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A new type of natural polymer corrosion inhibitor, polyaniline/salicylaldehyde modified chitosan, was
synthesized by an innovative method. The inhibition efficiency of polyaniline/salicylaldehyde modified
chitosan was evaluated by electrochemical techniques. Surface analysis using SEM characterization
were carried out to understand the corrosion inhibition property. Quantum chemical descriptors were
investigated to explain the performance of polyaniline/salicylaldehyde modified chitosan as corrosion
inhibitor. Experimental results show that the polyaniline/salicylaldehyde modified chitosan had better
acid resistance. The quantum chemical study gives insight into the benefits of the corrosion mechanism
of polyaniline/salicylaldehyde modified chitosan. It is envisioned that the inhibitor can be used to tailor
the properties of the corrosion system for specific applications, resulting in more reliable and durable
metal protection in the future.
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1. INTRODUCTION

While metals have facilitated great progress in modern society, these materials also face
tremendous challenges. Among these many challenges, the most important is the corrosion of metal.
Various protective measures have been taken to inhibit corrosion in metals. The most direct and effective
protection measure is to add corrosion inhibitor. Early inhibitors have gradually fallen out of favour
because of the shortcomings and negative environmental impacts of these materials [1-6]. Currently,
green and environmentally friendly inhibitors have become popular because it’s have high efficiency
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and pose no potential harm to the environment or human beings, thus, these materials are favoured by
anticorrosion workers [7-15].

Among many green corrosion inhibitors, chitosan and its derivatives have attracted great interest
in recent years, not only because chitosan comes from a wide range of sources, but also because its
molecular structure contains a lot of active amino and hydroxyl groups. These properties would justify
it use as a potential corrosion inhibitor. The corrosion inhibition properties of chitosan and its derivatives
have been reported in domestic and foreign literature [16-21]. For example, A.M. Fekry [21] reported
that the inhibition efficiency of acetyl thiourea chitosan polymer as corrosion inhibitor for mild steel in
0.5 M H2SO04 acid and sulphuric acid. We have made previous efforts to experimentally study the
inhibition efficiency of salicylaldenyde modified chitosan and polyaniline/chitosan for corrosion
inhibitor on carbon steel in acidic solution [22]. Based on previous work, although our team found that
polyaniline synthesized by chemical oxidation polymerization of aniline shows excellent anticorrosive
properties in heavy-duty anticorrosive coatings and coatings, the solvent needed for dissolution of
polyaniline is special and seriously harmful to the environment. In addition, there are few reports on
corrosion inhibitors [23, 24]. Referring to a large amount of literature, although domestic and foreign
researchers have studied chitosan and polyaniline corrosion inhibitors, the theoretical research of
chitosan and polyaniline corrosion inhibitors is still insufficient. It has not been reported that
polyaniline/salicylaldehyde modified chitosan has been used as corrosion inhibitor, and the research on
the corrosion inhibition study is not sufficiently thorough.

On the basis of previous work, we have successfully prepared polyaniline (PANI) compounded
salicylaldehyde-modified chitosan (Sd-CTS) by a novel method. The inhibition performance of the
polyaniline/salicylaldehyde modified chitosan composite (PANI/Sd-CTS) on metal was studied by the
electrochemical methods, morphology analysis and quantum chemical calculations. The inhibition
mechanism of the PANI/Sd-CTS was preliminarily presented.

2. EXPERIMENTAL

2.1 Materials and inhibitor preparation

All the reagents were analytical grade with no further purification. Aniline (An, analytically pure)
were obtained from Aldrich Chemical Co., Ltd. Ammonium persulfate [(NH4).S20s, APS] and
aminosulfonic acid (NH2SOsH) were purchased from Tianjin Daming Chemical Co. Ltd. Chitosan (CTS,
medium molecular weight), Salicylaldehyde (Sd) and the Q235 steel were the same as those used in our
previous work [22]. The aggressive medium was 1.0 M HCI which was prepared from 37% analytical
grade HCI reagent and double-distilled water with or without inhibitor.

2.2 Synthesis of PANI/Sd-CTS composite

First, approximately 0.2 g of CTS was added to 40 mL 0.33 M acetic acid, and 10 mL of Sd was
added dropwise to the CTS solution with constant stirring. The mixed solution was heated under reflux
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at 60 °C for 6 h. Subsequently, when the Sd-CTS mixed solution was cooled to 10-20 °C, the aniline
solution (12 mmol of aniline monomer, 20 mL 0.8 M NH2SOsH) was dropped into the salicylaldehyde
modified chitosan mixture under slowly stirring. Next, the APS solution was added dropwise to the
solution under rapid stirring over a period of 1 h at 0~5 °C. Finally, the reaction was carried out for 6 h
at 0~5 °C. The PANI/Sd-CTS precipitated was filtered, washed with distilled water and ethanol then
dried under vacuum at 50 °C. The preparing schematic diagram as shown in Fig. 1.

Figure 1. The preparing schematic diagram of PANI/Sd-CTS

2.3 Electrochemical measurements

The electrochemical measurements of the PANI/Sd-CTS were performed by a CHI660E
electrochemical workstation. The corrosion cell comprised three electrodes with a platinum sheet (1 cm?
surface area) as auxiliary electrode and saturated calomel electrode (SCE) as the reference electrode.
The Q235 steel, sized 1 cm x 1 cm, was embedded in polytetrafluoroethylene (PTFE) and used as
working electrode. The working electrodes were immersed in 100 mL 1.0 M HCI solutions without/with
different concentrations of inhibitors (100 ppm, 200 ppm, 300 ppm, 400 ppm) for 1 h. The anodic and
cathodic polarization curves were recorded at a scan rate of 1 m/Vs with electrode potential from -0.8 V
to 0 V. The inhibition efficiency and corrosion rate were calculated using following equation:

Cr= {(3.286x10%) x (icor*Mre)}/n p 1)

n %:(iocorr - icorr)/iocorrxloo (2)

where (icor) and (i%or) are the corrosion current densities of the uninhibited solution and
PANI/Sd-CTS solution. Mre is the molecular weight of Fe, n is the number of electrons transferred in
corrosion reaction, and p is the density of Q235 steel (7.86 g/cm®).

The electrochemical impedance spectroscopy measurements were performed by changing the
frequency from 100 kHz to 0.01 Hz with applying an AC amplitude of 5x10° V. The inhibition
efficiency was calculated using following equation:

n %:(Rct - Roct)/RctXIOO (3)

where R%: and R are the charge transfer resistances in the absence and presence of the inhibitor,
respectively.



Int. J. Electrochem. Sci., Vol. 14, 2019 9777

2.4 Metal surface and inhibitor characterization

The surface morphologies of the films were mainly observed under scanning electron
microscopy (SEM, S-4300, Hitachi Co., Ltd. Tokyo, Japan) using electron acceleration between 5 and
10 kV. The structure of the PANI/Sd-CTS was confirmed by Fourier transform infrared spectroscopy
(FTIR, JRT-7000; JASCO, Japan).

2.5 Computational methodology

Density functional theory (DFT) was conducted with 6-31G (d, p) basis of Gaussian5.0.9W
programme was used to elucidate the chemical reactivity and site selectivity of the molecular systems
and to describe the structural nature of the inhibitor regarding corrosion inhibition [25]. The quantum
chemical parameters Enomo (energies of the highest occupied molecular orbital), ELumo (lowest
unoccupied molecular orbital), AE (energy gap between ELumo and EHomo) and the Mulliken charges on
the atoms of the PANI/Sd-CTS molecule was obtained from DFT.

3. RESULTS AND DISCUSSION

3.1 Structure study

PANL/SA-CTS

PANI

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
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Figure 2. FTIR of PANI, Sd-CTS, PANI/Sd-CTS

The FTIR spectra of PANI, Sd-CTS and PANI/Sd-CTS are shown in Fig. 2. Characteristic peaks
at 1596 and 1483, 1295 cm™ are associated with stretching vibrations of C—C, C—-N and C=N on
quinonoid and benzenoid rings of PANI, respectively [26-28]. In the spectra of Sd-CTS, the strong
absorption band at 1631 cm™ is attributed to the C=N vibrations characteristic [29-33]. New absorption
peaks appear at 1593, 1118, 876 and 847 cm™. These results sufficiently confirm the formation of the
PANI/Sd-CTS.
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3.2 Potentiodynamic polarization measurements
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Figure 3. Potentiodynamic polarization curves of Q235 steel in1.0 M HCI containing different
concentration of PANI/Sd-CTS at room temperature

The potentiodynamic polarization curves obtained for Q235 in acidic solution without and with
various concentration of PANI/Sd-CTS are depicted in Fig. 3. The Tafel parameters, comprised the
corrosion potential (Ecorr) and icorr, Obtained from extrapolation the Tafel curves and were listed in Table
1. As should be expected, the icor for Q235 in PANI/Sd-CTS solution was lower than in pure acid
solution. Additionally, the icorr considerably decreased with increasing the concentration of PANI/Sd-
CTS, but the » shows the opposite trend. For instance, the # of PANI/Sd-CTS were 0, 69%, 67%, 66%,
545% (see Table 1) as the PANI/Sd-CTS concentration increased from O to 400 ppm. These results
indicated that the metal surface was covered by PANI/Sd-CTS molecules resulting in the anodic of metal
dissolution and cathodic of hydrogen evolution was hindered to a certain extent [34-37]. On the other
hand, the # increased as the concentration of PANI/Sd-CTS increased. The reason was that the electronic
cloud on PANI/Sd-CTS molecules interacted with the vacant d orbitals of iron atoms in the form of
donor-acceptor, thus adsorbing PANI/Sd-CTS molecules on metal surface [38-40].

Table 1. Polarization parameters and Q235 steel corrosion inhibition efficiency in 1.0 M HCI containing
different concentration of PANI/Sd-CTS at room temperature

Con(ppm)  icor (A-cm?)  Re (Q-cm?) (mv'f/;"_féCE) n %
Blank 126x10° 25 462 .
100 3.94x10% 72 460 69
200 4.21x10% 67 463 67
300 4.23x10 65 468 66

400 5.70x10* 57 -468 55
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3.3 Electrochemical impedance spectroscopy
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Figure 4. (a) Nyquist, (b) Bode and (c) phase angle plots for Q235 steel in1.0 M HCI containing different
concentration of PANI/Sd-CTS at room temperature

Fig. 4 shows the electrochemical impedance results obtained for Q235 steel in various
concentration of PANI/Sd-CTS as exemplified in the (a) Nyquist and (b) Bode and (c) phase angle plots
representations. As can be seen from the literatures, the Nyquist diagram included a capacitive loop at
high frequency and inductive loop at low frequency. The capacitive loop was associated with the charge
transfer and double-layer capacitance, while the inductive loop was assigned to the adsorption species
or the adsorption-desorption process of inhibitive molecules on the metal surface. Inspection of Fig. 4
(@), shows that the diameter of the capacitive loop increased with increasing PANI/Sd-CTS
concentration. This result indicates that the growth up of the inhibiting film on the metal surface
interferes with the charge transfer process. Also noteworthy in the Nyquist diagrams, despite the similar
appearance of the semicircles, was the plots did not conform to a perfect semicircle. The only reason
derived from the inhomogeneity and roughness of the Q235 steel surface [23, 41, 42].

Fig. 4 (b) and (c) present the Bode and phase angle plots of the Q235 carbon steel corrosion in
1.0 M HCI in the absence and presence of PANI/Sd-CTS. Bode plots provided information on the
capacitive and resistant behaviour of Q235 steel in 1.0 M HCI containing PANI/Sd-CTS at different
frequencies. Phase angle plots revealed one time constant at different concentrations, which is related to
the charge transfer process. It is interesting to see that, when the concentrations of PANI/Sd-CTS was
300 ppm, the value of phase angle was maximum. It means that the inhibitor has the greatest protective
effect on the Q235 steel surface when the phase angle was maximum [43].

Re CPE
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Figure 5. Equivalent circuit used to fit the EIS data for Q235 steel in 1.0 M HCI containing different
concentrations of PANI/Sd-CTS at room temperature
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The equivalent circuit and fitting parameters of Fig. 5 and Table 2, were derived by using
ZSimpWin software to fit the electrochemical impedance results. The proposed circuit comprised the
solution resistance (Rs), charge transfer resistance (Rct) and constant phase element (CPE). The CPE was
denoted by double layer capacitance (Ca) and was used to compensate for the the surface roughness,
inhibitor adsorption, porous layer formation. It was observed that the R¢t gradually rose with increasing
the concentration of PANI/Sd-CTS and the highest inhibition efficiency concentration was 300 ppm.
However, when PANI/Sd-CTS concentration was higher than 300 ppm, the Cqi increased, the Rt and the
n decreased. This phenomenon may be due to the poor stability of the corrosion products of the PANI1/Sd-
CTS on Q235 steel surface, where the molecules of PANI/Sd-CTS fall from carbon steel surface under
the combined action of anodic dissolution and gravity [44, 45].

Table 2. EIS fitting parameters for Q235 steel in 1.0 M HCI containing different concentration of
PANI/Sd-CTS at room temperature

Con Rs Yo Cax10% Re p
opm)  (@cem?)  (Qltem?x1ot NODMD o peny em?) ()
Blank 168 3.93 0.648 9.60 14.38 .

100 159 1.98 0.848 441 56.19 74

200 156 250 0.830 2.77 61.70 77

300 176 276 0.827 262 82.74 83

400 174 270 0.810 7.01 61.56 76

3.4 Surface analysis

Fig. 6 shows the SEM micrographs of the Q235 steel in the (a) abraded state, (b) immersed in
1.0 M HCI, and (c) immersed in 1.0 M HCI +300 ppm PANI/Sd-CTS for 2 h. The Q235 steel in the
abraded state seems smooth (a), and exposure to 1.0 M HCI caused serious damage to the surface as
evident in the scaly image in (b). In contrast, for (c) 1.0 M HCI +300 ppm PANI/Sd-CTS, the Q235 steel
surface was covered with a protective film and the surface was smooth.

Figure 6. SEM micrographs of (a) the polished Q235 specimen (b) after 2 h of immersion in 1.0 M HCI
and (c) after 2 h of immersion in 1.0 M HCI +300 ppm PANI/Sd-CTS at room temperature
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3.5 Quantum chemical calculation

Frontier molecular orbital and Mulliken charge analysis were performed to study the reactivity
of inhibitor molecule and its various interactions with the metal surface [46]. The structure of the
PANI/Sd-CTS monomer was optimized by using DFT at B3LYP/6-31G (d, p) method. The optimized
PANI/Sd-CTS monomer structure, HOMO and LUMO are shown in Fig. 7. It was clearly seen that the
HOMO mainly located N atoms, C=N groups and benzene ring. As we all known, not only can lone pair
of electrons, which contributed by N atoms and C=N groups, chelate with the empty d orbitals of the
metal, but also the = (or p) electrons of the benzene ring interact with the metal surface by sharing
electrons with the metal atom [47]. Therefore, the high value of Enomo was likely to indicate a tendency
of the molecule to donate electrons to the appropriate acceptor molecule with low energy and empty
molecular orbital.
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Figure 7. Optimal molecular structure and frontier molecular orbitals (HOMO and LUMO) of PANI/Sd-
CTS

The quantum chemical calculations parameters of EHomo = -5.480 eV, ELumo = -2.549 eV, a
dipole moment of x = 2.3184 Debye and AE (ELumo — Exomo) = 2.931 eV. According to relevant
literatures, the energy of iron occupying the highest molecular orbital EHomo re= -7.81 eV, the lowest
unoccupied molecular orbital ELumo re= -0.25 eV, and Erumo-Eromo re =5.261 eV > ELumo re-EHomo
=5.23 eV [48]. It showed that PANI/Sd-CTS molecule provides more electrons than accepts electrons.
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In addition, the value of ELumo indicated its ability of the molecule to accept electrons so that PANI/Sd-
CTS had high coordination reactivity on the surface of Q235 steel. In other words, the high inhibition
efficiency of a molecule can be attributed to low value of AE and the high value of dipole moment.
Therefore, PANI/Sd-CTS plays an important role in inhibiting corrosion of Q235 steel in 1.0 M HCI.

4. CONCLUSIONS

We have successfully prepared PANI/Sd-CTS by a novel method. PANI/Sd-CTS was used as
corrosion inhibitor for Q235 steel in 1.0 M HCI.

PANI/Sd-CTS was shown to have a good inhibition efficiency against Q235 steel in acidic
environment. The electrochemical measurements revealed that PANI/Sd-CTS had a significant effect on
Q235 steel in 1.0 M HCI. An increase in the PANI/Sd-CTS concentration increased the inhibition
efficiency. Judging from the variation of the inhibition efficiency with the concentration, the metal
surface was covered by PANI/Sd-CTS molecules, leading the anodic metal dissolution and cathodic
hydrogen evolution to be hindered to a certain extent. The theoretical approach using DFT with the
B3LYP/6-31G (d, p) method agreed with the experimental data reported.
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