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Abstract: Synthesis of poly(o-phenylenediamine) (PoPD) and poly(o-phenylenediamine)-ZnO
(PoPD-Zn0O) nanocomposites on carbon steel by in-situ polymerization with HCI acid as doping
acid Material coating. The composition and structure of PoPD-ZnO nanocomposites were
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The corrosion protection ability of polymer coatings in
3.5% NaCl was studied by potentiodynamic polarization curves and electrochemical impedance
spectroscopy. It can be seen from the electrochemical corrosion experimental data that
PoPD-WPU coating (PWC) and PoPD-ZnO-WPU coating (PZWC) can effectively improve the
corrosion resistance of the carbon steel substrate, and the corrosion rate is reduced by 2-3 orders of
magnitude compared with carbon steel. The conclusion demontrates that PoPD can effectively
extend the service life of carbon steel substrates. In addition, it is advantageous to form a compact
and low-defect coating when added nano-particle ZnO, which is advantageous for the POPD film
to develop its good barrier property and corrosion resistance.
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1. Introduction

Conductive polymers (CPs) have been studied for the replacement of electronic devices,
optoelectronics, and semiconductor materials due to their mechanical strength, electrical
conductivity, corrosion stability and possibility of both chemical and electrochemical synthesis
[1-3]. The benzene ring and the m bond are usually present in the polymer, which facilitates
electron transport of the polymer and the external environment, thereby making them useful in
wide area of applications. The charge is located on the area of several repeating units such as
benzene ring and the © bond, which is considered as a charge carrier in conductive polymers. The
repeating units facilitate local charges move along the polymer chain, and thereby make them
useful in the wide area of applications [4]. At this background, (poly-aniline) (PANI) and its
derivatives (such as polypyrrole and polythiophene) attract much research interest due to
advantages like easy synthesizability, better doping ability, architecture flexibility, environmental
stability, wide applicability, etc [5].

An important role in corrosion resistance is played by conductive polymers-inorganic oxide
nanocomposites [6]. In the field of corrosion, a number of studies have been carried out to design
CPs-inorganic filler composite coatings with good corrosion resistance, such as SiO», TiO», ZnO,
carbon nanotubes and graphene oxide (GO) [7-11]. Inorganic fillers, nano-ZnO particles have
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attracted extensive attention due to their environmentally friendly properties [12,13], low cost,
excellent mechanical and chemical stability. Most polymers are insulators due to their electron
mobility limitations. The conductive polymer is a semiconductor material that can be doped and
converted into a conductive polymer. Doping acid into the polymer can form a hole conductor
(p-type) material, and ZnO is a good electron acceptor (n-type), when they are mixed together,
they form a p-n structure and greatly increase the electron transfer ability [14].

Although PANI exhibits good corrosion resistance, the poor processability of PANI powder
and the low adhesion to metal substrates severely limit its application. PODP is a derivative of
PANI, and its introduction of electron donating group significantly improve the physical properties
and corrosion resistance of PANI [15]. PoPD is very stable in acid, neutral, and alkaline solutions
and air and can prepare in above aqueous [16]. It has apparently different molecular structure
when compared with PANI. Unlike the parent polymer polyaniline which has a linear structure,
PoPD is a ladder-type polymer [17]. It has been reported that there existence a highly aromatic
hydrocarbon polymer containing repeating units of 2,3-diaminophenazine or quinoxaline [18,19].
Additionally, the electrochemical and physical properties of PoPD differ significantly from
polyaniline. When the potential is increased to +1 V, PoPD is less prone to electrochemical
degradation, while polyaniline is not. Compared with PANI, PoPD has extremely high thermal
stability and strong adsorption [18-21].

Luis et al. has been electrosynthesized PoPD films on 304 stainless steel in aqueous solution
of phosphoric acid. They noted that the reduced form of PoPD in a translucent green state provides
a fairly good protection against pitting for steel in highly aggressive chloride medium [22].
Aboozar et al. found that the nanocomposite coating compared with pure polyester coating
provided a coating with a lower number of pores and provide a better corrosion resistance. In
addition to providing a barrier against diffusion of electrolyte, ZnO nanoparticles act as a
corrosion inhibitor and thus increases the corrosion resistance [23].

To the best of our knowledge, few literature on the coating of PoPD-ZnO nanocomposites has
been published as corrosion protection for carbon steel in chloride media [24]. In this paper, we
used carbon steel as the substrate, and prepare nanocomposite coatings composed of PoPD and
PoPD-ZnO by chemical oxidation. The structure and properties of PoPD-ZnO nanocomposites
were studied. The corrosion resistance of PoPD-ZnO nanocomposite coatings on carbon steel
samples was studied at room temperature with 3.5% NaCl.

2. [Experimental
2.1 Materials

O-Phenylenediamine monomers were obtained from Beijing Infinity Scientific Co., Ltd.
Ammonium persulfate ((NH4)2S:0s, APS) and nanoparticles ZnO (99.9 %, 30 + 10 nm) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Butyl alcohol, dibutyl
phthalate, ethyl acetate and sodium chloride (NaCl) were purchased from Tianjin Fuchen
Chemical Reagent Co., Ltd. Hydrochloric acid (HCl) was purchased from Jinan Kunfeng
Chemical Co., Ltd. N-methyl-2-pyrrolidone (NMP) was purchased from Damao Chemical
Reagent Co., Ltd. Waterborne polyurethane (WPU) purchased from Jiaxing Dongjing Printing and
Dyeing Material Co., Ltd.

2.2 Synthesis of steel coupons

The carbon steel of dimension 2cm x 2cm were mechanically polished with a series of emery
papers (grade 320, 600, 1000), and this was followed by washing and degreasing with acetone and
double distilled water and lastly dried in air.

2.3 Synthesis of poly(o-Phenylenediamine)-ZnO composite powders
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poly(o-Phenylenediamine) (PoPD) and poly(o-Phenylenediamine)-ZnO (PoPD-ZnO) were
synthesized by in situ emulsion polymerization method, and a given amount of HCI and
monomers were mixed according to the molar ratio of 1:1. The typical chemical oxidative
polymerization process of PoPD is as follow: 5.4 g of o-Phenylenediamine was added into 50 ml
of 1 M HCI under a series of ultrasonic vibrating, magnetic and vigorous stirrings, and then 50 mL
of 1 M APS solution was added dropwise into the above solution. The resulting mixture was
allowed to react for 20hrs below 5 °C. After that, the precipitate was filtered and washed using
double distilled water and ethanol to remove extra acid and oxidant until the filtrate into colorless,
and then moved them in the vacuum oven to dry at 60 °C for 24hrs. PoPD-ZnO nanocomposite
was synthesized by dispersing 0.25g of ZnO nanoparticles to the mixture of o-Phenylenediamine
and HCI (The content is the same as the above process). The synthesis of the nanocomposite was
further preceded following the identical procedure as prescribed for the synthesis of the copolymer
[25].
2.4 Preparation of poly(o-Phenylenediamine)-ZnO/WPU composite coatings

The composite coating was fabricated by solution casting method. For the preparation of
coating, 0.2 g of as-prepared PoPD-ZnO was suspended in 0.4 ml NMP and 0.2ml ethyl acetate.
1g WPU and 0.2g Hexamethylene Diisocyanate (HDI) were dispersed in the above solution by
ultrasound. Pre-treated steel coupons were coated by using a solution casting method. The
thickness of all coating films were measured by AIRAJ micrometer, which was about 480 + 3 um.
Then cured to achieve a constant weight for each steel sample (approximately 60 °C for 12 hrs
drying is needed) and PoPD-ZnO-WPU coating is abbreviated as PZWC. The preparation of the
PoPD-WPU coatings (the content of PoPD is 0.2 g and abbreviated as PWC) was following the
identical procedure as prescribed for the preparation of the PoPD-ZnO coatings. Figure 1 shows
the schematic diagram preparation of poly(o-phenylenediamine)-ZnO coatings onto the carbon
steel substrate.
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Figure 1. The schematic diagram preparation of poly(o-phenylenediamine)-ZnO coatings.

2.5 Characterization

The chemical structures of the samples were characterized on Fourier transform infrared
spectroscopy (FTIR, Nicolet 6700) measurement in the range of 4000~500 cm™' and X-ray
diffraction (XRD) of the samples which were recorded in a Smart Lab X-ray diffractometer at
45kV/200mA, operating in the range of 10~90° (A=0.15406 nm) with Cu K-alpha radiation.
Morphology of the products and coatings were investigated by field emission scanning electron
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microscopy (FESEM, EVO 18) with an acceleration voltage of 5 kV. Polarization curves and
electrochemical impedance spectroscopy (EIS) measurements were carried out with CHI660E
electrochemical workstation at room temperature. Polarization curves were measured by changing
the potential from —1.2 to -0.2 V (vs. SCE) versus with a constant scan rate of 0.005 V/s, and the
EIS curves were performed by utilizing a sine wave with 0.005 V amplitude under the frequency
range of 10° Hz to 10 Hz, and the EIS data were analyzed by Zview software

3. Results and discussion
3.1 Structures and morphology of poly(o-Phenylenediamine)-ZnO

The FTIR spectra and XRD patterns of PoPD and PoPD-ZnO are shown in Figure 2. The
polymerized PoPd in the presence and absence of ZnO was scraped off and FTIR spectra of the
polymer powderswere recorded in (Figuer 2a). As shown in (Figuer 2a), the peaks at 1632 and
1530 cm™! are attributed to the C=C stretching vibrations of quiniod (Q) and benzenoid (B) rings
respectively. The C-N stretching vibrations of quinoid and benzenoid rings are appearing at 1365
and 1247 cm™! respectively [26]. The two peaks appeared at 3320 and 3153 cm™! are ascribed to
the stretching vibrations of -NH— and —NH> respectively [27,28]. The PoPD-ZnO nanocomposites
FTIR peaks are slightly shifted to higher or lower wavenumber when compared to PoPD. This
may be due to the overlapping of peak related to the stretching of O-H bonding between ZnO
nanoparticles and the N-H bond in PoPd chains. The absorption peaks coming from ZnO were
detected in PoPd-ZnO indicating that the ZnO nanoparticles had loaded in PoPd successfully [28].

The XRD patterns of PoPD and PoPD-ZnO are illustrated in (Figure 2b). The XRD patterns
results show the sharp peak around at 26=10° to 30°. These sharp peaks are indicating the partial
crystalline nature of PoPD. The broad peak centered at 20=26.4° reveal that the local crystallinity
may be caused by the periodicity perpendicular to the polymer chain [26,28,29]. The partial
crystallinity may also result from the long range ordering of polymer chains and the doping of HCI.
furthermore, Samanta indicates that the nature of the synthesized PoPD having well-alligned
morphology was confirmed by the crystalline peaks located at 20 = 10.7°, 16.6°, 18.4° and 28.8°
[30]. In the XRD curve of PoPD-ZnO, the crystallization peaks at 20 = 31.8°, 34.4°, 36.3°, 47.5°
and 56.6° correspond to composite ZnO particles where is fully matching with JCPDS card No.
36-1451.
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Figure 2. Structure analysis of PoPD and PoPD-ZnO: (a) FTIR spectra and (b) XRD patterns.

The surface morphologies of polymers were characterized by FESEM. As shown in Figure 3,
the FESEM images of PoPD and PoPD-ZnO all show the aggregated structures. The PoPD exhibit
a larger lumphy structure with the diameter range of 2-3 um, and irregularly shaped sheets and
granules attached to its surface. While PoPD-ZnO consists of a stack of stick-like structure that
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with a size of about 1um and smooth surface. From the FESEM images of PoPD-ZnO composites,
it is confirmed that the morphology of PoPD is affected by ZnO nanoparticles. Combining the
wo graphics of FTIR and XRD indicateing that ZnO nanoparticles are embedded in PoPD.
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Figure 3. FESEM images of (a) PoPD and (b) PoPD-ZnO.
3.2 CV characterization of poly(o-Phenylenediamine)-ZnO Particles

The electrochemical activity and stability of POPD and POPD-ZnO were obtained by
scanning the CV curves at a scan rate of 20 mVs™! in 1.0 M HCI solution and are shown in Figure
4. In the acidic solution, H" exists in the acidic solution to facilitate the reversible redox reaction
of the polymer, and the parameters obtained are more obvious than other solutions. As shown in
(Figure 4a), the CV curves of POPD and POPD-ZnO are display distinct redox peaks, which
indicates all materials have reversible electrochemical activity and pseudocapacitive charge
storage properties. The reversibility of the electrochemical redox reaction can be estimated by the
potential ratio between the oxidation peak and the reduction peak, and the closer to 1, the higher
the reversibility. From (Figure 4a), we can estimate that the oxidation potential and the reduction
potential of the potential POPD are about -0.097 and -0.17 V, respectively, and the oxidation
potential and the reduction potential of the POPD-ZnO are about -0.1 and -0.15, respectively. The
redox current value of POPD-ZnO is also about 2 times larger than POPD. This may be because
the introduction of ZnO nanoparticles does not change the electrochemical reversibility of POPD,
but it can exert a synergistic effect with POPD, promote the redox reaction of POPD chain, and
make the electrochemical behavior of POPD-ZnO be better than POPD. As shown in (Figure 4b),
with the number of scans increasing, the current response decreased and the corresponding redox
peak shapes broadened, indicating the good electrochemical stability of all the obtained materials.
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Figure 4. CVs of PoPD and PoPD-ZnO (a) 1 cyclic voltammograms, (b) 20 cyclic
voltammograms.
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3.3 Characterization of poly(o-Phenylenediamine)-ZnO coating surface morphology

Scanning electron microscopy (SEM) is extensively used in the surface analysis of
synthesized materials. Figure 5 demonstrates the SEM micrographs of the WPU coating (Figure
5a), PWC (Figure 5b) and PWZC (Figure 5c). As can be seen, there are some defects structures on
the surfaces of the PWC and PWZC. This is due to the fact that some of the oligomers become
soluble in the acidic doping medium during doping. In addition, the presence of a doping medium
affects the conductivity of the same type of polymer[26]. However, the porosity of the PoDP-ZnO
is less than that of the PoDP, which is attributed to the fact that the polymer monomer can be
effectively attached around the ZnO, increasing the degree of polymerization. On the other hand,
ZnO can also be filled into the voids of the polymer, reducing the presence of voids.
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Figure 5. SEM images of (a) WPU coating, (b) PWC, (c) PWZC.
3.4 Corrosion protection evaluation of poly(o-Phenylenediamine)-ZnO Coating

The corrosion performances of PZWC and PWC coatings were measured after immersion in
3.5% NaCl solution for 168 h by potentiodynamic curves and EIS methods, as shown in (Figure 6).
Polarization curves are illustrated in (Figure 6a), the corrosion characteristics of corrosion
potential (Ec) and corrosion current density (/o) calculated by the Tafel curves extrapolation
method are listed in Table 1. The corrosion rate (CR) of the pristine and coated steels in Table 1
was calculated by the following equation [31].

M(g)-1,, (Alcm®)

n-p(glem’)

Where M is the molecular mass, it represents the molar mass of the working electrode metal.
L.or-1s corrosion current density, n is the number of electrons transferred by 1 mol of metal during
the oxidation reaction, and p is the density of steel. As shown in (Figure 6a) and Table 1, also
gives the corrosion parameters of WPU, PWC and PZWC coatings calculated by euation (1). A
negative shift in CR values of 3 and 6-fold have been found when POPD and POPD-ZnO were
applied to the WPU, respectively. The Ecor values of the samples protected with WPU and
polymer coatings shifted positively relative to that of uncoated steel, indicating that all the
coatings prevent corrosion to some extent. PZWC coating has a higher Ec,.- and lower .o, which
indicates that it has good corrosion resistance compared to WPU, and PWC. This suggests that the
addition of the POPD-ZnO composite as a pigment of the WPU coating can effectively prevent
further corrosion of the steel sample. The Ecor is increased from -0.89 V corresponding to coating
free steel surface to -0.62 V after coated PZWC film. Besides the .o values were found to
decrease with coated WPU film (3.63 puA/cm?), PWC film (1.20 pA/cm?) and the PZWC film
(0.62 nA/cm?). The decrease in the corrosion current indicates that PZWC and PWC coatings can
rely on the reversible redox properties of the polymer materials [32]. In the presence of ZnO
nanocomposites, he corrosion resistance of the coating will also increase [33,34]. The results of
potentiodynamic curves and EIS indicates that the PoPD and PoPD-ZnO composites inhibit the

CR =3270x

(M
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anodic reaction by acting as a barrier layer between electrode surface and corrosive environment
[24,35].
The protection efficiency (PE%) of coatings was also calculated by the following equation
[36]:
IC()VF - [ ! corr
PE(%)="—""x100 (2)

Where I.. is the corrosion current density of carbon steel and /', is the corrosion current
density of WPU, PWC and PZWC coatings. Compared to carbon steel, the protection efficiencies
for WPU, PWC and PZWC coatings estimated from the above equation are found to be 66.1, 88.8
and 94.2%, respectively.

The corrosion resistances of WPU, PWC and PoPD coated films, evaluated as
electrochemical impedance, in 3.5% NaCl solution are presented in (Figure 6b). The solution
resistance (Rs), the coating resistance (Rc) and the charge transfer resistance (R.) were derived
from EIS and analyzed by fitting the experimental data to a simple equivalent circuit model in
(Figure 6b) and presented in Table 1. The corrosion process of the coating can be further
understood by the shape of the Nyquist diagram. The corrosion mechanism controlled by the
Nyquist diagram is semi-circular, while the diffusion control is linear. The semicircle in the
Nyquist spectrum in (Figure 6b) indicates that the corrosion resistance mechanism of the coating
is kinetically controlled. At the same time, a semicircle indicates the occurrence of a corrosion
process, which includes the charge transfers resistance caused by metal corrosion and the double
layer capacitance of the liquid/metal interface. In the Nyquist diagram, the high frequency region
corresponds to the film impedance and the low frequency region represents the charge transfer
impedance. The protection efficiencies (PE%) of the charge transfer resistance in Table 1 were
calculated by the expression below [29,34]:

0
PE(%) = R =R 100% 3)
RL’t

Where Re and R’ are the charge transfer resistances of the coated steel and pristine steel,
respectively. The value of R, increased from 229.2 Q-cm? for the WPU film to 259.6 Q-cm? and
914.9 Q-cm? upon the addition of PWC film and PZWC film, respectively. Furthermore, the R, of
WPU, PWC film and PZWC film are 857.2 Q-cm?, 928.8 Q-cm? and 1325 Q-cm? resulting in 54.1,
57.6 and 70.3 % protection efficiency, respectively. Among them, the effect of PZWC was most
prominent, due to the introduction of ZnO nanoparticles in the polymer matrix resulting in an
increase in the surface area of the coating, thereby increasing the charge transfer resistance of the
electrode system. One of the special properties of polymers is their ability to interact with the ions
liberated during the corrosion reaction of steel in the presence of CI” ion [37]. So, their
anticorrosion performance increases with the increase of surface area.
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Figure 6. After immersed in 3.5% NaCl solution 168 h, (a) Tafel plots and (b) Nyquist plots of
all coatings.

Table 1 Fitting corrosion parameters for all coating surfaces immersed in 3.5% NaCl solution by
potentiodynamic curves and EIS.

Potentiodynamic curves EIS
Coatings  Ecorr Leorr CR PE Ry R Rt PE chi-
V)  (Alem®) (mm/year) (%) (Qcm?) (Qcem?) (Qcecm?) (%) square
Bare 5 1
-0.89 1.07x10 1.25%10 — 34 — 393.5 —
steel
WPU  -0.84 3.63x10° 423x102 66.1 2.83 229.2 8572 54.1 0.008
PWC  -0.70 1.20x10° 1.40x10% 88.8 13.8 259.6 928.8 57.6 0.012
PZWC -0.62 6.17x107 7.20x10° 942 18.8 914.9 1325 703 0.003

Both potentiodynamic curves and EIS measurements showed that the PWZC coating
provides the best corrosion protection for steel. To further confirm this observation, the
appearances and corrosion morphologies of steels surface after immersion to the corrosive
medium and removal of the coating were observed and shown in (Figure 7 and Figure 8). Based
on the visual appearances and the comparison in (Figure 8), it can be seen that the degree of
corrosion of the steel surface after removal of the coatings adapts the following trends: carbon
steel > WPU coating > PWC coating > PWZC coating. As shown in (Figure 8a) internal, the metal
surface is severely damaged, and the major corrosion pits can be found and some corrosion
products were distributed on the steel surface. From (Figure 8b,), (Figure 8c), (Figure 8d), it can
be observed that many corrosive white spots can be observed, and the number of spots in the steel
surface under the PWC coating is much larger than the steel surface under the WPU coating and
the PWZC coating. The area of each corrosion spot is again the largest under the PWC coating.
However, after removed the PWZC coating, it can be seen from (Figure 8d) that the steel surface
is covered with less amount of corrosion products and corrosion pits compared to the steel surface
under the PWC coating. It can be concluded that both electrochemical protection and barrier
effects can cause corrosion protection of the composite coating. Electrochemical protection is
caused by an increase in the corrosion potential and the formation of a passivation layer on the
metal surface.
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Figure 7. Carbon steel and coatings surface which after soaked in 3.5% NaCl
solution for 30 days

Figure 8. Carbon steel and removed coatings surface which after soaked in 3.5% NaCl
solution for 30 days.

3.5 The mechanism of protection

Based on the experiments and their results presented here, the mechanism of corrosion
prevention can be described as follows: The conductive polymer can also be reoxidized by
reaction with atmospheric or dissolved oxygen. The specific reflection is as follows:

ICP reduction/metal oxidation:

(n=y)+
m+ 0 +
(1/n)M+(1/m)ICP™ +(y/n)H,0 — (l/n)M(OH)y +(1/m)ICP’ +(y/m)H

ICP oxidation by molecular oxygen:
(m/4) O, + (m/2) HZO+ICP0 — ICP™ +mOH"~

Therefore, reoxidation of the conducting polymer is necessary for the polymer to continue its
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function as an electroactive coating. Further, the reaction of the dopant hydrochloric acid with the
carbon steel forms an anti-corrosion film on the carbon steel to produce a metal salt. This
insoluble iron-dopant salt will effectively passivate the pinhole as observed. [38].

The addition of an appropriate amount of ZnO nanoparticles to the organic matrix can
effectively improve the structure inside the matrix, since these nanoparticles act as obstacles
towards the penetration of water molecules and electrolytes. Furthermor, the presence of ZnO
increases the tortuosity of those pores, which forces the corrosion agents to travel longer before
reaching the substrate surface [39]. Therefore, the corrosion resistance of the coating system is
retained for a longer time.

4. Conclusions

The PoPD-ZnO composite was synthesized through an in situ chemical oxidative
polymerization method using HCI as the dopant. The structure and morphology of the composite
were studied using FT-IR, XRD, and FESEM techniques. The structure studies revealed that
morphological studies confirmed that the formation of PoPD-ZnO composites can reduce the size
distribution of PoPD. The electrochemical behavior studies revealed that PoPD has a certain
degree of reversibility. The corrosion studies of all the coated steel samples immersed in 3.5 wt%
NaCl solution by potentiodynamic curves and EIS measurements showed that the PoPD-ZnO
composite containing coating exhibits a higher corrosion resistance than that of PoPD, WPU and
bare steel. The corrosion rate of PoOPD-ZnO coating is two orders of magnitude lower than that of
bare steel. The SEM images showed that the corrosion sites on the surface of steel coated with
PoPD-ZnO were less than those of coated PoPD, WPU and bare steel, which indicated that the
addition of nano-ZnO was beneficial to the barrier performance and corrosion resistance of the
PoPD film.
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