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In this work, epoxy coatings containing phytic acid-doped tetraaniline (PATA) nanoparticles for Q235
steel were prepared and their anticorrosive properties were investigated. Synthesized PATA
nanoparticles were characterized by scanning electron microscope (SEM), scanning probe microscope
(SPM), photoelectronic spectroscopy (XPS), and Raman test. The anti-corrosion properties of coating
were studied by the open circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and
scanning vibrating electrode technique (SVET). The experimental results showed that the content of the
PATA nanoparticle has a positive effect on the barrier ability of the epoxy matrix. The epoxy coating
containing 0.25 wt% of PATA nanoparticles has superior corrosion protection property and a satisfactory
self-healing effect. The self-healing effect of PATA/EP coating ascribes to the synergistic effect of the
passivation of phytic acid ions and tetraaniline. As an effective anticorrosion filler, the PATA
nanoparticle has the potential to apply to the field of corrosion protective coating.
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1. INTRODUCTION

Corrosion is the dominating inducement of damage and scrap of various civil and industrial steel
structure equipment [1]. The organic coating is regarded as one of the most efficient means for corrosion
protection field via isolating metal substrate surface from corrosive species. Also, numerous studies
found that organic coatings can safeguard metal substrate better by blending active pigments [2].
Conducting polymers (CPs), as a class of active pigments, are usually applied to the anticorrosion field,
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such as polyaniline (PANI) [3], polythiophene [4], and polypyrrole (PPy) [5, 6]. Because of their
superiorities of facile synthesis, chemical stability, and electrochemical activity, it is widely accepted
that the CPs can provide a remarkable anticorrosion effect by impeding the penetration of corrosive
species and inducing the formation of passive oxide films on the metal substrate surface. Nevertheless,
the pure CPs often have many issues such as weak interfacial adhesion and poor solubility which
dramatically affect the anticorrosion properties of organic coatings. To deal with these problems, several
representative methods usually are employed in recent years of studies: 1) grafting soluble functional
groups into the molecular chain [7]; 2) selection of appropriate acidic dopants [8]; 3) preparation of the
well-dispersed nanoparticles [9, 10]. Another successful method was preparation of well-dispersed
nanoparticle utilizing the self-assembly technique [11]. Self-assembly has been considered as a
promising technology for preparing nanomaterials of m-conjugated molecules by a noncovalent
interaction, e.g. ionic interaction, ©-n stacking, and hydrogen bonding [12].

Tetraaniline (TANI), as a typical and promising n-conjugated molecule, has been assembled into
1-D nanofibers, 2-D nanoplates, and 3-D nanoflowers via solvent exchange method assisted by acidic
dopants such as inorganic acids (HCI, HNOz, H2SO4 and HCIOs) and organic acids (e.g.
camphorsulphonic acid) [9, 13-17]. Therefore, it should select an appropriate acidic dopant to prepare
the well-dispersed nanostructure. Phytic acid, as an eco-friendly corrosion inhibitor, has good water
solubility, unique molecular structure, and metallic chelation property [18]. Phytic acid has a strong
chelation effect with metal ions (Fe?*, Mg?* Zn?*, Cu?*) and the generated chelates can deposit on the
metal surface to protect the metal substrate from corrosion [8]. Figure 1 depicts the molecular structure
of phytic acid and tetraaniline. Considering the corrosion inhibiting effect of phytic acid, it should be an
ideal acidic dopant for TANI.

In this work, phytic acid-doped tetraaniline (PATA) nanoparticle was prepared and characterized
by scanning electron microscope (SEM), scanning probe microscope (SPM), Raman spectrum, and X-
ray photoelectronic spectroscopy (XPS). The effect of PATA on corrosion resistance of the resulting
coating was evaluated by open circuit potential (OCP) and electrochemical impedance spectroscopic
(EIS). The corrosion products were also characterized through electrochemical impedance spectroscopy
(EIS), SEM and energy dispersive spectrometer (EDS). Furthermore, the self-healing capability of
PATAV/EP coatings’ scratch was tested by scanning vibrating electrode technique (SVET) analysis.
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Figure 1. The chemical structure of a phytic acid molecule and tetraaniline molecule.
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2. EXPERIMENTAL SECTION

2.1 Materials

A commercial epoxy resin E44 and matched amine curing agent were provided by Yunda
Chemical Co. Ltd. Ammonium persulfate (APS), 4-aminodiphenylamine, ammonia solution, and phytic
acid solution (70% in H20) were purchased by Aladdin Industrial Corporation. Q235 steel material was
used as the substrate in this study. Hydrochloric acid, acetone, and absolute ethanol were provided by
Sinopharm Chemical Reagent Co. Ltd.

2.2 Preparation of TANI and PATA nanopatrticle

The TANI was prepared by following previous literature [9]. 60 mmol of 4-aminodiphenylamine
was fully dissolved in the 75 mL of 1 M HCI, 300 mL of acetone, and 300 mL of deionized water in an
ice bath. Then, 40 mmol of APS in 150 mL of 1M HCI solution was added dropwise into the above-
mentioned mixture for 1 h. Continuing the reaction for 3 h, the semi-product was filtered to collect, and
then dedoped via dissolved in 300 mL deionized water and 50 mL of ammonia solution with vigorous
stirring for 5 h. The dry TANI powder was obtained by filtration and washing repeatedly by deionized
water and drying to a constant weight at 40 °C for 48 h. 10 mg of TANI powder and 50 mL of 0.02 M
phytic acid solution were mixed under ultrasonic irradiation for 3 mins. The green PATA slurry was
obtained by centrifugation. Finally, the dry PATA powder was dried to constant weight as a powder in
vacuum at 40 °C for 72 h.

2.3 Preparation of PATA/EP composite coatings

The composite coatings containing 0.1, 0.5, and 1.0 wt% of PATA nanoparticles were prepared.
The related coatings with pure epoxy, 0.1 wt%, 0.5 wt%, and 1.0 wt% were marked as pure EP,
PATA0.01/EP, PATA025/EP, and PATAos/EP. The E44, PATA, and ethanol solution were mixed and
dispersed using a high-speed agitator at room temperature. After ethanol was removed via rotatory
evaporation, the coating mixture was coated on the Q235 steel electrodes surface via a bar coater. The
prepared coating samples were cured for 1 d at 25 °C until the coating mixture was completely cured.

2.4 Characterization

2.4.1 Characterization of the prepared PATA nanoparticle

The scanning electron microscope (SEM) patterns of PATA nanoparticles and fracture surface
of coatings were obtained by HITACHI S4800 (Japan). And the morphologies of PATA nanoparticles
were also performed by the scanning probe microscope (SPM, Dimension 3100). The X-ray
photoelectron spectroscopy (XPS) and Raman results of PATA were performed by AXIS UTLTRA
DLD (England) and Via Reflex (England). After 60 days of immersion, the corroded coating electrode
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was investigated with SEM (HITACHI S4800, Japan) and energy dispersive spectroscopy (EDS, Japan).

2.4.2 Electrochemical tests of PATA/epoxy composite coatings

The open circuit potential (OCP) and electrochemical impedance spectroscopy (EIS) results of
PATAJ/EP coatings were obtained via CHI-660E electrochemical workstation (China). The traditional
three-electrode system was employed: coating electrode: working electrode; reference electrode:
saturated calomel electrode; counter electrode: platinum plate electrode). The EIS data point was
detested in the range of 1072-10° Hz with an amplitude of 20 mV. The scanning vibrating electrode
technique (SVET) test instrument was from VersaSCAN micro scanning electrochemical workstation
(AMETEK, USA). To characterize the active corrosion protection ability of coatings, a visible artificial
defect with 2mm of length was scratched on the coating surface via a scalpel. The amplitude of 20 pm
of microelectrode probe was 30 um with a frequency of 80Hz (scanning region: 2 mm?).

3. RESULTS AND DISCUSSION

3.1 Characterization of PATA nanoparticle

The SEM is employed to analyze the morphologies and distribution of PATA nanoparticles. As
shown in Figure 2a and 2b, a great deal of well-dispersed nanoparticles with a size of 60—-120 nm is
discovered. Besides, the morphology and distribution state could also be verified by SPM results. From
the SPM image (Figure 2c and 2d), the PATA nanoparticles show a well-dispersed spherical
morphology, and the diameter of particles are approximately 65—100 nm, which agreed with the analysis
of SEM results.
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Figure 2. Morphology and size of PATA nanoparticles: (a) SEM image; (b) grain size; (c) SPM image;
(d) the height of selected zone.
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The XPS spectra of the PATA nanoparticle is shown in Figure 3. Figure 3a exhibits that the C 1s
core level spectrum can be decomposed into four peaks. The C-O peak at 286.4 eV is from phytic acid.
The second peak (C-N*/C=N") at 285.2 eV is assigned to the carbon atoms bonded to positively charged
nitrogen [8]. The last two peaks at 284.4 eV (C—N and C=N) and 283.9 eV (C-C or C-H) are assigned
to the backbone of TANI-PA molecule. Figure 3b shows that the peak of N 1s core level spectrum is
divided into three peaks. The first peak at 398.7 eV (N*) is attributed to positively charged nitrogen [19].
The atomic composition and the quantitatively doping level are listed in Table 1. The doping level of
PATA nanoparticle is obtained via the ratio of positively charged nitrogen content to the entire nitrogen
content. The doping level of PATA nanoparticle reaches 19%, confirming PATA is in its self-doped
conducting form. Also, the nitrogen contribution at 397.7 eV and 396.4 eV are ascribed to benzenoid
diamine nitrogen (—-NH-) and quinoid di-imine (—N=), respectively. Figure 3c exhibits that the peak of
O 1s also can be decomposed into three peaks, which are all attributed to phytic acid structure, including
O-C at 530.9 eV, —OH at 529.6 eV, and O-P at 528.4 eV. For Figure 3d, the P 2p peak at 133.9 eV is
assigned to H,PO4'~ in phytic acid structure [20].
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Figure 3. (a) C 1s, (b) N 1s, (c) O 1s, and (d) P 2p XPS spectra of the synthesized PATA nanoparticles.

Table 1. The elemental analysis of PATA nanoparticle and doping ratio calculated by XPS.

Atomic composition (%) Doping level
Sample 1
C N C P P/N N/N
PATA 67.81 23.72 735 1.12 0.13 0.19 I

Figure 4 depicts the Raman spectrum of the PANI-PA. The strong peak at 1619 cm™? is attributed
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to the C=N stretching vibration in quinonoid rings [7]. The peaks at 1591 cm* and 1563 cm™ are due
to the C=C stretching vibration of a benzenoid and quinonoid ring in PATA backbone. The obvious peak
at 1337 cm™* is from protonated imine in PATA molecular chain and the strong peak at 1178 cm™ is
attributed to the C—H bending vibration of the quinonoid ring structure [21]. These two characteristic
peaks confirmed the synthesized PATA nanoparticle that the phytic acid has been doped with TANI
successfully, which is following the analysis of XPS results.
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Figure 4. Raman spectrum of the synthesized PATA nanoparticles.

3.2 Characterization of PATA/EP coating

To characterize the dispersion state of PATA nanofiller in the epoxy matrix, Figure 5 shows the
SEM images of fracture surfaces of different coatings. As seen in pure EP (Figure 5a), there are many
clear defects on the fracture surface such as tiny air bubbles and tube-like traces. Dealing with these
inevitable tiny bubbles and faults is the key to improving the overall corrosion resistance of the coating.
By contrast, as shown in Figure 5b and 5c, when the content of PATA nanoparticles is increased to 0.25
wt%, micro defects can be hard to observe on the fracture surface of the PAT Ao 250/EP sample, revealing
that this nanoparticle can be able to fill the microcavities in the EP coating efficiently. However, when
the content of PATA nanoparticles researches 0.5 wt%, we can observe much more tiny holes and
wrinkles on the fracture surface (Figure 5d). It is because the overuse of nanoparticles induced more
microcrack spread. Hence, the SEM results of fracture surfaces confirm that 0.5 wt% of PATA
nanoparticles possess the best dispersion state in the epoxy resin matrix.
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Figure 5. SEM images of fracture surface for (a) pure EP, (b) PATAo0.1%/EP, (c) PATAo25%/EP and
PATAos%/EP coatings.

3.3 OCP tests

The OCP results for different coating samples in 3.5 wt% NaCl solution are depicted in Figure
6. For pure EP sample, OCP values decline gradually from —532 mV to —627 mV after immersion of
first 20 days, indicating that the corrosive species have infiltrated gradually into the epoxy matrix.
Nevertheless, the OCP values of pure EP increase steadily from —627 mV to —498 mV during the next
40 days because of the rust accumulation beneath the organic coating [16, 22]. Also, for the overall
immersion process, the lowest-level OCP values (~550 mV) reveal the weak corrosion resistance of pure
EP compared to other composite coatings. The OCP results of coatings PATAo.1%/EP and PATAq.5%/EP
decrease gradually over time, revealing that the corrosive species has also permeated steadily into these
coatings. By contrast, despite the OCP value of PATAos%/EP fluctuates slightly at initial immersion
time, its value increases steadily and eventually reaches 115 mV after 60 days of immersion. By
comparing the overall level of OCP value of all coating samples, it is found that the OCP value of epoxy
coating loaded with PATA filler is higher than that of pure EP sample, especially the PATAo.25%/EP
coating. The OCP value of PATA0.25%/EP coating increases gradually and its OCP result is higher than
the rest of the coatings after 23 days of immersion. The positive shift of the OCP value while maintaining
a relatively high level reveals that a stable passivation film is formed on the surface of the Q235 steel
beneath the epoxy coating.
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Figure 6. OCP results of different coatings tested in 3.5wt% NaCl solution during 60 days of immersion.

3.4 EIS analysis

EIS technique is used to study the corrosion protection ability of the selected composite coatings.
The Bode and phase angle plots of the samples tested in 3.5 wt% NaCl solution for 60 days are presented
in Figure 7. For phase angle results, the peak located in the high frequency is attributed to the response
of the capacity and resistance of the coating, while the peak appearing at the low or medium frequency
is related to the response of the corrosion reaction [23, 24]. In terms of pure EP, two peaks in Figure 7b
are seen after 20 days of immersion, which is evidence of coating failure. Such a quick failure of the
coating is derived from the internal micro defects of the coating caused by the coating matrix curing
process. However, the second time constant is not obvious for PATA/EP composite coating even after
60 days of immersion as seen in Figure 7d, which demonstrates that PATA filler strongly decreases the
coating micro defects and improves its impermeability.

Also, the impedance values at the lowest frequency (f = 10 mHz) can be regarded as a
semiquantitative parameter of the barrier property of the organic coating. It could be seen that the
impedance values for pure EP, PATA0.1/EP, and PATAq50/EP coatings drop greatly during the overall
immersion periods. Generally, the decrease in impedance values is due to the penetration of corrosion
solution into the epoxy coating matrix. When the water absorption coating reaches saturation, the organic
coating almost loses its barrier ability for metal material. For pure EP, the impedance value decreases
rapidly from 1.97 x 10% Q cm? to 6.39 x 10° Q cm? after 20 days of immersion because of the weak
barrier ability of pure epoxy coating. When 0.1% PATA filler is added to the epoxy coating, the
impedance value decreases from 1.97 x 10® Q cm? to 6.39 x 10% Q cm? at the initial immersion period,
showing that the addition of fillers can significantly enhance the barrier ability of the coating. In the case
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of the PATAo.25%/EP coating, its impedance remains at a relatively high-level value (~ 10® Q cm?) for
the entire immersion time, which is higher than pure EP and PATAo.1/EP samples. However, when the
more content of PATA filler (reach up to 0.5 wt%) is added to the epoxy coating, its impedance change
trend during the entire immersion time is similar as PATAo.1%/EP sample and its final impedance only
reaches 9.95 x 10° Q cm?, which is much lower than the PATAq.2s4/EP sample by ~2 orders of
magnitude. This may be because a large number of fillers formed agglomerations in the coating matrix
and generated micro-defects. By contrast, the as-prepared PAT Ao.25%/EP coating has a superior corrosion
resistance for the Q235 steel substrate.
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Figure 7. Bode and phase angle plots of different coatings with immersion in 3.5 wt % NacCl solution:
(@) 1 day, (b) 20 days, (c) 40 days and (d) 60 days.

Furthermore, the EIS results are fitted through ZSimpWin 3.30 software using the equivalent
circuits depicted in Figure 8. In the fitted equivalent circuits, Rs, Rp, and Rt represent the solution
resistance, the pore resistance, and charge transfer resistance, respectively. The constant phase element
presents the deviation from the capacitance element marked as ‘Q’ [25]. Qc and Qa relate to the coating
capacitance and coating/steel double-layer capacitance. Also, the Warburg component (Zw) element
could be related to the corrosion diffusion behavior [26].

Rp decreases with increasing immersion time because of the penetration of the corrosive species
and the degradation of the epoxy coating [27]. Figure 9a presents the fitted results of pore resistance (Rp)
for different coatings in 3.5 wt% NaCl solution after 60 days immersion. In terms of pure EP, the Rp
value declines from 1.60 x 10" Q cm?to 7.49 x 10* Q cm?. For composite epoxy coating, PATAo.1%/EP,
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PATA025%/EP and PATAos4/EP have the pore resistance values of 2.45 x 106 Q cm?, 1.53 x 10’ Q cm?
and 6.41 x 10° Q cm? of immersed final period. PATAq2s%/EP coating sample is around 1~2 order of
magnitude higher than other samples, revealing that PATAo.1%/EP and PATAos%/EP have relatively
weak barrier property after the immersion of 60 days.

Figure 10 presents the values of coating capacitance (Qc) for different coatings in 3.5 wt% NacCl
solution after 60 days immersion. Q. shows the absorption ability of corrosive species, and the organic
film is apt to breach with the attack of corrosive species, which results in the loss of the barrier function
[16]. The corrosive species permeated into the coating matrix result in the increase of Qc, owing to NaCl
solution have a higher dielectric constant than coating matrix. As the coating is penetrated by NaCl
solution, the Q. values for pure EP, PATAo.1%/EP, and PATAqs%/EP have increased to 1.18 x 107 F
cm2 and 9.67 x 10 F cm and 9.92 x 107! F cm™ after immersion of 60 days, respectively.
Nevertheless, the final Q. value (7.97 x 107! F cm2) of PATAo.25%/EP is relatively lower than those of
the above three coatings’, revealing only a small amount of NaCl solution attacked into the PATAo.5%/EP
coating, indicating the superior anti-corrosion property.
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3.5 Corrosion product analysis

As seen in Figure 10 and Table 2, the corroded steel surface of pure EP (Figure 10a) mainly
consists of Fe (87.67%), O (9.18%), and Cl (3.45%), which reveals that lots of water and corrosive
species has reached the metal substrate. In terms of PATAo.25%/EP, the content of CI (0.16%) for the
corroded steel surface (Figure 10b) is much lower than that of pure EP and the steel surface of pure EP
shows a cleaner substrate surface than PATAo.2sw/EP. These results demonstrate that only a small
amount of corrosion occurred on the surface of the substrate. Also, it is worth noting that 0.85% of P
element is found on the surface of this sample, indicating that phosphorus-containing compounds are
formed during the corrosion reaction. According to SEM and EDS results, the epoxy coating containing
0.25 wt% of PATA nanoparticles has good barrier properties and passivation effects.

Figure 10. Images and EDS results of the corroded surfaces of pure EP (Region 1) and PATA0.25%/EP
(Region 2) after 60 days immersion in a 3.5 wt% NaCl solution. All samples are the bare steel
surfaces with rust after removing the coating.

Table 2. The elemental analysis of TANI nanofiber, its molecular formula, and CI/N ratio by XPS.

Sample Fe O C Cl P
pure EP 87.67 9.18 - 345 -
PATA(.2s/EP 81.33 1532 234 0.16 0.85
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3.6 SVET analysis

For further study of the active corrosion protective ability of the coatings with PATA
nanoparticles, the SVET technique is employed for investigating the local area corrosion activities [28,
29]. Generally, the electrochemical reactions at the man-made scratch position resulted in a significant
enhancement in anodic current density. Figure 11 shows the current density distribution diagram after 1
h and 24 h with immersion in 3.5 wt% NaCl solution for pure EP and PATAo.25%/EP. As shown in Figure
11a and 11c, the similar current density distribution of colorful images are observed, revealing pure EP
and PATAo.25%/EP coating have the semblable original anodic current density after 1 h of immersion in
3.5 wt% NaCl solution. After 24 hours of exposure to 3.5 wt% NaCl solution, the corrosion current
density of pure EP increases (Figure 11b), revealing the deterioration of the corrosion reaction at the
scratch position. By contrast, there is no obvious response of anodic corrosion current signals (Figure

11d) for the PATAo.25%/EP coating, demonstrating corrosion activity has suppressed successfully with
the existence of PATA nanoparticles.

0.

(a) 1h, pure EP
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Current density/pA cm

2
Current density/pA cm

Figure 11. 3D current density distribution of coated Q235 steels immersed in 3.5wt % NaCl solution for
1 hand 24 h. (a, b) pure EP and (c, d) PATAo.25%/EP, unit of current density: pA cm™.

4. CONCLUSIONS

Herein, a phytic acid-doped tetraaniline (PATA) nanoparticle was prepared by assembly
chemistry. The nanoscale makes it suitable as a processable additive for epoxy coatings to be applied to
the anticorrosion field. Epoxy coating blended with 0.1 wt%, 0.25 wt%, and 0.5 wt% of PATA
nanoparticles was successfully prepared. The results of the OCP test, EIS test, and SVET technique
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revealed that epoxy coating blended with 0.25 wt% of PATA nanoparticles exhibited excellent corrosion
protective ability. Moreover, this work offers fire-new thinking to obtain the processable nanoscale
polymer and further potential applications as a corrosion inhibitor for improving the corrosion resistance
of epoxy coatings.
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