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A B S T R A C T   

Perfluorooctanoic acid doped polyaniline (PFOA/PANI) nanoparticles were successfully prepared through 
ultrasonication-assisted oxidation polymerization. The prepared PFOA/PANI nanoparticles exhibited high hy-
drophobicity and good dispersibility in ethanol, which could uniformly distribute in epoxy resin (EP) coatings to 
enhance their anti-penetrant efficiency towards corrosive media. The corrosion protection properties of PANI- 
contained coatings on Q215 steel were evaluated and compared through electrochemical impedance spectros-
copy measurements in brine. The experimental results demonstrated the PFOA/PANI/EP coatings possessed 
higher corrosion performance than the EP coatings and HCl-doped PANI-contained EP coatings. Besides, dedoped 
PFOA molecules from PFOA/PANI nanoparticles can be adsorbed on the surface of steel to form a hydrophobic 
corrosion inhibition layer, which further improves the corrosion resistance. The impedance of PFOA/PANI/EP 
coatings continuously increased after the coatings were immersed in brine for more than 2 days, and the 
impedance modulus at 0.01 Hz was higher than 6 × 108 Ω⋅cm2 after 9 days. The novel method for the prepa-
ration of hydrophobic PANI nanoparticles proposed in this work may provide new ideas and methods for 
developing more high-performance anti-corrosion materials and promoting their applications in corrosion 
protection.   

1. Introduction 

Metallic corrosion is a common and irresistible natural phenomenon 
that seriously damages the engineering equipment, human health and 
safety, and environment [1]. Therefore, effective anti-corrosion means 
must be adopted in practical production and life. Organic coatings as a 
kind of convenient and effective measure, have been extensively used in 
the field of corrosion protection [2]. However, the barrier effect of pure 
organic coatings is limited and the coatings will be easily penetrated by 
corrosive media in a long term. The traditional way to resolve this 
problem is to add some corrosion inhibition fillers in organic coatings, 
such as red lead, hexavalent chromium, zinc, and copper. But these 
corrosion inhibition fillers are toxic, which are harmful to the environ-
ment and people’s health [3]. Because of that, environmentally friendly 
and high-efficiency corrosion inhibition fillers are required and pursued. 

Polyaniline (PANI) as a classical conducting polymer, has been 
widely used in various fields, due to its excellent conductivity, redox 

property, environmental stability, non-toxicity, and facility to modifi-
cation [4,5]. The corrosion resistance of PANI in coatings or as corrosion 
inhibitors has been researched for nearly 40 years, since the first report 
on the PANI-based corrosion inhibition coatings [6]. Lots of studies has 
proved the effectiveness of polyaniline on corrosion resistance [5,7]. 
The corrosion resistance performance of PANI coatings is deemed to 
come from the effects of physical barrier, passivation and corrosion in-
hibition [8–11]. The difference on the degree of oxidation or proton-
ation would cause the various forms of PANI [8]. Protonated emeraldine 
is one of the most important forms of PANI that owns electrical con-
ductivity and anti-corrosion property, which can be directly obtained by 
polymerizing aniline in a solution containing suitable protonic acid 
[12]. Inorganic acids, such as HCl, H3PO4, HClO4, HNO3, as the most 
frequently-used doping acids, have been adopted to fabricate various 
PANI materials [12–14]. However, the inorganic acid-doped PANI ma-
terials are difficult to be dissolved or homogeneously dispersed due to 
the rigid structure of PANI molecules, which seriously limit their 
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applications in coatings and other aspects. Therefore, the organic pro-
tonic acids with some functional groups are pursued by more and more 
researchers in fabrication of doped PANI [15,16]. For example, Chen 
et al. using partially phosphorylated poly(vinyl alcohol) as the doping 
acid and modifier prepared conducting PANI nanoparticles that could 
well dispersed in aqueous media and played an good role in waterborne 
corrosion protection coatings [9]. 

The corrosion inhibition has been taken into account by a growing 
number of researchers in fabricating coatings [17]. The self-healing 
function to the coatings was sometimes used, thereby further 
enhancing the performance of corrosion protection in a long term 
[18–20]. Many organic protonic acids can be adsorbed on the metal 
surface or integrated with the corrosion products of metal to form dense 
layers, which generates the corrosion inhibition effect [21]. For 
example, Hao et al. prepared phytic acid doped PANI and studied its 
corrosion protection performance and self-healing function in epoxy 
coatings [22]. They reported that the self-healing function of PANI is 
ascribed to the synergistic effect of the passivation layer and the com-
plex layer from the combination of the corrosion-produced iron ions and 
dedoped phytic acid ions. Therefore, it is a promising development di-
rection for the anti-corrosion application of PANI materials that adopt-
ing organic protonic acids with corrosion inhibition function to dope 
PANI in corrosion protection coatings [23]. Though some PANI mate-
rials doped with organic protonic acids have been well applied in the 
corrosion protection coatings, and showed good performances, the hy-
drophilicity of theses acids doped PANI may accelerate the penetration 
of water into coatings [24,25]. As known, the water is the essential 
medium of corrodents, and the high water-resistance of coatings is 
beneficial to the hinderance towards the penetration of corrosive media 
[26,27]. Hence the protonic acids with hydrophobic structure are the 
potential candidate for the doping and modification of PANI with better 
performance in corrosion resistance. 

In this study, adopting perfluorooctanoic acid (PFOA) as the doping 
acid, highly hydrophobic PANI nanoparticles were facilely synthesized 
through an ultrasonication-assisted oxidation polymerization method. 
The PFOA doped PANI (PFOA/PANI) nanoparticles could be homoge-
neously dispersed in ethanol, which facilitated the homogeneous dis-
tribution of PFOA/PANI nanoparticles in epoxy resin (EP) coatings. Due 
to the high hydrophobicity of and the excellent dispersibility PFOA/ 
PANI nanoparticles, the PFOA/PANI/EP coatings owned good barrier 
effect towards the penetration of corrosive media. Besides, when PFOA/ 
PANI nanoparticles occur dedoping in coatings, dedoped PFOA mole-
cules can be adsorbed on the surface of steel to form a hydrophobic 
corrosion inhibition layer, which further improves the corrosion resis-
tance. The synergistic effect of barrier effect, corrosion inhibition and 
passivation of PFOA/PANI nanoparticles bring about the excellent 
corrosion resistance of PFOA/PANI/EP coatings. It was innovative that 
PFOA/PANI nanoparticles with high hydrophobicity, excellent dis-
persibility and corrosion inhibition were facilely synthesized by using 
PFOA as the doping acid, and applied to enhancing the corrosion 
resistance performance of epoxy coatings. We believe this study will give 
researchers some inspirations to develop more functional materials with 
wonderful corrosion protection performance and break their application 
restricts to some extent. 

2. Experimental 

2.1. Materials 

Perfluorooctanoic acid (PFOA) was purchased from Shanghai Ada-
mas Reagent Co., Ltd. Aniline, ammonium persulfate (APS), hex-
adecyltrimethylammonium chloride (C16TMA), hydrochloric acid and 
ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd. 
Aniline was distilled under vacuum prior to use. APS was purified by 
recrystallization from ethanol. Epoxy (E-44, 6101) and polyamide resin 
(low molecular weight-650) were purchased from Danbao Resin Co., 

Ltd. Other chemicals used for this purpose were of analytical grade. The 
deionized water was used for the preparation of all aqueous solutions. 

2.2. Preparation of PFOA/PANI materials 

Synthesis process of PFOA/PANI nanoparticles was depicted by 
Scheme 1(a). Typically, 6.211 g of PFOA (15 mmol), 0.931 g of aniline 
(10 mmol), 0.064 g of C16TMA, 20 mL of distilled water and 50 mL of 
ethanol were added into a 250 mL three-necked round-bottom flask to 
form a homogeneous solution. Then, 30 mL of distilled water solution 
containing 2.282 g of APS was dropwise added into the as-prepared 
aqueous solution in an ice bath. After sonicated for 6 h in ice bath, the 
liquid mixture was stirred at − 4  to  0 ◦C for another 18 h to complete the 
oxidation polymerization of aniline. Finally, PFOA/PANI nanoparticles 
were obtained after washing with distilled water and ethanol, and 
subsequent vacuum drying at 40 ◦C for 24 h. Besides the PFOA/PANI 
nanoparticles prepared with the molar ratio of PFOA to aniline of 1.5:1, 
other PFOA/PANI nanomaterials with the molar ratios of 1:1 and 2:1 
were also synthesized, and the corresponding PFOA/PANI nano-
materials were labelled as PFOA/PANI(1.5), PFOA/PANI(1.0) and 
PFOA/PANI(2.0), respectively. As a contrast, hydrochloric acid-doped 
PANI (HCl/PANI) nanomaterials were synthesized by the same opera-
tion except replacing PFOA with HCl as the doping acid. Note that 
PFOA/PANI in this paper referred to the PFOA/PANI(1.5), unless the 
special stated. 

2.3. Preparation of PFOA/PANI coatings 

The laboratory-made steel electrodes with an exposed area of 1 cm2 

were prepared by mild steel cubes (1 cm3). Before coatings, the elec-
trodes were polished by sandpaper with different meshes (240, 400, 
800, 1000, 1500) and washed with water and ethanol to obtain clean 
and smooth surfaces. The coatings preparation process is shown in 
Scheme 1(b). The PFOA/PANI powder was added to the ethanol and 
ultrasonicated for 1 h to a uniform dispersion. Then the liquid with 
dispersed PFOA/PANI was poured into the mixture of epoxy resin and 
polyamide curing agent (weight ratio 3:2), and stirred vigorously using a 
vertical mill with disk agitator to obtain PFOA/PANI/EP paint, in which 
the content of PFOA/PANI was 0.75 wt%. Then the paint was spray- 
coated on the surface of steel samples and dried for 12 h at room tem-
perature followed by air baking in an oven at 60 ◦C for 24 h to form 
PFOA/PANI/EP coatings with a thickness of 60 ± 5 μm. Note that the 
corresponding PFOA/PANI(1.0), PFOA/PANI(1.5) and PFOA/PANI(2.0) 
contained epoxy coatings were denoted as PFOA/PANI(1.0)/EP coat-
ings, PFOA/PANI(1.5)/EP coatings and PFOA/PANI(2.0)/EP coatings, 
respectively. The EP coatings, and HCl/PANI/EP coatings were prepared 
without the addition of PFOA/PANI nanomaterials or replacing them by 
HCl/PANI nanomaterials. 

2.4. Characterization 

The morphologies of the synthesized materials were tested by a S- 
4800 (Hitachi) scanning electron microscope (SEM) and a TECNAI G2 
F20 (FEI) transmission electron microscope (TEM). The Avatar 360 
(Nicolet) FT-IR spectrometer was adopted to examining the functional 
groups of the synthesized materials. The measurement of UV–visible 
spectrum was carried out on a PERSEE TU-1900 spectrophotometer by 
using a quartz cell with optical path of 10 mm. The structure of the 
PFOA/PANI nanoparticles was characterized by X-ray diffraction (XRD) 
through a PANalytical X′Pert Pro X-ray diffractometer using Cu-Kα ra-
diation (40 kV, 40 mA). The surface roughness of PFOA/PANI film 
surfaces were analyzed by an atomic force microscope (AFM, Bruker 
Multimode 8). The water contact angle tests of the PFOA/PANI and HCl/ 
PANI films were measured by an automatic contact angle tester (Theta, 
Attension) with a water droplet of 5 μL. Electrochemical impedance 
spectroscopy (EIS) was used to investigate the corrosion behavior of 
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Scheme 1. Schematic of (a) synthesis process of the PFOA/PANI nanoparticles and (b) fabrication process of PFOA/PANI/EP coatings.  

Fig. 1. SEM (a–c) and TEM (d–f) images of PFOA/PANI nanomaterials synthesized with different molar ratio of PFOA to aniline: 1:1 (a, d), 1.5:1 (b, e), and 2:1 (c, f).  
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steel electrodes in 3.5 wt% NaCl solution at room temperature. EIS tests 
were performed on an CS165 electrochemical analyzer (Wuhan CorrTest 
Instruments Corp., Ltd) with a three-electrode system, where the steel 
electrode as the working electrode, a platinum electrode and a saturated 
Hg/Hg2Cl2 electrode as the counter electrode and the reference elec-
trode, respectively. The frequency range was 100 MHz–0.01 Hz at open 
circuit potential with the disturbance amplitude of 5 mV. 

3. Results and discussion 

3.1. Properties of PFOA/PANI nanomaterials 

Fig. 1 shows the SEM and TEM images of PFOA/PANI materials, it 
can be clearly that the prepared PFOA/PANI materials are composed of 
nano-scale structures. That is because ultrasonic energy at a lower 
temperature promoted the fracture of growing crystals and led to 
smaller and relatively uniform crystals compared to the oxidative 
polymerization without ultrasonic assistance [28]. Fig. 1 also shows that 
the morphology changes significantly with the molar ratio of PFOA to 
aniline. When the ratio is 1:1, the SEM image (Fig. 1(a)) shows the 
PFOA/PANI(1.0) materials are aggregates of irregular particles with the 
size of 100–180 nm. The aggregate structure of PFOA/PANI(1.0) ma-
terials can be confirmed by the TEM image (Fig. 1(d)). As the ratio of 
PFOA to aniline increases to 1.5:1, the SEM image of PFOA/PANI(1.5) 
(Fig. 1(b)) shows the particles change to much more uniform and 
smaller, and the agglomeration phenomenon is relieved. From the TEM 
image (Fig. 1(e)), it can be found the PFOA/PANI(1.5) particles have the 
clear profiles and the particle size is about 50–100 nm, corresponding to 
the result of SEM (Fig. 1(b)). When the ratio further increases to 2:1, the 
PFOA/PANI(2.0) materials show a porous and cross-linked structure 
composed of more smaller nanoparticles, as displayed by the SEM image 
(Fig. 1(c)), and the cross-linked structure can be found more clearly from 
the TEM image of PFOA/PANI(2.0) materials (Fig. 1(f)). That is because 
the different acid concentration leads to different polymerization 
mechanism of aniline, and as a result, the morphology of the obtained 
PANI changes following the acid concentration [29,30]. 

Fig. 2 shows the digital photograph of PFOA/PANI nanoparticles and 
HCl/PANI nanomaterials dispersed in ethanol. For the PFOA/PANI 
dispersion after 4 days’ standing, it looks still uniform and deep-colored, 
and no sediments are found. On the contrary, the HCl/PANI dispersion 

shows that there are obvious sediments at the bottom of the sample 
bottle and hardly any dispersed substances in the dispersion medium. 
The result indicated that PFOA/PANI nanoparticles had the excellent 
dispersibility in ethanol, ascribing to the good compatibility between 
the rigid structure of PANI and the hydrophobic chain of PFOA and good 
miscibility of PFOA with organic solvent [31]. The excellent dis-
persibility is conducive to the uniform distribution of PFOA/PANI in EP 
coatings, thereby slowing down the diffusion rate of corrosive media in 
the coatings. 

FT-IR spectrum of the PFOA/PANI nanoparticles is shown in Fig. 3(a) 
shows that the characteristic peaks appear at 1582 cm− 1 (C––C 
stretching of quinoid rings), 1484 cm− 1 (C––C stretching of benzenoid 
rings), 1304 cm− 1 (C–N stretching of quinoid rings) and 819 cm− 1 (1,4- 
substituted phenyl ring stretching), respectively, due to PANI jadeite salt 
[32]. In addition, the additional peaks at 1233 and 1128 cm− 1 assign to 
the symmetric and asymmetric CF2 stretches [33]. 

To investigate the structure of PFOA/PANI nanoparticles, the XRD 
pattern was employed, as displayed in Fig. 3(b). Two intense charac-
teristic peaks appear at about 20.3◦ and 25.3◦, mainly corresponding to 
the periodicity parallel to the PFOA/PANI polymer chain and the peri-
odic direction perpendicular to the chain direction [34,35], respectively. 
After doping with PFOA, a part of N atoms in the polymer chain are 
protonated to produce cations, and a similar “quaternary ammonium 
salt” with the subsequent “F15C8OO-” is formed. At the same time, the 
interaction between the molecular chains is also strengthened. 

The existence of the emeraldine salt of PFOA/PANI nanoparticles is 
proved by the UV–Vis spectroscopic measurement of the spheres in 
ethanol, as shown in Fig. 3(c). The PFOA/PANI nanoparticles show a 
characteristic peak at 355 nm due to the π–π* transition of benzenoid 
ring [11]. The absorption peak at 566 nm in PFOA/PANI spectrum is the 

Fig. 2. Digital photograph of PFOA/PANI nanoparticles (a) and HCl/PANI 
nanomaterials (b) in ethanol after standing for 4 days. 

Fig. 3. FT-IR spectrum (a), XRD pattern (b), and UV–vis spectrum (c) of PFOA/ 
PANI nanoparticles. 
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result of the n–π transition of quinone ring [36]. This test result 
confirmed the successful synthesis of PFOA/PANI nanoparticles from 
the structure and composition. 

The wettability of prepared materials was tested through the mea-
surements of the water contact angles. Fig. 4 shows the contact angles of 
the films fabricated by spraying the ethanol dispersion of PFOA/PANI or 
HCl/PANI nanomaterials. It can be seen clearly that the contact angles of 
PFOA/PANI nanomaterials are larger than 129◦, demonstrating the high 
hydrophobicity. It is also observed that, the contact angle of PFOA/PANI 
nanomaterials slightly enlarges from 140.0◦ to 144.3◦ with the molar 
ratio increasing from 1:1 to 1.5:1, and then declines to 129.6 with the 
molar ratio further increasing to 2:1. The change of contact angle of 
PFOA/PANI films with the molar ratio of PFOA to aniline is mainly 
ascribed to their different surface roughness. Fig. 5 shows the AFM 
morphologies and surface roughness of PFOA/PANI(1.0), PFOA/PANI 
(1.5) and PFOA/PANI(2.0) films. The film surfaces of PFOA/PANI(2.0), 
PFOA/PANI(1.0) and PFOA/PANI(1.5) are rougher in sequence, and the 
corresponding surface roughness (Ra) are 38, 74 and 82 nm, respec-
tively. The AFM results confirm the isotonicity between surface rough-
ness of hydrophobic surface and water contact angle [37]. Fig. 4(d) 
shows the contact angle of HCl/PANI is about 44.8◦, which is much 
lower than that of PFOA/PANI nanomaterials. The large difference of 
contact angle between PFOA/PANI and HCl/PANI materials can be 
explained by Wenzel equation [38]: 

cos θw = r (γSG − γSL) / γLG (1)  

where θw, r, γSG, γSL and γLG are apparent contact angle, roughness 
factor, solid-gas surface tension (solid surface energy), solid-liquid 
interface tension, and liquid-gas surface tension (liquid surface en-
ergy), respectively. Due to the very low surface energy of PFOA, PFOA/ 
PANI nanomaterials also show the small surface tension (γSG,1) that 
much smaller than PFOA/PANI-water interface tension (γSL,1). On the 
contrary, the surface tension of HCl/PANI (γSG,2) is much larger HCl/ 
PANI-water interface tension (γSL,2). As a result, the apparent contact 
angles of PFOA/PANI nanomaterials (θw,1) are much higher than that of 
HCl/PANI materials (θw,2), demonstrating PFOA plays an important role 
in improving the water repellency of PANI. The high hydrophobicity of 
PFOA/PANI nanoparticles could play a water-resistant barrier role in 

coatings, which are beneficial for preventing the penetration of corro-
sive media. 

In brief, form the result analysis of dispersity, FT-IR spectrum, XRD 
pattern, UV–vis spectrum, contact angle and AFM tests, it is proved that 
PFOA/PANI nanoparticles with high hydrophobicity and excellent dis-
persibility have been successfully prepared. 

3.2. Corrosion resistance of the PFOA/PANI/EP coating 

To extend the service lives of metal materials in marine environment, 
the corrosion resistance of coatings is one of the important metrics. In 
this study, the corrosion resistances of EP, PFOA/PANI/EP and HCl/ 
PANI/EP coatings were investigated by electrochemical impedance 
spectroscopy (EIS). The electrochemical corrosion tests of Q215 steel, 
epoxy resin coated Q215 steel (EP/Q215), PFOA/PANI/EP resin coated 
Q215 steel (PFOA/PANI/EP/Q215) and HCl/PANI/EP resin coated 
Q215 steel (HCl/PANI/EP/Q215) were put into 3.5 wt% NaCl solution 
in order to analyze and compare the corrosion protection performance of 
each coatings on Q215 steel. 

Fig. 6 shows the EIS result of Q215 steel and different coatings. As it 
is well known, in the same corrosion system, if the diameter of the 
capacitance loop in the Nyquist plot is larger, the polarization resistance 
of the working electrode is higher, that is, the corrosion resistance 

Fig. 4. The water contact angle of PFOA/PANI nanomaterials synthesized with 
different molar ratio of PFOA to aniline: 1:1 (a), 1.5:1 (b), 2:1 (c), and the water 
contact angle of HCl/PANI nanomaterials (d). 

Fig. 5. The AFM morphologies and surface roughness of PFOA/PANI(1.0) film 
(a), PFOA/PANI(1.5) film (b) and PFOA/PANI(2.0) film (c). 
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performance is better [39,40]. The Nyquist plots (Fig. 6(a)) shows the 
size relationship of the capacitance loop is PFOA/PANI/EP coatings >
EP coatings ≫ bare Q215 steel, indicating the both coatings have good 
corrosion resistance. Fig. 6(b) depicts the Bode plots present the re-
lationships between impedance modulus |Z| and phase angle versus 
frequency. It can be seen that the impedance modulus |Z| of the bare 
Q215 steel is much smaller than that of the EP coatings and PFOA/ 
PANI/EP coatings at the same frequency. The impedance modulus of the 
coatings at the lower frequency (|Z|0.01 Hz) can be used to evaluate its 
corrosion resistance [41]. The |Z|0.01 Hz value shows the trend of PFOA/ 
PANI/EP coatings > EP coatings ≫ bare Q215 steel, and the |Z|0.01 Hz 
value of PFOA/PANI/EP coatings is about 7 orders of magnitude greater 
than that of uncoated Q215 steel, indicating the good corrosion resis-
tance of PFOA/PANI/EP coatings. From the relationship between phase 
angle and frequency, it is observed that there is an obvious difference 
between bare Q215 steel and other coatings. The phase angle plot of 
bare steel shows a sharp peak, which indicates that the electrochemical 
reaction on Q215 steel is controlled by charge transfer process. How-
ever, a very wide half peak can be seen for each coating at medium and 
high frequency, which indicates that the electrochemical reactions on 
the coatings are controlled by different electrochemical processes from 
bare Q215 steel. 

In order to further study the effect of different PFOA/PANI nano-
materials on the corrosion resistance of coatings, the corrosion behav-
iors of the PFOA/PANI/EP coatings prepared from the PFOA/PANI with 
different molar ratio of PFOA to aniline and HCl/PANI/EP were tested, 
the experimental results are displayed in Fig. 7. The Nyquist plots of all 
coatings (Fig. 7(a)) separately display a single-capacity arc with a large 
and similar arc radius, indicating that all coatings are equivalent to a 
pure resistance and provide barrier protection. The size of arc value 
follows the trend of PFOA/PANI (1.5) /EP coatings > PFOA/PANI (1.0)/ 
EP coatings > PFOA/PANI (2.0)/EP coatings > HCl/PANI/EP coatings, 
indicating PFOA/PANI (1.5)/EP coatings plays the best barrier effect. It 
may be due to the better hydrophobicity of PFOA/PANI (1.5)/EP 
nanomaterial. The Bode plots of (Fig. 7(b, c)) show that all the coatings 

Fig. 6. Nyquist (a) and Bode (b) plots of bare Q215 steel and various coatings 
after immersion in 3.5 wt% NaCl aqueous solution for 1 h. 

Fig. 7. Nyquist plot (a) and Bode plots of impedance modulus versus frequency (b) and phase angle versus frequency (c) of different coatings after immersed in 3.5 
wt% NaCl aqueous solution for 1 h. 
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display the concurrent trend in impedance modulus |Z| and phase angle, 
demonstrating the similar electrochemical processes and protection 
behavior at the initial stage. It can also be observed that the |Z|0.01 Hz 
value of the PFOA/PANI (1.5)/EP coatings is the largest, which is cor-
responds to the result of Nyquist plot. 

In order to investigate the long-term protection effect of EP coatings, 
PFOA/PANI/EP coatings and HCl/PANI/EP coatings were tested by 
immersion in 3.5 wt% NaCl aqueous solution for different period. Fig. 8 
shows the changes of Nyquist and |Z|0.01 Hz with the immersion time. 
The Nyquist plot of EP coatings (Fig. 8(a)) shows that capacitive loop is 
two rings after 0.5 day of immersion, and the radius of the arc decreases 
rapidly with the increase of immersion time, which indicates corrosive 
medium has permeated the EP coatings and the steel is partly corroded. 
As shown in Fig. 8(b), the |Z|0.01 Hz value of EP coatings quickly dropped 
from 1.03 × 107 Ω⋅cm2 (0.5 day) to 7.01 × 105 Ω⋅cm2 (5 days), indi-
cating the anti-corrosion performance of the coatings is greatly reduced. 
This result proves that the EP coatings are flimsy and have no long-term 
effective corrosion resistance. The Nyquist curve of the PFOA/PANI/EP 
coatings (Fig. 8(c)) depicts a different variation trend of capacitive loop 
with that of EP coatings. After the soaking for 0.5–2 days, the Nyquist 

curves of the PFOA/PANI/EP coatings are composed of a semicircular 
capacitive loop and a straight line, and the capacitive loop decreases 
gradually with the increase of soaking time. The presence of straight line 
represents that the reaction process controlled by the mass transfer of 
corrosion products. The capacitive loop decreases to the minimum value 
after 2 days’ immersion, and then increases with the further increase of 
immersion time, indicating that a dense passivation film is generated on 
steel surface. Fig. 8(d) shows that the |Z|0.01 Hz value of PFOA/PANI/EP 
coatings decreases slowly from 7.88 × 108 to 4.53 × 108 Ω⋅cm2 within in 
2 days, and then increases slowly to 6.76 × 108 Ω⋅cm2. This result shows 
that the PFOA/PANI/EP coatings have a high-efficiency barrier effect 
and corrosion inhibition effect. For HCl/PANI/EP coatings, the radius of 
the arc displays a trend of decrease-increase-decrease (Fig. 8(e)). The | 
Z|0.01 Hz of HCl/PANI coatings decreases sharply from 5.52 × 108 to 
1.20 × 108 Ω⋅cm2 after immersion for 3 days, and increases to 3.54 ×
108 Ω⋅cm2 when the immersion time further is extended to 6 days, and 
then decreases again to 1.98 × 107 Ω⋅cm2 after 9 days (Fig. 8(f)). It may 
be because HCl/PANI possess a short-time passivation effect. The EIS 
results of those coatings confirm that this novel PFOA/PANI nano-
particles have the best corrosion protection performance. 

Fig. 8. The Nyquist plots (a, c, e) and the change plots of |Z|0.01 Hz values (b, d, f) of EP coatings (a, b), PFOA/PANI/EP coatings (c, d) and HCl/PANI/EP coatings (e, 
f) on Q215 steel with different immersion times in 3.5 wt% NaCl aqueous solution. 
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Fig. 9 exhibits the equivalent circuit graphics of Q215 electrode and 
PFOA/PANI/EP coatings in 3.5 wt% NaCl aqueous solution, where Rs, 
Rct, Rc, Qc, Qdl and W represent solution resistance, charge transfer 
resistance, coating resistance, constant phase angle element correlating 
with coating capacitance, constant phase angle element correlating with 
double layer capacitance, and Warburg impedance, respectively. Fig. 9 
(a) shows the equivalent circuit model of bare Q215 steel, consisting of 
solution resistance (Rs), constant phase angle element correlating with 
double layer capacitance (Qdl) and charge transfer resistance (Rct). The 
second model (Fig. 9(b)) is suitable for PFOA/PANI/EP coatings 
immersed 3.5 wt% NaCl solution less than 2 days. Due to the permeation 
of corrosive medium into the coatings, the metal was corroded, and the 
diffusion of corrosion products became a controlling process. Therefore, 
the equivalent circuit is composed of solution resistance (Rs), coating 
resistance (Rc), constant phase angle element correlating with coating 
capacitance (Qc), charge transfer resistance (Rct), constant phase angle 
element correlating with double layer capacitance (Qdl), and Warburg 
impedance (W). Different from the model in Fig. 9(b), there is no War-
burg impedance (W) element in the equivalent circuit model depicted by 
Fig. 9(c)), which is suitable for PFOA/PANI/EP coatings with the im-
mersion time more than 2 days. Due to the corrosion inhibition of PFOA/ 
PANI nanoparticles, the corrosion resistance was enhanced, and the 
corrosion rate was slowed down, as a result, the diffusion process of 
corrosion products became negligible. The results demonstrate that the 
PFOA/PANI/EP coatings have a durable corrosion resistance. 

Table 1 shows the equivalent circuit fitting results of Q215 bare steel 
and PFOA/PANI/EP coatings. It can be seen that the charge transfer 
resistance (Rct) of the PFOA/PANI/EP coatings in 3.5 wt% NaCl solution 

for 1 day reaches 3.62 × 108 Ω⋅cm2. After 9 days, the charge transfer 
resistance (Rct) increased to 5.25 × 108 Ω⋅cm2, demonstrating the 
excellent corrosion inhibition of PFOA/PANI/EP coatings. Furthermore, 
the charge transfer resistance of the PFOA/PANI/EP coatings is 7 orders 
of magnitudes higher than that of bare Q215 steel, which indicates the 
coatings has an effective corrosion resistance. 

3.3. Anticorrosion mechanism of the PFOA/PANI/EP coating 

The anti-corrosion effect of the PFOA/PANI/EP coatings on steel 
surface is mainly ascribed to the following factors: the barrier effect, 
passivation effect and corrosion inhibition of PFOA/PANI nanoparticles 
in EP coating, as described by Fig. 10. Due to the high water-resistance 
of and good compatibility with epoxy resin, PFOA/PANI nanomaterials 
as filler can fill up the pores of the coatings, and hold back the corrosive 
media to reach the metal substrate [42]. The passivation effect is offered 
by the formation of Fe2O3 layer due to the redox reaction between 
different structure forms of PFOA/PANI [43–45]. Besides, PFOA mole-
cule has a hydrophilic carboxyl group and a hydrophobic long chain, 
which can be adsorbed on the surface of metal to form a hydrophobic 
film. In the process of application, PFOA molecule can dedope from 
PFOA/PANI [46], and form a hydrophobic corrosion inhibition layer on 
the surface of metal to further enhance the corrosion resistance of the 
coatings [24]. 

4. Conclusions 

In this work, using PFOA as the dopant, PFOA/PANI nanoparticles 

Fig. 9. The electrical equivalent circuit models used for bare Q215 steel (a), the initial stage (b) and later stage (c) of PFOA/PANI/EP coatings in 3.5 wt% NaCl 
aqueous solution. 

Table 1 
Electrochemical parameters of EIS measurements fitted though proper electrical equivalent circuits.  

Sample* Rs (Ω cm2) Qc Rc (Ω cm2) Qdl Rct (Ω cm2) W 

Y0 (F cm− 2) n Y0 (F cm− 2) n 

a 6.52 \ \ \ 6.25 × 10− 4 0.79 38.47 \ 
b 4.58 2.00 × 10− 10 0.62 3.23 × 108 1.09 × 10− 9 0.97 3.62 × 108 1.15 × 10− 8 

c 5.86 1.16 × 10− 9 0.96 3.71 × 108 3.68 × 10− 9 0.37 5.25 × 108 \  

* Sample a denoted the bare Q215; sample b and c denoted the PFOA/PANI/EP coatings after immersion in 3.5 wt% NaCl aqueous solution for 1 day and 9 days, 
respectively. 
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were synthesized by the chemical oxidative polymerization of aniline. 
The PFAO/PANI nanoparticles displayed high hydrophobicity and 
excellent dispersibility in ethanol, which is beneficial for the uniform 
distribution in epoxy resin. The PFAO/PANI/EP coatings were facilely 
prepared by spraying and applied to the research of anti-corrosion 
performance for Q215 steel. The corrosion protection properties of the 
coatings were evaluated and compared through EIS measurements in the 
3.5 wt% NaCl solution. The result shows that PFOA/PANI/EP coatings 
with the higher corrosion performance than the EP coatings and HCl/ 
PANI/EP coatings. The |Z|0.01 Hz value of PFOA/PANI/EP coatings 
continuously increases after the coatings were immersed in the 3.5 wt% 
NaCl solution for more than 2 days, demonstrating that the corrosion 
protection performance was enhanced. The corrosion protection mech-
anisms of PFOA/PANI/EP coatings are ascribed to the efficient physical 
barrier effect, passivation effect and corrosion inhibition of PFOA/PANI 
nanoparticles in EP coatings. The novel method for preparation of hy-
drophobic PANI this paper proposed proved new ideas and methods for 
developing more efficient and multifunctional anticorrosive materials. 
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