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Polypyrrole Film Doped with Corrosion-Inhibitors Electropolymerized on AA 1100
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Polypyrrole films doped with dodecylbenzenesulfonate (PPy/DBS) and with oxy-anions tungstate 
(PPy/DBS/TUN) and vanadate (PPy/DBS/VAN) were potentiostatically electropolymerized on 
aluminum alloy 1100 (AA1100). The corrosion protection of these films was evaluated by the 
variation of the corrosion potential (ECORR) with the immersion time and by electrochemical 
impedance spectroscopy (EIS) measurements in 0.05 mol L-1 NaCl and 0.05 mol L-1 HCl solutions. 
The EIS measurements suggest that the tungstate and the vanadate play the role of a dopant and 
an inhibitor. The results presented here show that PPy/DBS/TUN and PPy/DBS/VANprovide a 
protective effect against the corrosion of the AA1100. It was shown that the oxyanions’ inhibitory 
action is different depending on the electrolyte pH. In an HCl solution PPy/DBS/TUN films 
improve protection against aluminum alloy’s corrosion. On the other hand, in a NaCl solution, 
PPy/DBS/VAN films and PPy/DBS/TUN films act as inhibitor, the former being more effective.
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1. Introduction

Aluminum and its alloys suffer localized corrosion in 
aggressive media, such as aqueous solutions containing 
chlorides, with the passive oxide layer’s destruction, forming 
pits. Aluminum alloys (AA) 1100 are employed in conventional 
engineering applications in which corrosion resistance is 
required but strength is relatively unimportant (e.g., architectural, 
appliance trim and low pressure tubing for carrying chemicals 
and foodstuffs). However, AA1100 is susceptible to corrosion 
due to alloying elements such as iron, silicon and copper that 
form intermetallic compound particles in the alloy1.

The various processes employed in industry to mitigate the 
incidence of corrosion in aluminum alloys include those that 
use coatings formulated with Cr(VI) compounds which are 
extremely toxic and carcinogenic, and require an appropriate 
treatment prior to final waste disposal. Alternative processes 
for the aluminum’s protection against corrosion have been 
considered aiming to replace the traditional chromate treatments, 
such as the silane-based pretreatments2-4, conversion coatings 
using inhibitors5-6 and conductive polymers7-13.

The conductive polymers (CPs), such as polyaniline, 
polypyrrole, polythiophene and polyindole, can be used as 
primer coatings or as components blended with conventional 
coatings (non-conductive paints) in corrosion control. A CP 
coating acts as an oxidant to the substrate metals, forming 
a stable oxide film, i.e., a passivation film is formed on the 
metal. The CP coatings have been widely studied because 
of their relatively high environmental stability, non-toxic 
properties, easily adjustable conductive oxidation states, 
and simple and economic production routes14.

DeBerry15, Ahmad and MacDiarmid16 were pioneers in 
using CP as an electroactive protective coating against the 
corrosion of active/passive metals. However, the corrosion 
protection mechanism associated with CPs has not yet been 
fully understood. The most effective protection against 
corrosion occurs with CPs in the doped and oxidized state, 
which corresponds to a conductive form of polymer17.

Kendig et al.18 has provided evidence that anionic 
inhibitors for the oxygen reduction reaction (ORR), when 
used as dopants of conducting polyaniline(PANI) films, 
decrease the AA2024-T3 substrate’s corrosion at a scribe, 
due to dopant’s release, that acts as an inhibitor. According 
to the authors, when the coating is fractured, the oxidized 
PANI film containing inhibiting anions (the dopant) 
becomes a cathode and the metal scratch as an anode. The 
anodic corrosion reaction drives the film’s reduction in 
the doped acidified state or the oxygen’s reduction at the 
film’s surface, or both. These reduction processes cause 
the release of the inhibiting anions, thus these inhibitors 
stop the corrosion at the scratch19.

We demonstrated that the coating of polypyrrole films 
doped with oxalic acid and tungstate (PPy/OXA/W), on 
AA1100, can provide protection against corrosion in chloride 
solution20. The improved corrosion resistance observed can 
be ascribed to the polypyrrole film’s partial reduction and 
the consequent tungstate anions’release from the polymer 
matrix. Therefore, the repair of defects in the metallic 
substrate and within the pits is due to the tungstate anion’s 
adsorption, leading to a more stable oxide passivation layer. 
Under these conditions, the tungstate anion acts as a dopant 
and inhibitor.
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It has been reported that polypyrrole (PPy) films 
electrosynthesized in the presence of highly amphiphilic 
anionic surfactants present good mechanical properties 
and a high electrical conductivity due to the high degree of 
polymeric chain ordering attained with these dopants21-23. 
In previous studies performed by our research group, 
polypyrrole/dodecylbenzenesulfonate (PPy/DBS) films were 
electropolymerized on a platinum surface to determine their 
chemical and physical characteristics and on an AA1100 
alloy to evaluate their performance in terms of corrosion 
protection in chloride solutions24. The PPy/DBS coatings’ 
potentiodynamic polarization curves produced on the AA1100 
surface, in 0.05 mol L-1 NaCl and 0.05 mol L-1 HCl, resulted 
in a shift in the corrosion potential to more positive values 
and a decrease in the corrosion current density, indicating 
an improvement in the corrosion resistance.

The aim of this study was to investigate dodecylbenzenesulfonate 
anions’ effect with the oxy-anions tungstate and vanadate in 
the electrochemical deposition of PPy, on AA1100, to obtain 
a protective film against corrosion. The corrosion protection 
of these films was evaluated through the corrosion potential’s 
(ECORR) variation with the immersion time and by electrochemical 
impedance spectroscopy (EIS) tests in 0.05 mol L-1 NaCl 
and 0.05 mol L-1 HCl solutions. Simultaneously, the coated 
electrodes were characterized by scanning electron microscopy 
(SEM) and energy dispersive x-ray spectroscopy (EDX).

2. Experimental Methods

Prior to use, Pyrrole (Aldrich, 99%) was vacuum-distilled 
and stocked at 4 ºC.

The experiments were performed in the presence of 
dissolved oxygen and at room temperature (24ºC). A 1.0 
x 1.0 cm AA1100 sheet [99 %w/w Al, (1.00 + Fe) %w/w 
Si, 0.05-0.2 %w/w Cu, 0.05 %w/w Mn, 0.1 %w/w Zn, 
0.05 %w/w C], a Pt gauze and saturated calomel electrode 
(SCE) were employed as the working, counter and reference 
electrodes, respectively. 

The working electrode was pretreated by galvanostatic 
activation for 120 s at 27 mA cm-2 in a mixture of 0.1 mol L-1 
HNO3 (Synth, 65%) and 0.1 mol L-1 Pyrrole . This procedure 
was carried out based on the work of Hülser and Beck25 who 
reported that this method provides a cohesive and adherent 
layer of deposited PPy. Following this pretreatment, the 
electrode was washed with deionized water and transferred 
to the electrochemical cell.

As a typical procedure, 0.1 mol L-1 sodium 
dodecylbenzenesulfonate (Acros Organics, 88%), 0.1 
mol L-1 oxalic acid (Alphatec, 99.5%) and 0.05 mol L-1 
sodium tungstate (Synth, 99%) or 0.05 mol L-1 sodium 
metavanadate (Sigma-Aidrich, 99.9%) were dissolved 
under magnetic stirring and 0.4 mol L-1 pyrrole was added 
afterwards. Oxalic acid was used to adjust the pH because it 
provides to obtain well-adhering homogeneous PPy films20. 

Then, the electropolymerization was performed potentiostatically 
at 1.0 V until 1.0 C. The thickness of the PPy films, 
was calculated according to Schirmeisen and Beck26, 
from the equation, d = Q × me × ρ-1, where: Q = charge 
per unit area of substrate polymerization (C cm-2); 
ρ = polypyrrole density (1.5 g cm-3); and me = 
electrochemical equivalent (g C-1). The PPy films 
electrosynthesized potentiostatically at 1.0 V until 1.0 
C cm-2 had a thickness of 0.7 µm.

Subsequently, the films were rinsed thoroughly with 
deionized water and left in the presence of dissolved oxygen 
at room temperature before performing the electrochemical 
measurements.

The electrochemical measurements were performed 
using an AUTOLAB PGSTAT 30/FRA 2 system open to 
the air, at room temperature (24ºC). The films’ corrosion 
protection produced on the AA1100 surface was evaluated 
by the corrosion potential (ECORR) and by electrochemical 
impedance spectroscopy (EIS) measurements in 0.05 mol L-1 
NaCl (pH = 7.0) and 0.05 mol L-1 HCl (pH = 1,3) solutions. 
The EIS tests were performed at the open-circuit potential 
(OCP) in the 100 kHz-50 mHz frequency range, and the 
sinusoidal voltage amplitude was 10 mV. For all experiments 
at least three replicates were run to ensure reproducibility 
of experimental data. The film’s surface was examined 
by an scanning electron microscopy (SEM) and Energy 
dispersive X-ray spectroscopy (EDS) using a JEOLJSM 
5800 microscope at 20 kV.

3. Results and Discussion

3.1. Electrosynthesis

Potentiostatic electrodeposition was chosen as the 
electrosynthesis method since it allows easy control of the 
potential27. In addition, the films obtained by this method are 
homogeneous and have a good reproducibility18.

The transients shown in Figure 1 presents the characteristic 
behavior of the conducting polymer films’ growth, as reported 
in previous studies27-29, and it depends on the applied potential, 
the concentration of the monomer and the nature of the 
species present in solution. As can be seen in Figure 1, the 
I-t transients obtained for the PPy/DBS films achieved the 
second period in a very short time (80 s) with the maximum 
anodic current values of 6.7 x 10-3 A cm-2, suggesting that 
the electropolymerization rate of this film was faster than 
the other films. This behavior can be attributed to the 
sulfonate group, that promotes the simultaneous formation of 
aluminum oxide and PPy and the pores then become excellent 
hydrophobic sites for pyrrole electropolymerization23. On the 
other hand, the presence of vanadate and tungstate species 
has an adverse effect on the PPy electrosynthesis, since it 
decreases the anode current value, thus the total charge of 
1.0 C is achieved after long periods.
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The vanadium’s aqueous chemistry is complex due to 
the several possible oxidation states and the different acidic 
or basic behaviors associated with each of these states. At 
low pH (1.0<pH<2.2) the metavanadate is protonated and 
polymerizes, forming decavanadate [V10O28

6-]30. The anodic 
current values observed for the PPy electrosynthesis in the 
presence of vanadate species suggest that these species compete 
with the dodecylbenzenesulfonate anion in polypyrrole 
doping, making the electropolymerization process difficult.

3.2. Characterization of PPy filmsby scanning 
electron microscopy (SEM) and Energy 
dispersive X-ray spectroscopy (EDX)

The SEM micrographs and the results for the EDX 
analysis of the PPy/DBS PPy/DBS/VAN and PPy/DBS/TUN 
electrodeposited on the AA1100 substrate are depict in Figure 2.

The films have a globular structure, with the aggregates 
formation of and a uniform surface morphology, known as a 
“cauliflower” structure, often found in the case of PPy films27. 
However, the “cauliflower” structure seems to be 
underdeveloped, or less bulky, for films doped with anion 
inhibitors (Figs. 2B and 2C). The EDX analysis shown in 
Table 1 confirmed the presence of the dopants in the films. 

Figure 1. I-t transients obtained for the electrosynthesis of PPy on 
AA 1100 at 1.0 V in  0.4 mol L-1 pyrrole with: 0.05 mol L-1 Na2VO4 
(PPy/ VAN); 0.05 mol L-1 Na2WO4 ( PPy/ TUN); 0.1 mol L-1 SDBS 
(PPy/DBS) and 0.05 mol L-1 Na2VO4 (PPy/DBS/VAN) or 0.05 mol 
L-1 Na2WO4(PPy/DBS/TUN).

Figure 2. SEM and EDS analysis of the (A) PPy/DBS; (B) PPy/DBS/TUN; (C) PPy/DBS/VAN films.

We have previously reported that the PPy electropolymerization 
is hindered in WO4

2-solutions20 due to nucleophilic character of 
the tungstate anions, which can attack the radical cations and 
inhibit the electropolymerization process and, consequently, 
the film formation and the growth.
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The results in Table 1 show high sulfur content for all 
films, which suggests a predominance of the DBS- anion 
doping of the polymer. For the PPy/DBS/TUN film the 
EDX analysis depicts a lower sulfur content and higher 
content of aluminum than the other films. This result 
suggests that the tungstate anion (WO4

2-) interferes with 
the electropolymerization process and, consequently, film 
formation, growth, composition and morphology.

EDS analysis for the PPy/DBS/VAN film shows that 
vanadium is present in low concentration. In the low pH 
condition, in which the synthesis of the films was performed, 
decavanadate anion [V10O28

6-] is present. The dimensions of 
this anion are 5x7.7x8.3 Å, that is the shape of an elongated 
barrel31. The EDS analysis result for the PPy/DBS/VAN film 
suggests that decavanadate anion finds spatial difficulties 
to incorporate the polypyrrole chain and act as a dopant.

3.3 Corrosion protection performance 

The protection against corrosion of PPy films onto alloys 
was evaluated by the variation of the corrosion potential 
(ECORR) with the immersion timein 0.05 mol L-1 NaCl and 
0.05 mol L-1 HCl solutions (Figure 3).

The curves shown in Figure 3(A) and 3(B) show that 
the corrosion potential drops to approximately 2000 seconds 
of immersion, from which the potential reaches steady 
state. This potential drop behavior may be related to the 
penetration of the electrolyte into the pores of the coating 
and its arrival at the metal surface, shifting the potential to 
more negative values.

As can be seen in Figure 3(A) and (B), when TUN and 
VAN anions are added to the PPy/DBS film a potential 
shift to more positive values is observed in both solutions, 
suggesting a collaborative effect of these anions in mitigating 
the corrosion process. However, the performance of films 
in neutral media (Fig. 3A) is better than in acid media, 
since the potentials in the first are more positive than in the 
second (Fig. 3B).

Although the performance of PPy/DBS/TUN and PPy/
DBS/VAN films provides similar protection for the alloy, 
it is observed that the former offers protection in HCl 
solution, while the latter, provides protection in neutral 
NaCl solution. The same behavior was found in the EIS 
measurements.

The corrosion behavior of PPy films on the aluminum 
alloy, as a function of immersion time was investigated by 
EIS measurements at open-circuit potential (OCP) in both 
solutions (Figure 4).

Figure 4(A) shows the Nyquist plots of the AA1100 
electrode coated with these films after 1 h of immersion in 
0.05 mol L-1 NaCl solution. The Nyquist diagrams show a 
depressed capacitive loop within a broad frequency range and 
a tail at lowest frequencies attributed to a Warburg impedance, 
which takes into account the effect of mass transport within 
the pores and coating defects32. For the films produced using 
only DBS and oxy-anions the resistance values obtained are 
less than the PPy films containing oxy-anion inhibitors and 
DBS. These features are in accordance with the potentiometric 
measurements and suggested a synergistic effect between 
dodecylbenzenesulfonate and tungstate/vanadate compounds 
in corrosion protection of AA1100. 

Figure 4(B) depicts the EIS spectra for the aluminum 
alloy coated with the five films under investigation in 0.05 
mol L-1 HCl solution after 1 h immersion. The PPy/DBS and 
PPy/DBS/VAN show a capacitive loop at high frequency and 
inductive behavior at lowest frequencies. These inductive 
points have been ascribed to relaxation of adsorbed species 
at the substrate surface and related to localized corrosion33. 

Table 1. EDS analysis for the PPy/DBS PPy/DBS/VAN and 
PPy/DBS/TUN electrodeposited on the AA 1100 substrate

Films Elements (% w/w)

C Al S W V

PPy/DBS 87.40 1.74 10.86 - -

PPy/DBS/TUN 83.70 8.25 6.45 1.60 -

PPy/DBS/VAN 87.18 2.32 10.41 - 0.09

Figure 3. The corrosion potential (ECORR) as a function of the immersion time in (A) 0.05 mol L-1 NaCl and (B) 0.05 mol L-1 HCl 
solutions of the AA 1100 coated with PPy films.
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For the PPy/DBS and PPy/DBS/VAN films Rp values close 
to 790 and 350 Ω cm-2 were found, respectively. The PPy/
DBS/TUN film present a different behavior, with a capacitive 
loop in a broad frequency range followed by a Warburg 
diffusional tail20,21 with an increased Rp value (around 1.5 
kΩcm-2). The overall impedance shown at the EIS spectra 
encompasses the contribution of a different resistance present 
in the system, including the resistance due to the processes 
of substrate dissolution, charge transfer resistance during 
PPy reduction, pore electrolyte resistance and mass transport 
process resistance.

These results indicate that the oxy-anions tungstate and 
vanadate play the role of dopant and inhibitor when added 
to PPy/DBS films. It has been proposed a mechanism of a 
corrosion protection based on CPs acting as a reservoir of 
inhibitors has been proposed, and can release them during 
polymer reduction upon activation by local electrochemical 
reactions as a corrosion process’ consequence20. The 
structural and conformational changes that occur in the 
polymer matrix are determinant in the CPs’ protective 
characteristics34.

The EIS results should be interpreted taking into account 
the vanadium and tungsten speciation’s effect on the aluminum 
inhibition. Whether vanadate species provide inhibition of 
aluminum alloys strongly depends on the solution pH35,36. 

Reported results showed that inhibition by vanadates occurred 
mainly in alkaline solutions where tetrahedrally coordinated 
vanadates, metavanadate and pyrovanadate, were abundant. 
Inhibition was not observed in solutions where octahedric 
coordinated decavanadates predominated. At pH values between 
6 and 9 the metavanadates’ formation predominates and at acid 
pH the vanadium’s coordination changes from tetrahedral to 
octahedral. Despite the predominance of a particular species in 
a given pH, other species can be present in solution in smaller 
proportions modifying the overall inhibition.

Similar features are involved in the tungstate’s action. Soluble 
tungsten compounds may include a large amount of polymeric 
forms, polymerization depending strongly on pH, as the reaction 
is initiated by protonation37. It is well known that polymeric anions 
are formed in tungstate solutions under acidic conditions. At pH 
2.0, the metatungstate anion H2W12O40

6- is one of the most probable 
species of polytungstate anion38. Polyoxotungstates include 
tungsten atoms in the highest oxidation state, and, therefore, these 
compounds can act as corrosion inhibitors. Such considerations 
can explain the different behaviors against corrosion, obtained in 
this study for the vanadate and tungstate species.

The variations of the overall impedance for the PPy/DBS, 
PPy/DBS/VAN and PPy/DBS/TUN electrodeposited on the 
AA1100 substrate with immersion time in (A) 0.05 mol L-1NaCl 
and (B) 0.05 mol L-1HCl solutions are depicted in Figure 5.

Figure 4. Nyquist plots of the AA 1100 electrode coated with PPy films, after 1 h of immersion in (A) 0.05 mol L-1 
NaCl and (B) 0.05 mol L-1 HCl solutions.

Figure 5. Variations of the overall impedance for the PPy films electrodeposited on the AA1100 substrate with immersion 
time in (A) 0.05 mol L-1 NaCl and (B) 0.05 mol L-1HCl solutions.
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The EIS plots at prolonged immersion time, confirming 
that a synergistic effect was obtained with the incorporation of 
oxy-anions into the PPy/DBS matrix. It is believed that oxy-
anions may be released during polymer reduction, adsorbing 
at the active surface sites and blocking or repairing the pits.

4. Conclusions

Modified PPy/DBS films doped with oxy-anions tungstate 
and vanadate provide a protective effect against the corrosion 
of the AA1100 alloy. The corrosion potentials are shifted 
to more positive values with the oxy-anions’ addition in 
the polypyrrole films. The EIS results revealed that the 
inhibitory action of both oxy-anions is different depending 
on the electrolyte pH, and in HCl solution PPy/DBS/TUN 
film propitiate a greater corrosion protection. On the other 
hand in the NaCl solution PPy/DBS/VAN and PPy/DBS/
TUN films act as inhibitor, and the former is more effective. 
This behavior was explained taking into account the effect 
of vanadium and tungsten speciation on the aluminum’s 
inhibition. Based on the present results, it was demonstrated 
that a cooperative effect can be obtained by using PPy/DBS 
films doped with tungstate or vanadate to produce protective 
films by selecting either vanadate or tungstate, depending 
on the electrolyte pH.
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