be extended to many
iron-based materials [3,7,18,24–26]. This variety of steel contains
up to 0.3% by weight of carbon and is more susceptible to oxida-
tion than many iron alloys [27]. In general, steel (not specifically
1010 steel) is used for structural and transport applications such as
bridges, pipelines, nautical ships, and others [27–29].

Herein we have investigated the applicability of PANI/PVC
blended polymers as corrosion protection coatings for carbon
steel materials. PANI/PVC blended coatings were characterized
by infrared spectroscopy and evaluated in comparison to pure
PANI and PVC using electrochemical impedance spectroscopy and
linear polarization measurements. Corrosion tests (40 days of expo-
sure) and delamination tests (7 days of exposure) were carried out
in saline (NaCl(aq)) and acidic (HCl(aq)) media. Scanning electron
microscopy (SEM), and elemental analysis in the form of energy
dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spec-
troscopy (XPS) were applied to investigate the steel surface after
the exposure tests.

2. Experimental section

2.1. Pre-treatment of 1010 steel substrates

Uniform surfaces of 1010 steel substrates (Ferro Norte LTDA)
were prepared by grinding using abrasive emery papers of different
grades (400, 600, 800, 1000, and 1200) in order to remove scratches
and irregularities. The substrates were subsequently cleaned and
degreased by washing with acetone and distilled water [7]. The
chemical composition of the alloy, in percent by weight, is 0.45%
Mn,  0.103% C, 0.065% Si, 0.03% S, 0.02% P; the balance is Fe.

2.2. Synthesis of PANI

The polyaniline used in the coatings was prepared using a chem-
ical synthesis method. Briefly, the oxidation of aniline (Vetec 99.5%)
was performed in a 0.5 M solution of sulfuric acid (Vetec 95–99%)
with 2.5 M ammonium persulfate (Sigma Aldrich 98%) as the oxidiz-
ing agent to obtain PANI in the emeraldine salt state. Subsequently,
the PANI was  treated with ammonium hydroxide (0.5 M,  Vetec
30–32%) for 24 h at room temperature while stirring to obtain the
emeraldine base form. The PVC used in this study is commercially
available as a film (WYDA

®
Brazil) and was  solubilized from its as-

received state. More information about the PVC starting material is
included in the Supplementary Information section.

2.3. Application of synthesized coatings

Films of PANI, PVC, and PANI/PVC blends were coated onto the
polished 1010 steel substrates using the following method. First,
the PANI and PVC were solubilized in N-methyl-2-pyrrolidinone
(NMP) (Sigma Aldrich) by adding 1 g of either PANI, PVC, or PANI/PVC
to 30 mL  of NMP. These solutions were stirred for 1 h. In order
to prepare the blends, the polymers were mixed in different pro-
portions by mass-to-mass ratios in order to obtain 4/1 and 1/1
PANI/PVC proportions. After stirring, the solutions were filtered
using a cellulose membrane (Unifil, 0.45 �m)  to remove any non-
solubilized polymeric agglomerates. The steel substrates were
coated with 800 �L of the filtered PANI, PVC, or PANI/PVC solution.
The films were then dried in air at 60 ◦C for 12 h. The thicknesses
of the resulting films were estimated from SEM images (presented
in the Supplementary information Section). Different film thick-
nesses were obtained for the different types of coatings: pure PVC
66 ± 4 �m;  pure PANI 25 ± 2 �m;  and PANI/PVC blends 19 ± 1 �m.
We believe that the higher thickness values obtained for the pure
PVC films is due to trapping of solvent molecules between the poly-
mer  chains brought about by the strong interaction between PVC
and NMP.

2.4. Delamination tests

Delamination tests were carried out on 1010 steel covered
with the PANI/PVC 1/1 coating. Artificial defects (scratches) were
produced on the coating in order to induce delamination. The elec-
trodes were then exposed to 3% NaCl or 0.1 M HCl solutions for
168 h; images of the coating and the steel surface after removal of
the coating were obtained with a digital camera.

2.5. Spectroscopic and microscopic analysis

Fourier transfer infrared (FTIR) spectroscopic analysis of the
polymer films was  carried out using a Bruker spectrometer, model
Vertex 70, with a spectral resolution of 4 cm−1. The films for FTIR
analysis were first formed on glass slides and then detached for
analysis.

Ultraviolet and visible light spectroscopy (UV/Vis) of the
polymer films was  carried out using a Shimadzu UV–Vis-NIR spec-
trometer, model UV-3600. In the case of the UV/Vis analysis,
the polymer films were deposited on 1010 steel substrates then
detached for analysis, which was performed on both the top and
bottom surfaces of the films.

Scanning electron microscopy (SEM) was carried out using an SS
– 550 model microscope (Bara Scientific) equipped with an SEDX
– 500 model energy dispersive X-ray spectrometer (EDS). An elec-
tron accelerating voltage of 15.0 kV was applied. The SEM and EDS
analyses were carried out after the 40 days exposure tests for steel
samples protected by PANI/PVC 1/1 coatings. The polymer coatings
were removed prior to SEM analysis so that the degree of corrosion
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