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ABSTRACT: Polypyrrole (PPy) and Polypyrrole-ZnO
(PPy-ZnO) nanocomposites were electrodeposited on mild
steel and its corrosion protection ability was studied by
Tafel and Impedance techniques in 3.5% NaCl solution.
Pure Polypyrrole film was not found to protect the mild
steel perfectly but the coating with nano-sized ZnO (PPy-
ZnO) has dramatically increased the corrosion resistance
of mild steel. Electrochemical Impedance Spectroscopy

(EIS) measurements indicated that the coating resistance
(Reoat) and corrosion resistance (Reorr) Values for the PPy-
ZnO nanocomposite coating was much higher than that of
pure PPy coated electrode. © 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 121: 3159-3166, 2011
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INTRODUCTION

Conducting polymers due to their nontoxic, envi-
ronmentally friendly, high stability and ease of syn-
thesis, are the most promising coatings for corro-
sion protection of industrial metals. Among various
conducting polymers, polypyrrole has been exten-
sively investigated because of its attractive proper-
ties from the practical point of view, e.g., the rela-
tively good environmental stability, the high
conductivity, and the ease of preparation either by
chemical or by electrochemical polymerization."® A
new method for the synthesis of conducting poly-
pyrroles (PPy), based on chemical and combined
electrochemical-chemical oxidation of pyrrole mono-
mers.” Simultaneous formation and deposition of
electrically conductive polymers are possible by
electrochemical polymerization technique. Using
this technique, controlling the thickness and uni-
formity of coatings is possible and practical. In
addition, nontoxic and nonvolatile chemicals for
polymer coating, allows this method an environ-
mental friendly process."
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Application of PPy coatings for corrosion protec-
tion of metals and alloys is however subjected to
some limitations. The first, charges stored in the
polymer layer can be irreversibly consumed during
the system’s redox reactions. Consequently, quality
of the protection with polymer coatings may be lost
with time. Also, porosity and ion exchanges of PPy
coatings might be disadvantageous, particularly
when it comes to localized corrosion caused by small
and aggressive anions. Therefore, interests have been
focused on the use of conducting polymers as
copolymers,g‘13 composi’tes,m‘16 namocomposites”‘20
or bﬂayers.m/22 In this reasearch, following our previ-
ous investiga’cions,z‘?‘*26 first, the possibility of electro-
chemical synthesis of PPy-ZnO nanocomposite films
on mild steel electrode was studied using Fourier
Transform Infrared (FT-IR) spectroscopy and Scan-
ning Electron Microscopy (SEM) techniques then, its
protective performance against corrosion in 3.5%
NaCl solution was evaluated using Electrochemical
Impedance Spectroscopy (EIS).

EXPERIMENTAL
Materials

Pyrrole and oxalic acid were purchased from Merck.
Dodecylbenzene sulfonic acid (DBSA) as acid dopant
was supplied by Fluka. Pyrrole was purified by dis-
tillation under vacuum just before use and all the
aqueous solutions were prepared with distilled
water. ZnO nanorods were prepared according to
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the literature with some modification of the reaction
condition.”” Briefly, a 50 mL of 1 mol/L ZnSO;, solu-
tion was placed in a three-necked flask and vigo-
rously stirred at 70°C. Zinc sulfate was adopted as
the source material for zinc species. For acceleration
of the formation of ZnO particles, while vigorous
stirring 50 mL of 1 mol/L Na,COj; solution contain-
ing certain amount of sodium oleate was added
dropwise to the ZnSO, solution and afterwards
50 mL of NaOH solution with the same concentra-
tion was added to the mixture. After the addition is
complete, the reaction mixture is stirred for another
30 min. Subsequently, the resulting slurry was fil-
tered and washed several times to remove excessive
ions by distilled water and ethanol. Finally, ZnO
nanorods were obtained after drying an oven at
120°C for 20 h.

Electropolymeristion of PPy and PPy-ZnO
nanocomposite on mild steel

For preparation of PPy-ZnO nanocomposites with
10 wt % ZnO loading, first, 0.13 g ZnO nanorod
powder was introduced into the 200 mL oxalic acid
(0.1M) and 1 mL dodecylebenzensulfonic acid under
magnetic stirring at room temperature and was
stirred for two hours. Then, pyrrole monomer (1.3 g)
was added to the reaction mixture and stirred for
another one hour. The electropolymerization was
performed in a one-compartment three electrode cell
at room temperature (25°C). For all electrochemical
studies, the reference electrode was a saturated calo-
mel electrode (SCE). The electrolyte solution was
purged with pure nitrogen during the each experi-
ment. A mild steel specimen embedded in resin
with an exposed surface area of 1 cm? was used as
working electrode and platinum gauze as counter
electrode.

Before each experiment, the working electrodes
were carefully polished with sequence emery papers
of various grades (220-3000 grit). Electrochemical
polymerization was carried out under galvanostatic
conditions at room temperature. A Potentiostat/Gal-
vanostat (PAR EG and G model 2263) was used in
the electrochemical experiments. The applied current
densities were 1, 2, and 3 mA cm 2. The optimal
coating with high corrosion resistance was obtained
using 2mA cm? current density with 1 h deposition
time. Therefore, this value of current density was
applied for the preparation of coatings on mild steel.
After each experiment, the coated mild steel sheet
was rinsed with water, dried and used for corrosion
experiments.

Characterization of electropolymerized film

After preparation of the films (PPy and PPy-ZnO
nanocomposite) on mild steel, the film was scrabbed
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and mixed with KBr to make the FT-IR spectra.
FT-IR spectra were recorded as KBr dispersions by a
Bruker Tensor 27 instrument in the 4000-400 cm™ .
The morphology of the PPy and PPy-ZnO nanocom-
posite coatings were characterized by a Philips XL30
scanning electron microscope (SEM).

Corrosion study

The protection properties of coatings were investi-
gated in 3.5% NaCl solution by open circuit poten-
tial (OCP), Tafel polarization and EIS techniques. In
EIS measurements the AC frequency range extended
from 100 kHz to 10 mHz. Then the real and imagi-
nary components of the impedance spectroscopy in
the complex plane were analyzed by using the
ZView (II) software to estimate the parameters of
the equivalent electrical circuits.

Tafel polarization measurements were carried out
on a corrosion protective PPy or PPy-ZnO nanocom-
posite film obtained at optimum current density (2
mA cm %) at a sweep rate of 0.5 mV s .

RESULTS AND DISCUSSION
Galvanostatic deposition

In the case of mild steel, anodic or chemical oxida-
tion is accompanied by dissolution of the metal. The
oxidation potential of most monomers is in the
region of metal dissolution. The metal is able to
retard or to inhibit the oxidation of the monomer
and thus the formation of an adherent polymer film
on that. Therefore, the mild steel surface must be
pretreated to avoid strong corrosion parallel to the
film formation. Figure 1 shows the potential versus
time curves for electrodeposition of PPy and PPy-
ZnO nanocomposite coating on to the mild steel at a
current density of 2 mA cm % The induction
period at negative potentials (region a in Fig. 1) is
attributed to an active dissolution of the iron at neg-
ative potentials for 8 and 20 min for PPy-ZnO nano-
composite and pure PPy coatings, respectively,
where the potential shifts into the positive direction
due to the precipitation of Fe (II) oxalate (region b in
Fig. 1).

Polypyrrole (black and adherent deposit) was elec-
trodeposited at the positive potential plateau (600
mV versus SCE) (region c in Fig. 1).

Characterization

Figure 2(a) shows the X-ray diffraction patterns of
ZnO and indicates that the ZnO nanorod was syn-
thesized. Grasset et al. have calculated the average
crystal size from the width of each diffraction
peak. X-ray diffraction is used to determine the
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Figure 1 Potential versus time curves for the galvano-
static electrodeposition of: (1) PPy-ZnO nanocomposite
and (2) pure PPy on mild steel from aqueous electrolyte
(0.IM pyrrole, 0.1M H,C,04) at 2 mA cm 2,

degree of crystallization of the nanoparticles. The
Scherrer formula estimates particle size by meas-
uring the crystal diffraction line broadening that is
directly related to the crystal spacing and size.”®
Figure 2(b) shows the SEM image of ZnO as
nanorod.

The FTIR spectra of ZnO nanorod, PPy, and PPy-
ZnO nanocomposite coatings on mild steel are
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Figure 2 (a) XRD pattern and (b) SEM images of ZnO
nanorods.
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Figure 3 FT-IR spectra of: (a) ZnO nanorod; (b) PPy; and
(c) PPy-ZnO nanocomposites.

shown in Figure 3. The band at 505 cm ™' is assigned
to Zn-O bond. The peak around 1640 could be attrib-
uted to O—H bond. The peaks at 1537 cm™' (C=C
stretching), 1034 ¢cm ™' (C—H vibration) and 1292
cm ™! (C—N stretching) are the characteristic adsorb-
tion peaks of PPy.*

SEM images allowed for a closer look at the mor-
phology of the electropolymerized coatings of PPy
and PPy-ZnO nanocomposite. Figure 4(a,b) com-
pares the SEM images of pure PPy [Fig. 4(a)] and
PPy-ZnO nanocomposite [Fig. 4(b)] coatings with
magnification of 5000 times. The cauliflower-like
structure of PPy coating''*" is well distinguishable
from the nanocomposite coating where homogene-
ity of surface is much more expressed. As can be
seen, the pure PPy coating has a completely differ-
ent morphology compared with PPy-ZnO nanocom-
posite coating. The PPy has a bulky and porous
appearance, which paves more pathways for elec-
trolyte to reach the metal surface under the coating.
But in the case of nanocomposite coating the sur-
face is homogen and dense. In the presence of ZnO
nanorods with the formation of nanocomposite the
surface morphology changes a fine-grained struc-
ture. SEM images of nanocomposite with magnifi-
cation of 5000 and 30,000 times were shown in
Figure 4(b).

The expected role of the nano particles is to
increase the barrier effect of the polymer matrix,
improving its protecting properties. The excellent
anticorrosion protection is attributed to the size
and shape of nanorod, which has the small size
and large aspect ratio. For the small particles, free
space between the particles and polymer is far
lesser than that of larger particles. Thus electrolyte
is harder to penetrate through the pores in coating

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 SEM images of: (a) PPy with magnification of
5000 times, (b) PPy-ZnO nanocomposite coating on mild
steel with magnification of 5000 and 30,000 times.

film with addition of nano pigment. In addition
due to longer diffusion path in nanocomposite
costing, the water and ions need more time to
arrive at the substrate.

Corrosion tests

Open circuit potential curves

The corrosion performance of mild steel electrode
coated with PPy or PPy-ZnO nanocomposite films
were investigated in 3.5% NaCl solution.

The E, values measured for PPy and PPy/ZnO
coated electrodes after various immersion times
were plotted against time in Figure 5. The initial val-
ues measured for PPy and PPy/ZnO electrodes
were —200 and 150 mV, respectively. However, with
initiation of the up taking process these values were
started to decrease and after 5 h, the E,, value of
PPy electrode was reached to —600 mV. This implies
that significant amounts of electrolyte solution has
passed through the pores in coating and reached to
the surface of underlying metal, causing the start of
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corrosion process. On the other hand, the Eqcp val-
ues recorded for PPy-ZnO coating were observed to
shift towards a less negative value with time, and
Eocp was measured almost —100 mV after 5 h of ex-
posure time to corrosive solution. Therefore, it can
be concluded that this nanocomposite coating was
able to keep its excellent barrier property during this
period and there was no evidence for notable corro-
sion of underlying metal.

Polarization curves

Polarization measurements have been performed for
evaluation of the protective properties of coatings.
Tafel polarization plots for PPy-ZnO coatings in dif-
ferent current densities (1-3 mA cm™') exhibited
high protection of mild steel at the current density
of 2 mA cm . The plots in Figure 6(a) indicate that
after 5 h submerging in corrosive solution, corrosion
potential of coatings in current density of 2 mA
cm ™! is in more positive potentials than the other
current densities.

As complementary experiments, the Tafel polar-
ization curves [Fig. 6(b)] for two different electro-
des (coated with PPy and PPy-ZnO) in the corro-
sive solution were plotted. Information on the
corrosion parameters (icorr, Ecorr, and R,) obtained
by the Tafel extrapolation method are given in Ta-
ble I.

Tafel results show that the introduction of the
ZnO nanorods in the PPy coating led to the increase
in R, value compared to the R, value of the pure
PPy-coated electrode. Also, corrosion current (icorr =
92.72 mA cm?) value for PPy coating is higher than
that of PPy-ZnO coating (icorr = 8.45 mA cm ). A
nobler value of (Ecorr = —95.96 mV) indicates that
the PPy-ZnO nanocomposite coated electrode shows
the highest corrosion protection properties.
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Figure 5 The variation of E,, values with increasing
immersion time in 3.5% NaCl solution for: (a) PPy-ZnO
nanocomposite and (b) PPy coating.
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Figure 6 Tafel plot of (a) PPy-ZnO nanocomposite coated
electrodes at different current densities (1, 2, 3 mA cm ?)
and (b) PPy and PPy-ZnO nanocomposite coatings at cur-
rent density of 2 mA cm ? after 5 h of submerging in 3.5%
NaCl solution.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a tech-
nique which allows for evaluation of the wide vari-
ety of coating properties. Figure 7(a) illustrates the
Nyquist diagrams recorded for PPy and PPy-ZnO
nanocomposite coatings after 10, 60, 180, and 300
min exposure time in 3.5% NaCl solution. Equiva-
lent circuit model appropriate for the Nyquist plots
was used to correlate the impedance with capaci-
tance and resistance of the film. For all coated mild
steel electrodes, a physical model made up of two
semicircles (or two time constants) that give a good
fit to the experimental data. The semicircles appear-
ing at high and middle frequencies are due to the
reactions taking place at the coating/solution and
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metal/polymer interfaces, respectively. The electrical
equivalent circuit which was used for fitting of the
EIS data is depicted in Figure 7(b). In this equivalent
circuit model, R; is solution resistance, CPE (dl) rep-
resents the constant phase element for double layer
and Ry is the charge transfer resistance. The con-
stant phase element for coating is indicated by CPE
(coat).

The calculated values for coating parameters by
ZView (Il) software are given in Table II. The Rgoat
and R values obtained for PPy-ZnO electrodes
are relatively high with respect to pure PPy samples.
These increases are related to the decrease of charge
transfer rate between the metal and the solution.
The charge transfer reactions are known to take
place at the metal/polymer interfaces. Consequently
the high R, values of PPy-ZnO electrodes can be
explained by the effective barrier behavior of nano-
composite film. Also, the maintenance of passive
layer formed prior to electropolymerization process,
may be effective on this increase.’> Comparison
between PPy and PPy-ZnO coatings indicates that
the charge transfer resistance and R, values are
higher for PPy-ZnO coating. This excellent anticorro-
sion property is attributed to the size and shape of
nanorod ZnO, which has the large aspect ratio.

The time dependence of coating resistance, Roat,
is given in Table IL. It is seen clearly that for both
coatings the coating resistances always decrease
with increasing immersion time at the first 1-2 h,
and then attains an approximately constant. Further-
more, it can be found that although the initial value
of coating resistance for the PPy and PPy-ZnO coat-
ings are close to each other, the resistance of the PPy
coating decreases sharply and becomes much lower
than that of the PPy-ZnO coating.

According to the following reasons, it is supposed
that the protection life-time of the PPy-ZnO nano-
composite coating is longer than that of the pure
PPy coating: (a) the existence of ZnO nanorods, to
some extent increase the tortuosity of diffusion path-
way of corrosion specimen. (b) PPy-ZnO coating is
more compact compared with the PPy coating,
which is also confirmed by the charge transfer resist-
ance, R.,+ (Table II). The decrease in R for this
coating corresponds to time required for electrolyte
to reach the metal surface and to start corrosion pro-
cess on the substrate. Higher value of R, obtained

Corrosion Parameters for PPy-ZnO and Pg;} g](;e]lstilngs on Mild Steel in 3.5 % NaCl Solution
E(I=0)
R, (Q cm?) (mV vs. SCE) Leorr (© cm?) Be (mV/Decade) Ba (mV/decade)
PPy-ZnO 2816.225 —95.966 8.453 85.814 94.469
Ppy 234.463 —575.45 92.72 11.104 33.035

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 (a) The Nyquist plots of PPy and PPy-ZnO coatings after; (a) 10 min, (b) 1 h, (c) 3 h, (d) 5 h submerging in
3.5% NaCl solution. (b) Electrical circuit model to interpret the response of the PPy and PPy-ZnO coatings interface

in EIS.

for PPy-ZnO nanocomposite coated mild steel with
respect to PPy coated mild steel again points to its
better corrosion protection properties. The compari-
son between the capacitance of PPy and PPy-ZnO
coatings in Figure 8, indicate that unlike the PPy
coating, the capacitance of PPy-ZnO coating decreas-
ing with immersion time.

A constant phase element is an equivalent electri-
cal circuit component that models the behavior of a
layer, that is an imperfect capacitor. CPE is
described by two parameters Y and 7 according to
the equation: Zcpg(Y, n) = 1/Y (jo)" where Y is the
CPE-constant, j the imaginary unit, n the CPE power
(0 <n < 1), and o is the angular frequency (o =

TABLE II
Impedance Data Obtained by Simulation of Figure 8 by ZView (II) Software
Y, x 10° Y, x 10°

Time R, Reoat Q'em™) Capacity (Q'em™?) Reomr
(min)  (Qcm?  (Qcm?) Coat n; Coating (uF) Metal 1, Metal ~ (Qcm?)

Mild steel/PPy 10 4.89 162.4 1.57 0.77 2.66 55.13 0.32 2209
60 4.99 55.3 2.36 0.78 34 1482 0.48 2095

180 5.99 19.17 20.08 0.67 12.95 9629 0.71 1123

300 6.33 12.53 16.72 0.78 29.84 3400 0.4 670

Mild steel/Py/ZnO 10 6.16 950.8 12.8 0.77 68.23 33 0.53 18881
60 6.66 4254 8.71 0.8 38.33 55 0.49 17470

180 6.15 368.1 7.65 0.81 32.45 65 0.46 15930

300 6.4 352.2 7.28 0.81 30.14 74 0.46 13427

Journal of Applied Polymer Science DOI 10.1002/app
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2I1f, f is the frequency). For n = 1 the CPE is a pure
capacitance. For a capacitance element the deviation
of the exponent n from unity is due to the heteroge-
neousness effect.

CPE (Y, n) in Table II represents the constant
phase element for the coating, where Y and n are
the parameters of the CPE.

The capacitance of coating (C.) was calculated
from the following formula:

Ce = (Yo x R)Y"/R

where R is the coating resistance (Reoat)-
Also, the water uptake of coatings was calculated
from the following formula.*?

(log Cc(t) /log C.(0))

l0g(80) x 100

water — uptake(%) =

where C. (t) is the coating capacitance at time (t)
and C. (0) the initial coating capacitance.

On the other hand, water uptake is a common pa-
rameter used for predicting anticorrosion performan-
ces of organic coatings.”> The water uptake values
were calculated and plotted as a function of time in
Figure 9. The pure PPy-coated electrode, in the ab-
sence of ZnO nanorod, absorbs a large amount of
water and water uptake increases quickly, while the
water uptake of PPy-ZnO nanocomposite coating
has a decreasing trend with immersion time.

The increase in C, for pure PPy coating with time
denoted the entry of electrolyte into the coating.'”
But, in the case of PPy-ZnO nanocomposite coating,
a decreasing trend with time is observed for C,
which is attributed to the denser structure of the
PPy-ZnO coating compared to the pure PPy coating.
Therefore, the electrochemical reactions occur in the
bottom of the pores, and the corrosion products can
fill the pores and causing to the depletion of the

80
—&—PPy-ZnQ
—— P
B0 Py
3
w
-
2 40
¥
z
o
20t
0
0 50 100 150 200 250 300 350

t {minute}

Figure 8 The time dependence of C., for PPy and PPy-
ZnO nanocomposite coatings on mild steel in 3.5% NaCl
solution.
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Figure 9 The time dependence of Water Uptake (%) for
PPy and PPy-ZnO nanocomposite coatings on mild steel
in 3.5% NaCl solution.

water, consequently to the lower water uptake
values.

CONCLUSION

In this work, the synthesis of ZnO nanoroads was
proved by XRD pattern. Also a procedure for the
electrodeposition of PPy on mild steel using ZnO
nanorods has been described. A strongly adherent
polypyrrole film was obtained by galvanostatic elec-
trodeposition on mild steel, with a current density of
2 mA cm ? in 0.IM oxalic acid and 0.IM pyrrole
solution.

SEM images demonstrate that PPy-ZnO coating
has merit morphological characteristic to protect the
mild steel against corrosive media. Also the data
obtained from the OCP show that the PPy-ZnO
nanocomposite polymer film shifts the electrode
potential towards more positive potentials and the
parameters obtained from Tafel test point out that
the PPy-ZnO coating improves anticorrosion proper-
ties of PPy coating. EIS measurements illustrate that
the best corrosion protection properties for investi-
gated coatings in this work, are obtained when ZnO
nanorods were incorporated in PPy coating. Incorpo-
ration of nanosized ZnO (10 wt % relative to PPy)
into the polypyrrole matrix resulted in an increase
in corrosion resistance of PPy coating. These have
been attributed to the morphology of nanocomposite
in which the particle size and specific surface area
are modified with the incorporation of nanorods.
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