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This paper presents the doping influence of both molybdate anion and 10-camphorsulfonic acid (CSA) on the
characterization and corrosion protection properties of polypyrrole (PPy) film prepared on passivized CT3 mild
steel. The effect of CSA and molybdate anion concentrations on the properties and morphology of PPy film was
characterized by Raman, FTIR, EDX and SEM methods. The doping of both CSA and molybdate anion into the
PPy film can lead to an increase in the thermal stability and redox properties of the PPy film. The PPy film doped

with both CSA and molybdate anion displayed excellent anti-corrosion ability for CT3 mild steel in comparison
with the PPy film and PPy film doped with only CSA or molybdate anion. Furthermore, the salt spray test was
also carried out to more effectively evaluate the corrosion protection of doped PPy film for mild steel.

1. Introduction

Recently, conducting polymers (CPs), such as polyaniline (PANi)
[1-3], poly(amido-amine) [3,4], polypyrrole (PPy) [5-7], and poly
acrylamide [8], which are applied for the corrosion protection of metals
and alloys because of their superior effectiveness against corrosion,
have been a focus of studies. They are synthesised easily with less toxic
chemicals in the electrochemical process — a popular method for the
synthesis of CPs. The coating of CPs on the surface of metallic sub-
stances can limit the corrosion of many materials, such as aluminum,
iron, magnesium, and mild steel. The protective ability of the CP
coating can be explained by the formation of a shielding layer to stop
the attack of corrosive agents, known as the barrier effect [9]. On the
other hand, CPs may be reflected as a protective anode because a CP
film exists in the oxidized form, which makes the steel passive with a
high open circuit potential [2,10]. Here, the role of the dopant anion is
quite large. When the corrosive agent penetrates through the defects on
the films, the substrate metal will be corroded. Due to galvanic cou-
pling, the CP film is reduced to provide dopant anions at those corro-
sion sites. The released anions can combine with the metallic cations to
form insoluble compounds on the surface of the steel, resulting in the
protection of the steel. CPs have shown self-healing protection in this
way.
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Among the CPs, both PANi and PPy are common CPs for the cor-
rosion protection of metals and alloys. Although PANi has many ad-
vantages, such as good anti-corrosion protection [1,2] and low cost, the
high toxicity of PANi has limited its applications in industry and life. In
contrast, PPy is an environmentally friendly material with good cor-
rosion resistance [11-13]. That is, a thin-layer PPy film can be formed
on a metallic surface, therefore protecting the metal for a long time
[14].

Several studies have reported the good corrosion inhibition of PPy
films on pure iron [15,16], mild steel [17-19], and stainless steel
[2,20,21]. Actually, PPy cannot offer complete anodic protection for
iron [22-24]. Therefore, dopant anions, such as sodium bis(2-ethyl-
hexyl)sulfosuccinate [5,25,26], molybdate, phosphomolybdate, naph-
thalenedisulfonate, dihydroxynaphthalenedisulfonate, anthraquinone-
disulfonate, and dodecylsulfate ions [18,27,28], have been used to
improve the protective properties of PPy. The dopants could be added
into the polymers by chemical or electrochemical methods in one step
(simultaneous polymerization and dopants synthesis) or multiple steps.
Some large-molecule organic acids, such as camphorsulfonic acid
(CSA), benzenesulfonate (BS), and p-toluenesulfonate, are more sui-
table than sulfuric or phosphoric acid for improving the anti-corrosive
performance of coatings [29-33]. For instance, a PPy coating doped
with CSA exhibited good solubility and an enhancement of the
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Table 1

Abbreviated samples and composition of the polymerization solutions.
Samples or solution C10H1604S (CSA) NayMoO, Pyrrole (Py) pH
P1 0.025 M - 0.1M 1.72
P2 0.05M - 0.1M 1.48
P3 0.1M - 0.1M 1.27
P4 0.05M 0.01M 0.1M 1.48
P5 0.05M 0.02 M 0.1M 1.48
P6 0.05M 0.03M 0.1M 1.48

electrical conductivity [31]. Furthermore, a CSA-doped PPy coating
could have potential application in the sensor field. Jiang et al. [32]
concluded that a PPy/CSA coating on 304SS bipolar plates displayed
low current density and low interfacial contact resistance (ICR) values
in comparison with PPy and PPy-SO,2~ coatings. The PPy/CSA coating
had a less rough surface without micro cracks and a superior anti-cor-
rosive performance during a 660-hour immersion test in the simulated
environment of proton-exchange membrane fuel cells (PEMFC). CSA-
doped PANi has also exhibited a positive effect for anti-corrosive
coating [34-36]. Zhihao Chen et al. prepared molybdate-doped PPy in
an oxalic acid medium for the corrosion protection of carbon steel in
0.1 M HCI solution [18]. The corrosion protection performance of mo-
lybdate-doped PPy coated steel in 0.1 M HCI solution was investigated
by electrochemical impedance spectroscopy and Tafel polarization.
Molecular dynamics simulations were engaged to assess the interactions
between the metal surface and complex coatings. The exceptional anti-
corrosion performance of the molybdate-doped PPy coating was asso-
ciated with the complex passive film on the metal surface and the
barrier effect of the coating. However, the consecutive doping of CSA
and molybdate anion in a PPy matrix for corrosion protection and
improvement of the conductivity of mild steel is infrequently reported.

In our previous publications, molybdate anions were used as an
inhibitor for PPy films prepared in oxalic acid and succinic acid
[32,37,38]. The results confirmed that the presence of molybdate an-
ions and oxalic acid or succinic acid resulted in an improvement in the
anti-corrosive property of the PPy film. Some properties of the PPy
doped with molybdate and succinate, such as the composition, mor-
phology, structure, and thermal stability, as well as the corrosion pro-
tection ability (OCP, Tafel, EIS), were discussed. However, the cyclic
voltammogram (CV) and salt spray stability of these films have not been
investigated. Moreover, the effect of CSA and molybdate on the PPy
film could be different from that of succinic acid and molybdate on the
PPy film due to differences in the structures of the acid dopants (suc-
cinic acid has a linear structure while CSA has a spatial one). Nautiyal
et al. found that the type and size of the dopants (short chain or long
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Fig. 2. The polarization curves vs. time of electropolymerization of PPy in
different dopant solutions.

chain) could strongly affect the protection performance of the coating
against chloride ion attack on the metal surface [39]. Therefore, this
paper examined the effect of doping both CSA and molybdate anions in
PPy film on the corrosion protection ability of the PPy film coating on
CT3 mild steel, combining the advantages of the large-sized CSA ions
and the strong anticorrosion ability of molybdate anions. It is expected
that doping both CSA and molybdate anions into the PPy matrix could
yield a promising corrosion protection coating.

2. Experimental
2.1. Chemicals and materials

Pyrrole (Py) monomer (reagent grade, 98%), Na,MoO42H,0 (98%)
and 10-camphorsulfonic acid (CSA, 99%) were obtained from Merck
Co., and the other reagents were used as received without any further
purification. CT3 mild steel (TISCO com., Thai Nguyen, Vietnam, Mn:
0.62%; C: 0.16%; Si: 0.15%; S: 0.042%; and P: 0.010%, according to
GOST 001-2001-TCVN 1656-75 standard) was purchased in the market

with a size of 13.5 mm x 13.5 mm x 2 mm. The CT3 steels were polished
and cleaned by ethanol and distilled water.

2.2. Synthesis of doped PPy film on CT3 mild steel

The doped PPy film on CT3 mild steel was prepared as follows: first,
the CT3 steel substrate was polished, washed with acetone solvent, and
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Fig. 1. The current density curve vs. time for CT3 mild steel in 0.1 M Na,MoO, solution at +0.5V for 60 min (a) and during the first minute (b) of the polarization.
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Fig. 3. SEM images of doped PPy films on the surface of CT3 mild steel.
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Fig. 4. Raman spectra of doped PPy films.

then passivated electrochemically in 0.1 M Na,MoO, solution at + 0.5V
(Ag/AgCl) for 60 min. The sample was then washed with distilled water
and kept in a nitrogen atmosphere for storage. Second, the treated CT3

409

steel sample was electropolymerized with PPy with a constant current
of 0.9mA/cm? for 50 min in a homogeneous solution of pyrrole
monomer and CSA dopant anions. After that, the obtained PPy film was
washed many times with distilled water and dried at 50 °C in vacuum.
The PPy film doped with both CSA and MoO,>~ was electro-
polymerized with the same 2-step process mentioned above. The ob-
tained samples prepared with different concentrations of CSA, sodium
molybdate and different pH solutions are listed in Table 1. The first 3
samples (P1, P2 and P3) were used to find the most suitable con-
centration of CSA in the electrolyte. Then, samples P4, P5, and P6 were
prepared with different sodium molybdate concentrations to evaluate
the effectiveness of both CSA and molybdate anions on the properties
and corrosion protection of PPy film on CT3 mild steel.

2.3. Characterization of PPy film

Examination of the surface morphology and element analysis of the
doped PPy films were carried out using a HITACHI-4800 FESEM device
(Japan) and energy dispersive X-ray analysis (EDX). Fourier transform
infrared (FT-IR) spectra of the samples were recorded on a Prestige -21
(Shimadzu) at room temperature with a resolution of 4 cm ™! and
averaging 16 scans with wavenumbers of 400 - 4000 cm ~'. The che-
mical structure of PPy and doped PPy films was characterized by
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Table 2
Raman shift (cm 1) of theoretical PPy (a) [40], practical PPy (b) [41] and doped PPy films.
Theoretical PPy (a) Experimental PPy (b) P1 P2 P3 P4 P5 P6 Vibration
1676 1589 1572 1572 1574 1585 1590 1590 Oc=c
1307 1328 1376 1381 1372 1368 1368 1368 veN
- - 1231 1224 1230 1231 1231 1236 8c.c
1049 1047 1047 1067 1087 1080 1080 1080 SN-y
955 976 939 931 935 931 932 933 8 ring deformation
PPy film in 50 mg/1 NaCl at a temperature of 35°C and a pressure of
100 kPa. These conditions were controlled in a Q-FOG CCT 600 salt
P2 spray test instrument.
All the measurement results were expressed as the means of three
P3
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Fig. 5. IR spectra of P1, P2, and P3.
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Fig. 6. IR spectra of P4, P5, and P6.

Raman spectroscopy on a Laser Raman Spectrophotometer (Ramalog
91, USA). The thermal properties of the samples were examined on a
TGA-50H thermogravimetric analyzer (Shimadzu) from room tem-
perature to 800 °C at a heating rate of 5°C/min under an argon atmo-
sphere.

The electrochemical experiments were carried out with a Zennium
Potentiostat/Galvanostat/Electrochemical Impedance Spectroscopy
(EIS) instrument (Germany). A conventional three-electrode cell with a
Pt gauze counter electrode and a Ag/AgCl reference electrode was used.
The OCP of all the samples were recorded in 3% NacCl solution. Cyclic
voltammetry measurements were used to study the redox property of
PPy in free monomer solution with a scan rate of 10V/s. The EIS
spectra of PPy were recorded in 3% NaCl solution with an amplitude of
5mV AC on a DC potential between 100 kHz and 0.1 Hz at open circuit
potential. The potentio-dynamic polarization measurement was carried
out at a sweep rate of 1 mV s~ ! in 3% NaCl solution.

A salt spray test was also conducted to test the stability of the doped
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independent experiments.

3. Results and discussion
3.1. Electropolymerization of doped PPy on CT3 mild steel

3.1.1. Surface passivation of CT3 mild steel

To obtain a thin PPy film with good adhesion, smoothness and gloss
on the surface of the substrate, CT3 mild steel samples were polarized in
0.1 M Na,MoOy, solution for 60 min at +0.5V (Ag/AgCl) before elec-
tropolymerization [37]. The curve of the current density vs. the po-
larization time of a CT3 mild steel sample is shown in Fig. 1a.

It can be seen in Fig. 1b that the current density decreased suddenly
from 415 pA to 5 pA after 60 s of polarization. From the inflection point
at 60 s, the current density of the sample is nearly zero. This means that
a passivated layer on the sample was formed.

3.1.2. Synthesis of doped PPy films on CT3 mild steel

The potential vs. time curves of doped PPy films (on CT3 steel)
synthesized at a current density of 0.9 mA/cm? in a solution containing
different concentrations of CSA and 0.1 M pyrrole monomer with and
without molybdate anions (Table 1) are expressed in Fig. 2.

The obtained PPy films were thin, smooth, black and homogeneous.
The behavior of passivized CT3 steel looked like an inert electrode. PPy
was formed on it without any difficulties. The P1, P2, P3, and P4
samples have a similar potential of PPy polymerization, approximately
0.75V (Ag/AgCl). On the other hand, the P5 and P6 samples exhibited a
lower oxidation potential than the others, near 0.65V. This can be
explained as follows: at a higher content of Mo0,42~, the P5 and P6
samples displayed a slower formation rate, so they had a more homo-
geneous surface, leading to a decrease in the oxidized potential. In
addition, hydrogen bonding between the SOsH group in CSA and the
NH group in PPy could also affect the formation rate of the doped PPy
films.

3.2. Morphology of doped PPy films

The morphology of doped PPy films with and without molybdate
anion and CSA dopants is demonstrated in Fig. 3. It is observed that
doped PPy films consisted of a typical structure with homogeneously
distributed cauliflower-shaped particles as mentioned in Refs.
[15,34,38]. The dense cauliflower structure of the film was better for
the corrosion protection of the metal. The simultaneous presence of
CSA and molybdate anions does not cause a change in the morphology
of PPy films. It seemed that the film had a thicker, rougher and clearer
cauliflower shape in the presence of molybdate anion (P4, P5 and P6
samples, Fig. 3). This will help to enhance the effectiveness of the
protection corrosion for CT3 steel of P4, P5 and P6 samples as will be
discussed below.
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Table 3
Element analysis results of P2, P4, P5 and P6.
Element (%) P2 P4 P5 P6
C 65.75 28.62 18.80 17.30
N 11.87 15.59 3.61 4.46
o 15.35 17.77 23.02 20.12
S 6.71 2.60 2.19 1.78
Mo - 35.43 52.38 56.34
Fe 0.32 - - -
Total (%) 100 100 100 100

3.3. Raman spectra of PPy doped films

Fig. 4 presents the Raman spectra of the CSA-PPy and MoO,>~-CSA-
PPy films. It can be seen that PPy was in an oxidized state and that there
is a slight difference from the Raman shift in the Raman spectra of
doped PPy films synthesized under different conditions (Fig. 4 and
Table 2). This result may agree with the polarization potential of PPy
films as discussed before in terms of the existence of physical interac-
tion in doped PPy films. For instance, the peaks with a strong intensity
from 1572 to 1590 cm™ characterized the stretching of conjugative
backbone C—C=C, while the peaks at 1368-1381 cm™* corresponded to
N—C ring stretching. The peaks related to —N—H in-plane bending, and
C—C stretching were found at 1047-1080 cm™ and 1224-1236 cm?,
respectively [34,35]. The peaks at 931-939 cm™! were attributed to ring
deformation and —C—H out of plane deformation [36]. To compare
with the Raman data of oxidized PPy which were calculated according
to theory [40] and practice (in PPy/Al,O3; nanocomposite) [40], the
specific value in the Raman spectra of doped PPy films is catalogued in
Table 2. The Raman shift of CSA-PPy and MoO,>~-CSA-PPy films is
different from the theoretical and experimental data for PPy. Further-
more, the presence of CSA in the doped PPy films is exhibited by the
appearance of the C—C stretching vibration, which is absent in the
theoretical and experimental PPy data.

3.4. FTIR spectra of doped PPy films

From Figs. 5 and 6, the appearance of —NH, —CH, —C=0, —C=C,
—C=N, and —SO groups of PPy and CSA structures in the FTIR spectra
of the P1-P6 samples can be seen. The stretching vibrations of the N—H
bond in the aromatic vibration (vn.y) of PPy or O—H bond in the water
molecule were assigned at 3425 cm ™! (P1), 3437 cm ™! (P2-P5), and
3431 cm™ ! (P6). The peak at 2931 cm ™! (P1-P6) was assigned as the
C—H stretching vibration. The vibration of the C=0 bond (v¢- o) could
be seen at 1635cm™ (P1), 1631 cm™ (P2), 1639 cm™ (P3), 1654 cm™
(P4, P5), and 1647 cm™ (P6). vc—c aromaticv Vc=n could be given at
1543 cm™ (P1), 1550 cm™® (P2), 1539 cm™ (P3), and 1531 cm™ (P4, P5,
P6). The band approximately 1392 cm™? (P1), 1396 cm™! (P2, P3), and
1430 cm™ (P4-P6) was attributed to the vibration of N—H (Sn.g) or
O—H (86.). The bands of 1045 cm™ (P1), 1053 cm™ (P2, P3), 1033 cm™
1 (P4, P5), and 1041 cm™ were attributed to the —SO group. The peaks
at 840 and 896 cm™ (P4, P5, P6) could be attributed to the (MoO4)*
moiety. The peak at 1033-1053 cm ™' was contributed to the electro-
static interaction of N—H"' in PPy with > S=O— in CSA [28]. The
slight shift in the N—H bending and C=O0 stretching vibrations is an
evidence of the above electrostatic interaction. These results suggested
that the doping of both CSA and MoO,* with PPy electrochemically
was successful.

3.5. EDX analysis of doped PPy films

To confirm the successful doping of both MoO,>~ and CSA, the EDX
spectra were recorded to determine the composition of elements in the
doped PPy films. The P2, P4, P5 and P6 samples were prepared at the
same content of CSA, so we determined the EDX spectra for only these
samples for an easier comparison. Fig. 7 and Table 3 present the EDX
spectra and the atomic percentages of elements in the doped PPy films.
It can be seen that there existed 5 elements (C, O, S, N, Mo) in P4, P5,
and P6, while Mo was absent, and Fe was present in P2. The absence of
Mo in P2 strongly supported the hypothesis that molybdate in the
passive layer could not act as a dopant of PPy. The layer could not be
dissolved by the polarization, becoming an anion in the electrolyte. The
molybdate of this passive layer was stable enough during the
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Fig. 8. TGA diagrams of the samples P2, P4, P5, and P6.

Table 4
The remained weight of P2, P4, P5, and P6 samples at different temperatures.

Temp. (°C) < 200 200-400 400-600 > 600
Remained weight (%) P2 90.22 85.12 0.344 0
P4 89.90 60.63 19.43 15.94
P5 90.33 75.24 42.37 19.90
P6 90.30 80.58 48.91 40.33

electropolymerization of Py. In contrast to P2, for the samples P4, P5
and P6, molybdate was detected as a dopant in the polymer film. The
molybdate anions were mobile enough to insert into the polymer as a
dopant. Interestingly, the appearance of S in the P4, P5, and P6 films
also confirms that both MoO,®~ and CSA were doped simultaneously
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into the PPy film. The content of Mo increased when the Na,MoO,
concentration was increased, while the S content decreased. This could
confirm that the existence of competition between CSA and MoO,4>~ in
doping process depended on the kinds of ions. This result proved that
the MoO42~-CSA-PPy coatings for CT3 also exhibited a better protec-
tion compared with the PPy films doped with succinic acid and MoO4*
which were investigated in Ref. [38]. The MoO,> and CSA doping yield
reduced with the increase of the MoO4% concentration. This can be
explained by the rate of the PPy polymerization reaction. To our
knowledge, PPy needs to be formed together with both MoO,> and CSA
to give a thin film on the surface of CT3 mild steel. Here, the decline in
the content of C and N is easily observed when raising the MoO4>
concentration, corresponding to the polymerization process occurring
more slowly in this case.
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3.6. Thermogravimetric analysis of doped PPy films

Similar to the EDX analysis, TGA analysis was performed only on
the P2, P4, P5 and P6 samples and their TGA and DTA curves are
presented in Fig. 8. The doped PPy films were degraded through many
steps corresponding to the multiphase structure of these films (PPy,
CSA, M00O,42~, residual monomer, oligomers and other impurities). For
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instance, the weight loss caused by the evaporation of water occurred in
the range of 20 —100 °C. Next, the degradation of residual monomer,
oligomers, CSA and other impurities occurred at 100-400 °C. The
weight loss at 400-600 °C was attributed to the decomposition of PPy.
The CSA-PPy film was degraded completely at 600 °C, while the
Mo0,42~-CSA-PPy films were decomposed partially, from 51.1 to
80.6 wt.% at 600 °C (see Table 4). This difference can be explained by
the presence of molybdate anions leading to the formation of passive
layers on the CT3 steel surface. As a result, the polymerization of pyr-
role monomers was prevented and the obtained PPy in MoO,>~-CSA-
PPy films had a smaller molecular weight in comparison with the CSA-
PPy film. On the other hand, the molybdate anions had a high thermal
stability at 600 °C and played the role of a physical barrier layer to
prevent the penetration of heat and oxygen into the structure of the
samples; therefore, the weight of the residue char increased at 600 °C
corresponding to the enhancement of the thermal stability of the sam-
ples by the presence of molybdate anions.

For the P4, P5, and P6 samples, one more step of degradation can be
seen at a temperature above 700 °C, caused by the degradation of
Mo042~ to MoOs. The weight of the solid which was not degraded
(MoOs3) was 15.94, 19.90, and 40.33% for the P4, P5, and P6 films,
respectively (Table 4). From these results, it was clear that the doping
yield of molybdate anions in the CSA-PPy films for the P6 sample is the
highest among the 3 investigated samples. This will be related to the
corrosion resistance ability of the doped PPy films as will be discussed
below.

3.7. Electrochemical oxidation and reduction of PPy film

The electrochemical redox behavior of PPy films was studied with
cyclic voltammetry (CV). The CV of PPy film was obtained in free
monomer solution and shown in Fig. 9.

The CV of PPy film (Fig. 9, P6) showed a pair of strong and broad
peaks of reduction and oxidation in the presence of Mo in the solution.
The oxidation and reduction peaks were assigned at 0.0V and —0.4V,
respectively. It could be observed that the redox peak of the PPy film
was shifted to a more negative direction in CSA solution, i.e., 0.1 V and
—0.5V for oxidation and reduction, respectively (Fig. 9, P2). After 10
cycles, the PPy film was stable with good adhesion on the passivated
mild steel. There was no evidence of the destruction of the film.

During the potential scanning, PPy was oxidized and reduced con-
tinuously. The incorporation and release of anions have been shown on
the CV graphs. The CSA and MoO,%~ anions were mobile enough to go
in/out to/from the PPy film. The redox peak could be obtained easily.
However, PPy doped with only CSA (P2) was more difficult to be oxi-
dized and reduced when compared to PPy doped with both Mo04>~
and CSA (P6). The oxidation and reduction peaks of P2 were more
positive and more negative than that of PPy doped with both MoO,%~
and CSA, respectively. In the presence of both CSA and MoO,>~, it
seemed that the PPy film was reduced easily as shown by one reduction
peak (Fig. 9, P6). Both these dopants could be released from the PPy
film at the same time.

3.8. Electrochemical study for the corrosive protection of doped PPy film on
CT3 mild steel substrate

The open circuit potential (OCP) of the PPy samples was obtained in
3% NaCl electrolyte. The CT3 substrate was passivated in a 0.1 M
Na,MoO, solution before measuring the OCP in 3% NaCl solution. The
OCP-time curves are shown in Figs. 10 and 11.

The OCP curves of P1, P2, P3 and CT3 exhibited nearly the same
behavior. They were positive at the beginning and dropped down after
a certain time. When the OCP goes down to the corrosion potential, the
PPy coating cannot protect the steel any more. It is clear that in the
presence of PPy doped with CSA, the protection time was longer than
that of the bare CT3 steel sample (Fig. 10). The P1 and P3 coatings
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Table 5
Corrosion potential and current of PPy coatings in 3% NaCl solution.
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CT3 (P0O) P1 P2

P3 P4 P5 P6

722
—0.645

0.00848

fcorr (WA cm ™)

Ucorr (V) vs. Ag/AgCl)
n(%)

CR (meter per year)

50.5
—0.325
93.0
0.00059

40.5

94.4

—0.320

0.00048

47.8
—0.350
93.4
0.00056

13.4
—0.330
98.1
0.00016

15.7
—0.206
97.8
0.00018

3.08
0.098
99.6
0.00004
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Fig. 13. EIS of samples P2 and P6 obtained in 3% NaCl solution: Samples P2
and P6 at the beginning of immersion (P2-0, P6-0); samples P2, P6 after 1 h of
immersion (P2-1, P6-1).

could provide a barrier protection for steel during the immersion time.
The OCP of the P2 sample showed a different change. After 7 h, the OCP
was shifted to a positive value and prolonged to 16 h. This could be

explained by that the resistance of the coating was improved due to the
reduction of PPy-CSA. This is the reason for choosing P2 as a control
sample for further investigation.

The OCP behavior of PPy doped with Mo0,2~ and CSA (P4, P5, P6)
was totally different. The OCP kept a positive value for a certain time
before dropping down to the corrosion potential of the steel. The pro-
tection time of P4, P5, and P6 was extended to a longer time than that
of P2 and CT3. Sometimes, the OCP fluctuated during some periods.
Among the investigated samples, P6 had the longest plateau of poten-
tial. The OCP leveled off at +0.1V for a long time, nearly 17 h. This
behavior was very special which could only be seen in the PPy film
doped with molybdate. This behavior indicated the self-healing ability
of the PPy film [32]. Although the CT3 substrate was passivated with
molybdate, its OCP reached the corrosion potential in a very short time
of exposure in NaCl solution. This behavior of OCP was typical for the
self-healing action when molybdate played the role of a dopant. CSA
dopants also play an important role in providing anticorrosion ability to
PPy film. The synergistic effect of molybdate and CSA could be a reason
in the enhanced corrosion protection of PPy coating.

The Tafel curves of the PPy films are shown in Fig. 12. The shifts of
the corrosion potential and current of the PPy films are clear in com-
parison with the bare steel substrate PO. It could be seen in Fig. 12 and
Table 5 that the corrosion current of the PPy films was smaller than that

Fig. 14. Salt spray corrosion test of the PPy samples (P1, P2, P3, P4, P5, P6) for 16 h.
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of the bare CT3 substrate. All the corrosion potentials trended towards
the positive direction. The sample P6 had a corrosion potential of
nearly +0.1V and the corrosion current was the smallest one. The
protection efficiency (n) values were obtained according to Eq. 1 and
the corrosion rate (CR) was calculated using Faraday’s Law (Eq. 2) [39].

i -1
1= (cor,Fe cur,P) x 100%

icor,Fe (1)
where 1) is the protection efficiency of the coatings, and icorr,pe, icorr,p are
the corrosion current values in the absence and presence of the PPy
coating.

CR =3.27 x 107° x (equivalent weight/p) X icorr (2)

where CR is the corrosion rate in meter per year, the equivalent weight
of iron is 28 g mol ~ 1 pisthe density of iron (7.8 g em ™), and icory is in
Acm ™2,

The results of OCP and polarization measurements showed that the
PPy ability of corrosion protection could be improved with molybdate
and CSA dopants. P6 has the highest corrosion efficiency of 99.6% and
lowest corrosion rate of 0.00004 m per year. The self-healing action
could be observed with small fluctuations or oscillations and may be
due to the passive and/or active process of the pitting. The mobility of
molybdate and CSA dopants could be large enough to be released from
the PPy film during the protection of CT3 steel. On the other hand, the
CSA anion is large and not easily replaced by chloride ion during the
corrosion process [39]. Thus, it could provide better corrosion protec-
tion ability of PPy. The corrosion ability of the PPy coating was also
studied with EIS. Samples P2 and P6 were chosen to compare the film
anticorrosion ability in the cases with only the CSA dopant and with
both CSA and molybdate dopants in the PPy coating. The change of film
resistance was obtained during immersion in 3% NaCl solution. The
results are shown in Fig. 13.

With the PPy coating on the steel, the frequency ranging from 10 Hz
to 100 Hz in the EIS measurement presents the change of the film re-
sistance [42-44]. The lowest frequency occurs at the highest impedance
due to the resistance of charge transfer. As is known from the literature,
during immersion of PPy/steel coating in a corrosion medium, the PPy
would be reduced due to galvanic coupling. In Fig. 13, the change of the
film resistance during immersion is marked with an arrow. The increase
of impedance could be seen with the decrease of capacitance of the PPy
film, also marked with an arrow (Rg, increase). The phase angle
shifted towards a more negative direction in this range of frequency. At
the beginning, the PPy films P2 and P6 (P2-0; P6-0) were in the oxi-
dized state so that the conductivity of the films was very high or the
resistance of the films was very small. The resistive behavior could be
seen with the phase shift being nearly zero. In the presence of both CSA
and molybdate, the resistance of the film was larger (P6-0) than that of
the film containing only CSA (P2-0).

During immersion, the film resistance of P2 could reach 1 kOhm
(P2-1) and that of P6 (P6-1) could reach 5 kOhm. The PPy films were
reduced. The change of film resistance would be an evidence for the
self-repairing ability of PPy. The capacitive behavior of the PPy film
was presented with the rise of the phase shift to nearly —30°. The
mobility of both CSA and molybdate dopants seemed good enough to be
released from the PPy film at the same time. This could be a reason that
the phase angle shift of P2 was smaller than that of P6 during immer-
sion. Due to the synergistic effect of both CSA and molybdate dopants,
the PPy film has a better resistance.

The samples were tested after 16h of exposure to a salt spray
(Fig. 14). The sample P6 showed no corrosion point and a small blister.
The samples without molybdate (P1, P2, P3) displayed a serious attack
of approximately 60-75% of the total area, whereas the steel sample
coated with PPy at the same time of the spray did not. In P3, the blister
was large, nearly 50% of the sample area. P5 and P6 presented excellent
adhesion to the substrate after 16 h of salt spray testing and nearly no
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underlayer corrosion was found. It could be observed that the PPy film
could provide corrosion ability for mild steel in the presence of both
molybdate and CSA. Both could act as mobile inhibitor dopants. The
mechanism of the corrosion protection by PPy doped with MoO4>~ has
already been discussed in many papers [42,44]. The release of CSA and
Mo0,* during the protection time (reduction reaction) could be seen as
the main mechanism.

4. Conclusions

In this work, polypyrrole (PPy) film was electrodeposited success-
fully on a CT3 mild steel substrate in the presence of both molybdate
anions and 10-camphorsulfonic acid (CSA) as dopants. The molybdate
anions and CSA played an important role in the passivation of the mild
steel substrate which helped to obtain a smooth film and adherence.
The PPy film was stable and there was no evidence of film destruction
after 10 cycles of potential scanning. The molybdate anions contributed
to improving the thermal stability of the doped PPy films. Although the
CSA mobility was smaller than that of the molybdate anion, it could be
released slowly from the PPy film during reduction. The molybdate
anion and CSA dopants could enhance the protection of PPy with self-
healing and barrier properties. These obtained results show that PPy
film doped with both CSA and molybdate anions could act as a pro-
mising corrosion protection coating.
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