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Abstract The aim of this work was to obtain poly-
aniline (Pani) and poly(ortho-methoxyaniline) (Poma)
by chemical synthesis and to evaluate their corrosion
protection properties on carbon steel (CS) and copper
(Cu) in an aggressive media such as sodium chloride.
The syntheses of the polymers were carried out by
chemical oxidation of the monomers by (NH,4),S,0g in
nitric acid solutions. Under these conditions, the
polymers were obtained in the oxidized form, dissolved
in 1-methyl-2-pyrrolidone and casted by solvent evap-
oration onto the metallic substrates (carbon steel and
copper) for corrosion evaluation. The morphology of
the polymers was evaluated by scanning electron
microscopy (SEM) and atomic force microscopy
(AFM). The electrochemical behavior was determined
by open circuit potential (OCP) measurements and
polarization curves (PC). The best results were
obtained with Pani because this polymer film partici-
pates in the formation of an oxide film at the polymer—
metal interface, a phenomenon which is not observed
with Poma. This oxide film increases the barrier effect
that the polymeric film has by itself.
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1 Introduction

Carbon steel (CS) and copper (Cu) are materials
widely used in technological and industrial applications
[1, 2]. However, CS presents a limited resistance to
corrosion; seawater and acid solutions are the most
aggressive agents for this metal [3, 4]. On the other
hand, Cu has a good resistance to corrosion but is
attacked by oxidant acids and salts of heavy metals [5-7].

Conductive polymers are broadly studied because
they are applicable in many areas [8-13]. Pani and their
derivatives are the most widely studied of these poly-
mers because of good environmental stability, revers-
ibility of the doped/undoped process [13] and corrosion
protection for metals [14-16]. They act as a physical
barrier between the metal and the electrolytic medium.
However, when these conducting polymers have polar
groups in their structure, they can act as macromolec-
ular inhibitors, shifting the potential of the substrate
such that the corrosion rate is reduced [17, 18]. These
polymers can also induce the formation of a homoge-
neous oxide layer between the metal and the polymer
layer [19-23].

Tallman et al. [24] reported cathodic and anodic
polarization curves of both uncoated and Pani-coated
metal, immersed in 3.5% NaCl. The polarization curve
for Pani-coated steel showed a smaller corrosion cur-
rent density and a more noble potential than that
observed with bare steel. On the other hand, Santos
et al. [25] studied the corrosion protection for different
types of steel coated with Pani in chloride ion-con-
taining solutions. They found that the corrosion po-
tential shifted to more positive values when the steel
was coated with the polymer (0.1 V for carbon steel
and 0.297 V for stainless steel). Additionally, the
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inhibition efficiency for the corrosion processes, as
evaluated by weight loss, was almost 100% for both
types of steel used.

Brusic et al. [26] have reported that thin films of
Pani, chemically synthesized (emeraldine) and depos-
ited on copper by spin-drying, were able to reduce the
corrosion current density in water saturated with air
from 10.0 to 0.3 mA cm™, resulting in a lower corro-
sion rate, relative to the uncoated metal. These results
demonstrated that Pani in the emeraldine oxidation
state is able to protect metals such as copper against
corrosion.

Widera et al. [10] studied the influence of anions on
the electrodeposition, properties and overoxidation of
Poma by means of an electrochemical quartz micro-
balance in the presence of HCl and HCIO, acids. The
effect of anions during polymerization was explained in
terms of the interactions of anions with neutral or
oxidized monomer and the trapping of hydrated anions
in the polymer films. Also, the degradation of the
polymer films was considered, taking into account the
presence of water molecules in the polymer films.
Scanning electro microscopy (SEM) was used to detect
the changes in polymer morphology caused by degra-
dation. But, to our knowledge, the ability of this
polymer to protector material metals from corrosion
has not been studied.

The aim of this work was to evaluate the protective
properties of Poma and Pani coatings in the corrosion
of steel and copper in 3.5% NaCl. Moreover, referred
to the corrosion of CS and Cu, the effects of the
morphology of the deposited film and of the capacity of
the polymer to promote the formation of a homoge-
neous oxide layer in the metal-polymer interface were
also studied.

2 Experimental

2.1 Materials

Aniline (Merck) and o-methoxyaniline (Aldrich) were
distilled prior to use. HNO;, NaCl, (NH4),S,0, and
NH4OH (Merck) were used as received.

2.2 Polymer synthesis

The polymers were synthesized by chemical oxidative
polymerization as described in previous work [10-16,

19, 23-25]. Briefly, 0.042 M aniline and o-methoxy
aniline were dissolved in 1 M HNOs;. The solutions
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were kept at 0+ 0.1 °C under nitrogen. Next, a
0.063 M (NH,), S,0g solution was slowly added with
vigorous stirring over a 2 h period. The precipitate
formed was washed with acetone until the initially
pale violet filtrate became colourless. The polymers
obtained were converted to emeraldine base by add-
ing an excess of 0.1 M NH4OH for 16 h. The emer-
aldine base powders were dried at room temperature.
To characterize the polymers obtained, the UV/
Visible spectra were recorded in a Shimadzu 1603
spectrophotometer. The spectrum corresponding to
Pani dissolved in 1-methyl-2-pyrrolidinone (NMP)
showed two absorption bands at wavelengths between
328 nm and 346 nm, and 610 nm and 643 nm, which is
characteristic of Pani in its emeraldine base form.
Moreover, a small difference in the absorption at
600 nm was observed for the polymers Pani and
Poma, which can be attributed to the delocalization of
the electron pairs on oxygen of the methoxy group
[12]. These results are in agreement with results
previously reported [20].

2.3 Electrode preparation

Bare carbon steel and copper were obtained by cutting
a 1.5 cm thick plate into pieces with dimensions of 2.0
by 2.0 cm. Prior to use, these samples were finished
using 100-600 grip SiC paper and rinsed with acetone
before applying the Pani and Poma coating on one of
the 1 cm?” faces aisled with epoxy resin. The polymers
(50%wt) were dissolved in NMP and a volume
(100 uL) of these solutions was disposed onto the
electrodes, which were placed horizontally in a hot
plate, at a temperature of 85-90 = 0.1 °C. A morpho-
logical analysis and determination of film thickness
were conducted using scanning electron microscopy
(SEM) with a JEOL 5410 microscope, which was
coupled to a energy dispersive spectrometer (EDS) for
surface analysis, or by atomic force microscopy (AFM)
in a Nanoscope IIla, Digital Instruments. The samples
were polished with Al,Oz up to 0.05 pm and metallized
with Au-Pd prior to observation.

2.4 Immersion assays

Metals coated with the synthetic polymers were
immersed for one month in a 3.5% NaCl solution.
After this period of time the concentrations of the ions
in solution were determined by an UV-visible analysis
using the 1-10-phenantroline method for carbon steel
and diethyldithiocarbamate method for copper [27].



J Appl Electrochem (2007) 37:519-525

521

Table 1 Weight loss of different substrates in 3.5% NaCl, coated
with Pani, Poma and bare

Electrode Weight loss in 3.5% NaCl/mg L™
CS Cu
Bare metal 29.36 4.98
Metal/Poma 8.81 0.25
Metal/Pani 5.23 0.13

2.5 Electrochemical methods

The open corrosion potential measurements were
performed in a conventional three-compartment cell
containing 0.1 M NaCl solutions saturated with air.
Saturated calomel was used as a reference electrode.
The potentiostatic polarization curves were carried out
under the same conditions described above, using Pt as
a counter electrode. The exposed work area of all
samples was 1 cm? for both carbon steel and copper.
To determine the polarization resistance (Rp), the
potential of the working electrode was ramped
+25 mV around the open circuit potential at a scan rate
of 0.1 m Vs™'. The polarization resistance was deter-
mined by the slope of the potential versus current lines.

3 Results and discussion

Table 1 shows the weight loss expressed as mg L' of
corrosion products found in solution after a month of
immersion in 3.5% NaCl aqueous solution, for carbon
steel and copper, both uncoated and coated with Pani
and Poma. As shown by the lower metal concentration
released in the coated relative to the corresponding
uncoated metal, both polymers have protective prop-
erties. Pani is effective for the protection of both CS
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and copper, while the use of Poma results in a major
metal dissolution. Upon synthesis both the Pani and
Poma coatings were obtained in the oxidized state.
Next, they were neutralized and converted to the
inactive form (E5®<"). The difference observed in the
protective effect of the different polymer coatings
could be attributed to the different porosity of the
deprotonated films. A more compact film, obtained
with the polymers in the inactive state, could inhibit
the corrosion of the metal better, since the compact
film is an obstacle to the movement of chloride ions
through the coating. This possibility is tested by
examining the oxidation states of these compounds, as
shown in Scheme 1.

On the other hand, it is possible that, on the surface
of the substrate, the polymer in the inactive state could
be reduced to an active state together, with the for-
mation of CS or Cu oxides (see below). The formation
of these oxide—polymer systems requires an adherent
film, to maintain the protective effect of the films.
Figure 1 shows the cross-sections of the CS/Pani and
CS/Poma films observed in the SEM micrograph. The
polymers adhere well to the substrate surface, evi-
denced by the close contact between the substrate and
film. The thickness remains relatively unchanged, and
close to 3.0 um. Similar results were observed in the
copper system with both polymers.

Due to the difference observed in the protective
properties, the topography of the coatings studied was
analyzed by AFM. Figure 2 shows the AFM images
obtained for Pani and Poma deposited on Carbon
Steel, in which it is possible to observe the differences
between polymers. Pani-coated CS has a more homo-
geneous surface, with some places in where the height
is lower than the average depth. The roughness of the
coating, expressed as root mean square roughness
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Fig. 1 Cross-section SEM micrographs of (A) CS/Pani and (B)
CS/Poma

(RMS), was 3.84 nm. On the other hand, Poma-coated
CS has a more heterogeneous surface with islands and
particles. The roughness of this sample was 4.87 nm,
indicating a slightly rougher surface than Pani. In
addition, Pani forms a smoother film, which could be a
reason why Pani works more efficiently as a protective
coating than Poma. The depth of the films, measured as
the difference between the highest and lowest regions,
was 13 nm and 30 nm for the Pani and Poma samples,
respectively. These parameters confirm that the Pani
film is smoother than the Poma film, explaining the
superior protective effect, since this film acts as a
barrier to chloride ions, inhibiting the penetration of
the electrolyte into the substrate.

Figure 3 shows the open circuit potential of the
coated and uncoated samples in 0.1 M NaCl solutions
saturated with air as function of time for (A) carbon steel
and (B) copper. When the metals are covered with the
polymer films, potentials are shifted towards more noble
values compared with the corresponding bare metals,
indicating that these systems have a greater resistance to
corrosion. In the case of the uncoated carbon steel
(Fig. 3A), the variations in potential corresponds to a
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Fig. 2 AFM images (A) CS/Pani (B) CS/Poma

system found in an active dissolution process. When this
metal is covered with the polymers after an initial
decrease in potential, an increase in these values is
observed. This increase is greater for CS/Pani than CS/
POMA This process can be attributed to the formation
of an oxide film [19-23]. This oxide film is formed at the
same time as the reduction process of the polymeric film
from the inactive state to the active-protonated form, as
observed in Eqgs. 1-3 and in the global reaction in Eq. 4.
Both processes result in the production of a final film
(oxide and polymer) with a more positive potential than
the bare metal, indicative of the protective effect of the
film.

M +2H,0 — M (OH), +2 H" + 2 e (1)

ERt + 20 HY + 20 X~ — [HouES' | 3 X0y (2)
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where, the different polymeric species have the cor-
responding structures shown in Scheme 1 and M, and
M(OH), are the bare metal and the hydroxide species,
respectively.

The reaction shown in Eq. 1, corresponds to the
oxidation of the CS, reaction, which lowers the pH of
the metal-polymer interface. This change in acidity
allows protonation of the polymer, which can be re-
duced as shown in Eq. 3. Finally, the global reaction
considers the oxidation of Iron, and the protonation
and oxidation of the polymer, to form the oxide-poly-
mer protective layer, as shown in Fig. 4.

The OCP measurements for copper-polymer sys-
tems are shown in Fig. 3B. An increase in the open
circuit potential with respect to the uncoated metal is
observed at long times (80 min). The initial increase
observed in all cases can be attributed to passive oxide
formation, which is characteristic of the more noble

Fig. 4 Representation of the different processes taking place in
the oxidation of carbon steel covered with Pani

metals. This phenomenon is more pronounced for
Pani, which indicates that the polymeric film is partic-
ipating in the oxide formation. This behaviour is in
agreement with the reports by other authors [15] and
the results shown with CS. The observations can be
interpreted using the same reactions shown in Eq. 1-3.

Table 2 Open circuit potentials for carbon steel (CS) and cop-
per (Cu) with different thickness coatings in 0.1 M NaCl satu-
rated with air

Thickness/um  Open circuit potentials/mV versus SCE
CS/Pani  CS/Poma  Cu/Pani  Cu/Poma

3.0 -420 —-488 4 —41

18 -220 —430 145 107
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The OCP results suggest that the protective prop-
erties of these polymers, but mostly Pani, are due to
both a barrier effect and to the formation of a passive
oxide. For Poma it seems that a barrier effect is the
only mechanism, because, as shown in Fig. 3A, an
increase in open circuit potential is not observed. An
increased potential would be attributed to the forma-
tion of an oxide film, since the oxidation of the Poma
film would require a more positive potential, which
cannot be achieved by the oxidation of metal and the
formation of the oxide film.

Similar results were observed with copper (Fig. 3B).
In this case, thicker polymer coatings were studied.
Table 2 shows the OCP measurements for polymer
coatings of 3.0 and 18.0 um thickness, where a direct
relationship between the OCP and the thickness is
observed, supporting the idea of a barrier effect in
these systems. For CS, Pani shows a higher potential,
due to the additional formation of the oxide film.

The corrosion current density (CCD) values
obtained from Rp are summarized in Table 3. The
corrosion current values of the coated carbon steel
samples are smaller than those for the bare metal, the
Pani coating being the most protective. This is in
agreement with the roughness values observed in the
AFM images and the weight loss experience. The
current densities are closer to 10”7 A cm™, indicating
passivity of the system as a result of the protective
effect of the oxide-polymer systems formed over the
metal. Copper shows CCD values lower than CS due to
the more noble character of this metal.

Figure 5 shows the anodic polarization curves for
the different systems studied. For both CS and Cu,
Pani is a better coating but it is important to note that a
localized corrosion phenomena was not observed at
higher potentials for either polymers or metals.
Moreover, the bare metals show active dissolution,
which is not seen with the polymer coating. It is
important to note that when the film was removed
from the metallic surface after polarization at a
potential value close to 0.4 V, that localized corrosion
was not evident.

Table 3 Corrosion Current density for carbon steel and copper
uncoated and coated by polymer films in 0.1 M NaCl

Electrode Corrosion Current densities/uA cm™
CS Cu

Bare metal 3.20 0.89

Metal/Poma 0.37 0.24

Metal/Pani 0.18 0.16

@ Springer

When this surface was analysed by cross-section
SEM and EDS, the presence of a thin oxide film be-
came evident. Figure 6 shows a micrograph of the
carbon steel/oxide/Pani system and the corresponding
EDS analysis in the zones corresponding to the metal
(zone A), oxide (zone B) and polymer (zone C).
According to the EDS analysis, Fe, corresponding to
carbon steel, is found in zone A. In zone B, the EDS
measurement shows an increase in the oxygen band,
which is indicative of the formation of a thin oxide film
at the metal/polymer interface. Zone C corresponds to
the polymer in which the band corresponding to carbon
is greatly increased. Similar results were obtained for
the other systems assayed.
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Fig. 5 Anodic polarization curves in 3.5% NaCl of naked
electrodes and electrodes covered with Pani and Poma. (A)
Carbon steel (B) Copper
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Fig. 6 (A) Cross-section SEM micrograph of Carbon steel covered with Pani after an anodic polarization curve. (B) EDS analysis of

different zones shown in Fig. 6A

4 Conclusions

We have demonstrated that Pani and Poma polymer
coatings can protect carbon steel and copper against
corrosion. Of these polymers, Pani synthesized in
HNOj; media in the inactive form presented the best
behaviour for both metals. This behaviour can be
explained by the formation of a homogeneous oxide
film at the metal-polymer interface, which is due to the
reduction of the polymer. On the other hand, the use of
Poma results in a less compact and rougher film. There
is also no evidence of the formation of an oxide film,
likely explaining why it is less effective as a protective
agent than Pani.
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