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In this work, a new quinoline derivative namely 5-benzyl-8-propoxyquinoline (5BPQ) has been studied
to inhibit the Q235 steel corrosion in sulfuric acid. The protection ability of 5BPQ was investigated by
electrochemical tests, weight loss and SEM measurements. Results indicate that the target 5BPQ has
strong adsorption ability on the steel surface, thus shows excellent corrosion protective performance for
steel in acid solution. The maximum inhibition efficiency of 5BPQ is 97.7%), which is attributed to the
effect of the heterocyclic rings. Scanning electron microscope (SEM) was utilized to further analysis the
appearance of steel surface. Furthermore, the quantum calculation and molecular dynamics (MD)
simulation further supported experiment. The systematic study gives a new guide to design novel
quinoline derivative molecules to obtain the corrosion protection ability.
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1. INTRODUCTION

Corrosion is a very serious problem and the method of introducing corrosion inhibitors in small
quantities is a convenient method to prevent corrosion [1, 2]. The corrosion inhibitor can effectively
protect the surface of the metal and the alloy, so that the corrosion rate in the corrosive medium is
significantly reduced, thereby maintaining the excellent performance of the metal material itself. The
advantages of corrosion inhibitors can be summarized as follows: simple operation, small amount, high
efficiency, wide application, and high economic benefits, etc [3-5]. The most effective inhibitors are
organics containing the heteroatoms (N, S, O and P) in a conjugated system, which act as active centers
for their interaction with metal surface [6-9]. However, most of these compounds used towards metal
corrosion in acidic media are toxic, and expensive, causing a lot of pollution to the environment.
Therefore, many attempts have been carried out to find eco-friendly inhibitors for metal materials in
recent years [10-15]. Qiang have developed four allyl imidazolium-based ionic liquids (ILs) with various
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length of alkyl chains for the corrosion inhibition of copper in 0.5 M sulfuric acid [10]. These compounds
exhibit superior inhibitive ability for copper corrosion. Tan investigated the inhibition performance of
two food flavors of 2-isobutylthiazole (ITT) and 1-(1,3-Thiazol-2-yl)ethanone (TEO) for X65 steel
corrosion in H2SO4 were studied by various methods [16]. The results of experimental and theoretical
studies have shown that the inhibition effect of TEO is better than ITT.

In this work, a harmfulless quinoline derivative namely 5-benzyl-8-propoxyquinoline (5BPQ)
were explored as promising corrosion inhibitors of Q235 steel in sulfuric acid, which is not reported
before. For this study, the aim is to shed deep lights to inhibition mechanism of related quinoline
derivatives. The inhibition performance was researched by weight loss experiment, Electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization, as well as scanning electron microscope
(SEM). The quantum chemical calculation and molecular dynamics (MD) simulation were furtherly used
to give evidence to the adsorption and inhibition mechanism.

Figure 1. The molecular structure of 5BPQ.

2. EXPERIMENTAL

2.1. Materials

All the reagents were used directly without further purification and deionized water was used as
solvent. 5BPQ was bought from Titan without any synthesis and purification. The 0.5 M H2SO4 solution
were used as the blank for comparison. The test solution was 0.5 M H2SO4 solution with different
concentrations of 5BPQ (2, 4, 6, 8 mM). And the temperature was controlled by the water bath. Q235
steel was the selected metal material. Emery papers (400, 800, 1200, 2000, and 3000 grades) were used
to remove the oxide layer from the steel specimens. Then the specimens were rinsed with ethanol and
deionized water, and finally dried. Finally, the samples were dried at room temperature for use.

2.2. Weight loss

Some 150 mL glass beakers were used to perform the gravimetric test. Freshly polished steel
specimens were weighted and immersed in 0.5 M H2S04 with different concentrations of 5BPQ for 5 h
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in triplicate at 298, 308 and 318 K, respectively. After that, the steel specimens were charily withdrawn,
carefully rinsed in ultrapure water and acetone, then dried and weighted. Finally, the mean corrosion
rates were obtained.

2.3. Electrochemical measurements

Electrochemical tests were accomplished by a three-electrode system using electrochemical
station (CHI 660E). Saturated calomel electrode (SCE), Q235 steel, and Pt sheet were utilized as the
reference electrode, working electrode and the counter electrode, respectively. Open circuit potential
measurement was first carried out. Then EIS was recorded at OCP in 100 kHz to 0.01 Hz frequency
range with 5 mV peak AC signal. The obtained inhibition efficiencies are defined by,

Rct 0
(%) =(1- RY )x100 1)

ct
where Rct0 and Ret sShow unprotected and protected charge transfer resistance, respectively.
Finally, the polarization curves were performed at 1 mV/s scan rate and in the range of £250 mV
of OCP. The relevant inhibition efficiency is determined as follows:
1(%) = (1) x100 ©)
Icorr,O

where icorr,0 and icorr Show unprotected and protected current densities, respectively.

2.4. SEM

In order to investigate the surface topography of steel sample with and without protection of
5BPQ, scanning electron microscope (SEM, JEOL-JSM-7800F, Japan) was applied.

2.5. Calculation details

The quantum chemical calculation (Dmol3) based on density functional theory (DFT) was used
to optimize the molecular structure. The optimized frontier molecular orbital and related parameters
including the energy of highest occupied molecular orbital (Exomo), the energy of lowest unoccupied
molecular orbital (ELumo), the dipole moment (p), and energy gap (AE) were obtained. Besides, the
molecular dynamics (MD) simulation was performed by the Forcite module in order to explore the
interaction between 5BPQ and Fe (110) surface. The simulation was processed using the periodic
boundary conditions under COMPASS force field at NVT canonical ensemble with a time step of 1.0 fs
and simulation time of 300 ps.
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3. RESULTS AND DISCUSSION

3.1. Potentiodynamic polarization

Fig. 2 shows the potentiodynamic polarization curves of Q235 steel in 0.5 M H2SO4 solution
with different concentrations of 5BPQ. Table 1 shows the. The corresponding experimental results
parameters, including icorr (corrosion current density), Ecorr (cOrrosion potential), fc (cathodic Tafel
slope), pa (anodic Tafel slope), were calculated and listed in Table 1. As seen that after adding 5BPQ to
the corrosion system, both the cathodic polarization curve and the anodic polarization curve are
significantly reduced, and the current density is rapidly reduced. All the corrosion inhibition efficiency
values are higher than 90.0%, which indicates that 5BPQ has a strong inhibitory effect on the corrosion
reaction of the cathode and anode.
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Figure 2. Polarization curves of steel with different concentrations of 5SBPQ.

The cathodic polarization curves are arranged in parallel, and the slope fic does not change much,
indicating that the corrosion inhibitor does not affect the cathodic corrosion reaction mechanism [17-
19]. In the vicinity of the polarization potential -350 mV, the slope of the polarization curve of the anode
region is significantly increased. It is believed that the adsorption-desorption equilibrium of the corrosion
inhibitor on the surface of Q235 steel is destroyed at this time, so that the adsorption rate is higher that
desorbed rate at this potential. The change of corrosion potential is less than 85 mV, indicating 5BPQ
acts as a mixed-type corrosion inhibitor for Q235 steel [20]. Remarkably, the maximum value of
inhibition efficiency is reached up to 97.7% at 8 mM, indicating the superior inhibitory ability of 5BPQ.

Table 1. Polarization parameters for Q235 steel in H2SOa solution with diverse concentrations of 5BPQ

C Ecorr icorr ,Bc ﬁa n
(mM) (mV) (mA cm™) (mV dec™?) (mV dec™?) (%)
0 —459 1.75 —-149 111 /

2 —456 0.14 -151 113 92.0
4 -465 0.11 -150 77 93.7
6 -467 0.08 -144 46 95.4
8 —450 0.04 -157 38 97.7
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3.2. EIS measurement

Fig. 3 shows the Nyquist and Bode plots of Q235 steel in 0.5 M H2S04 solution with different
concentrations of 5BPQ, and the equivalent circuit diagram of Fig. 4 is used to fit the data by ZSimpWin
software. The circuit consists of solution resistance (Rs), charge-transfer resistance (Rct), constant phase
element (CPE), and inductive elements (RL and L). The relevant Cal (double layer capacitance) can be
obtained as follows [21, 22]:

Cdl :YO (2” fmax )n_l (3)
where Yo is impedance magnitude, fmax is the frequency at the maximum imaginary component
value, and n is the deviation parameter. The fitting results are shown in Table 2.
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Figure 3. The Nyquist (a) and Bode (b, ¢) plots for steel electrode with different concentrations of 5BPQ
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Figure 4. The used electrical circuit.
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It can be seen from Fig. 3 that with the addition of 5BPQ), the radius of the capacitive arc of the
system becomes larger, showing the excellent corrosion inhibition performance of 5BPQ. In addition,
the shape of the impedance has not changed with various concentrations, which indicates that the
increase of concentration will not change the corrosion mechanism [23]. As shown in Table 2, the
concentration of corrosion inhibitor increases, R¢t increases, which indicates that the corrosion process
becomes more difficult. The corrosion inhibition efficiency increases gradually, and the regularity is
consistent with polarization results. The electric double layer capacitor Cq gradually becomes smaller
due to the addition of the corrosion inhibitor, which embodies that the corrosion inhibitor molecules
compete with the water molecules for more adsorption on the metal surface, and the smaller dielectric
constant is also the reason why the Cq becomes smaller [9, 24, 25].

Table 2. EIS parameters of Q235 steel in H2SO4 solution with different concentrations of 5BPQ

C (mM) Cal Ret L Ru n
(WFcm?)  (Qcem?)  (Qcm?)  (Q cm?) (%)

0 125.4 135 20.5 65.2 /
2.0 45.1 146.1 5820 1157 90.8
4.0 46.6 262.4 3974 376 94.9
6.0 42.8 447.1 1672 0.20 97.0
8.0 41.0 529.6 844 18 97.5

From the corrosion inhibition efficiency, it can be seen that when the concentration of 5BPQ is
2 mM, the efficiency has reached 90.8%. Then, with the increase of concentration, the inhibition
efficiency is continuously increased with a maximum value of 97.5%. The obtained inhibition
efficiencies agree well with those calculated from polarization test, revealing the excellent corrosion
resistance of 5BPQ for Q235 steel in H2SO4 medium.

3.3. Weight loss study

Inhibition action of 5BPQ at different temperatures on steel corrosion was investigated by weight
loss and the results are shown in Fig. 5. The relevant corrosion rate (v) and # are calculated as follows.

W, —W
= 4
st @

14

Vo —V

(%) = x100 (5)

VO
where S is surface area, t is immersion time, Wo and W are the samples weight before and after
exposure in corrosive solution, vo and v are the corrosion rates without and with inhibitor, respectively.
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Figure 5. The weight loss graph of Q235 steel in 0.5 M H2SO4 without and with 5BPQ at various 298-
318 K.

It can be seen from the data, at various temperatures, with the addition of 5BPQ, the corrosion
rate of Q235 steel in the corrosion system is significantly reduced, and the inhibition efficiency on the
corrosion reaction is further enhanced. In addition, the weight loss results are in good agreement with
the previous electrochemical test results, which proves that studied compound has excellent corrosion
inhibition effect on Q235 steel in H2SOa.

3.4. SEM observation
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Figure 6. SEM images of steel without (a) and with (b) the protection of 8 mM 5BPQ
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In order to further study the inhibition effect of 5BPQ, Fig. 6 shows SEM diagrams in absence
and presence of 8 mM 5BPQ at 298 K. As seen in Fig. 6a, the steel surface is badly corroded due to the
aggressive acid attack. As for Fig. 6b, steel surface become smooth relatively smooth and less damaged
With the addition of 5BPQ, suggesting the great protective ability of 5BPQ for steel.

3.5. DFT calculation

The use of quantum chemistry calculation to study the relationship between the structure of
corrosion inhibitor molecules and its corrosion inhibition performance can be of great help in exploring
the mechanism of corrosion protection, and can also provide guidance for seeking better corrosion
inhibitors in the future [26-28]. Therefore, optimized structure and molecular frontier orbital diagrams
of 5BPQ are shown in Fig. 7. The related quantum chemical parameters including Exomo, ELumo, the
gap energy (AE), the dipole moment (x) are summarized in Table 3.

Figure 7. The molecular frontier orbital diagrams of 5BPQ.

Table 3. The quantum chemical parameters of 5BPQ.

Enomo(eV) ELumo(eV) A E(eV) u(D)
18.45 15.31 3.14 11.4

From Fig. 7, HOMO and LOMO of 5BPQ are both localized on the quinoline ring and O atom,
which would act as active centres to form coordinate bonds with steel surface. According to the frontier
orbital theory, the molecular reactivity of a compound is closely associated with both HOMO and
LUMO. The HOMO is related to the ability of a molecule to donate electrons, and LUMO is the ability
of a molecule to accept electrons [23, 29]. High Enomo value and low Erumo values mean strong
reactivity of the molecule. Therefore, the lower AE shows greater polarization and stronger adsorption
of the molecule onto metal [30]. In this study, the low AE for 5BPQ (Table 3) suggests great inhibition
performance. In addition, the harbors a significant role to examine the inhibition ability of organic
inhibitors. it can be accepted that the molecule with higher dipole moment (x) is more likely to assemble
to metal and thus showing better protective performance [31]. In present study, the high value of x for
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5BPQ is 11.4 Debye, indicating the strong adsorption of 5BPQ molecules compare to H20 molecule,
which confirms the rationalization of the experimental data.

3.6. Molecular dynamics simulation
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Figure 8. Side and top views of the adsorption equilibrium configurations for 5BPQ on Fe(110) surface

In order to further investigating the interaction between 5BPQ and steel, the MD simulation was
performed. Fig. 8 shows the relevant side and on-top views of equilibrium configuration of 5BPQ on Fe
(110) surface. As seen that the 5BPQ molecule is closely adsorbed on Fe surface with a parallel mode,
where a chemical bond could occur through donation of the lone pair of the heteroatoms to the Fe.
Meanwhile, an alkyl chain is vertical to the surface to form a hydrophobic film to prevent the corrosive
attack. In addition, the interaction energy (Einteract) between inhibitor molecules and the steel surface
were also calculated with the method in the literature [23, 32]. The obtained Einteract is @ high value of
220.8 kcal/mol, meaning that the inhibitor can adsorb onto the steel surface easily and strongly. The
results confirm its superior experimental inhibition performance of 5BPQ above.

4. CONCLUSIONS

The following conclusions can be drawn:

1) Electrochemical results show that 5BPQ is a mixed-type inhibitor with great inhibition
performance for Q235 steel in 0.5 M Sulphur acid.

2 Weight loss experiment agrees well with electrochemical results. The inhibition
efficiency increases with increasing concentration and still high values at higher temperatures.

(3) SEM confirmed the inhibitive ability of 5BPQ and indicated that the adsorption film is
formed on steel surface.

(4)  The DFT and MD study is consistent with the experimental data and provide novel
evidence for the mechanism of 5BPQ.
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