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In this work, we studied 2-phenylbenzimidazole (PBI) as a corrosion inhibitor for X65 steel in H2SO4
medium. The inhibition performance of PBI for X65 steel were studied using weight loss,
electrochemical experiments, surface analysis and computational modelings. The results indicate that
PBI has a superior anti-corrosion performance and belongs to modest cathodic-type corrosion inhibitor.
The adsorption behavior of PBI molecule on steel conforms to Langmuir adsorption model. The
adsorption type is a combination of physical and chemical adsorption. SEM morphology analysis can
prove inhibition performance of PBI. DFT calculation and molecular dynamics simulations have
revealed active adsorption sites and adsorption configuration of PBI molecule on Fe substrate.
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1. INTRODUCTION

Corrosion inhibition of metal materials is considered as a challenging research area owing to its
impact on economic and safety issues [1, 2]. X65 steel is one of the most important metal materials and
is widely used in marine, construction, mechanical engineering, and military because of its good
mechanical and structural properties, as well as high versatility. However, it is susceptible to corrosion
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in working environment such as H>SO4 medium [3, 4]. Corroded steel poses a potential threat to the
economic losses and personal safety.

To effectively reduce the corrosion of X65 steel, scientists have developed and many corrosion
protection methods [5-8]. Among them, organic compounds containing heteroatoms are deemed as
effective corrosion inhibitors for acid solution [9, 10]. They can adsorb onto the metal surface and a
dense and ordered molecular barrier film is formed on the surface of metal [11-13]. Thus, the corrosion
of metal can be inhibited effectively.

However, most of the organic inhibitors now are expensive and hazardous to environment and
human, which prompt corrosion researchers to develop the alternative inexpensive and ecofriendly
corrosion inhibitors [14-17]. In this study, an eco-friendly imidazole derivative, 2-phenylbenzimidazole
(PBI) have been investigated as a new corrosion inhibitor for X65 steel in sulfuric acid solution. The
molecule structure of PBI are shown in Figure 1, the benzene ring may strength the adsorption ability of
imidazole molecule. The electrochemical tools, surface morphology analysis, weight loss method,
Langmuir model, DFT calculation, and molecular dynamics (MD) simulation have been used to study
the inhibition performance and mechanism of PBI. The theoretical modeling support the various
experimental results well.

Figure 1. Molecular structure of PBI.

2. EXPERIMENTAL

2.1. Materials

The compound PBI was purchased without further purification. The selected X65 steel has a
composition (wt.%) of C:0.65%, Si:0.26%, Mn:1.10%, P:0.019%, S:0.002%, Cr:0.02%, Ni:0.01%,
Cu:0.01%, and balance Fe. The 0.5 M H>SO4 medium was treated as blank solution. Different
concentrations (0.5 mM, 1 mM, 2 mM, 5 mM) of PBI in blank solution was prepared. Water bath was
used to control experimental temperature.
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2.2. Weight loss

Gravimetric experiments were performed by immersing steel in 0.5 M H2SO4 with different
concentrations of PBI for 6 h at 298 K. The corrosion rate (CR), inhibition efficiency (v) and inhibition
performance (7) can be calculated,
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where S the area of specimen, ¢ represents immersion time, Wy and W are the samples weight
before and after exposure in corrosive solution, vo and v are the corrosion rates in the absence and
presence of PBI respectively.

2.3. Electrochemical experiments

CHI 660E electrochemical station was used to perform the tests at 298 K. The electrochemical
cell consists of a three-electrode system including a reference electrode, a working electrode and an
auxiliary electrode. X65 steel were utilized as the working electrode, saturated calomel electrode (SCE)
was reference electrode, and Pt was the counter electrode, respectively. EIS was recorded at an OCP
within 100 kHz to 0.01 Hz with 5 mV signal. Polarization was measured over £250 mV range of OCP
at 2 mV/s sweep rate. The inhibition efficiencies are calculated as follows,
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where R0 and Rt were charge transfer resistances in blank and inhibitor containing solution,
icorr,0 and icorr Were current densities of in blank and inhibitor containing solution, respectively.

2.4. Surface examination

Surface morphology of steel sample immersing in test solution in the absence and presence of 5
mM PBI was observed at scanning electron microscope (SEM, JEOL-JSM-7800F).

2.5. Calculation methods

Both quantum chemical calculation and molecular dynamics simulation (MDS) are effective
ways to predict corrosion inhibition performance corrosion inhibition of corrosion inhibitor. In this study,
DNP/PBE based on density functional theory (DFT) was used to predict the chemical activity of PBI
molecule. The optimized frontier molecular orbital and important parameters were obtained. The
interaction between PBI and Fe (110) surface were studied by Molecular dynamics simulation (MDS)
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by Forcite-COMPASS-NVT canonical ensemble. This process is in a periodic boundary condition. The
interaction and binding energies of PBI on Fe (110) surface were calculated [18]:
Einteract = Etot - (Esubs + Einh) (5)

Ebinding == Einteract (6)

where Eio 1s total energy, Esubs is substrate energy, and Einn stands for PBI energy.

3. RESULTS AND DISCUSSION

3.1. Potentiodynamic polarization behavior

The potentiodynamic polarization curves of steel by protection of PBI in sulfuric acid were
shown in Figure 2. The corrosion current density values decrease significantly with the addition of PBI
and the concentration increases. It can be found that the polarization curve of the cathodic branch
decreases significantly, while the anodic branch change little. We think that PBI can adsorb on Fe surface,
thereby inhibition of cathodic hydrogen evolution is significantly larger than the precipitation of anodic
iron ions. The parallel trend of all cathodic polarization curves can be seen, which indicates that the
reaction mechanism is not changed and PBI was geometrically covered on Fe surface [19-21].
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Figure 2. Polarization curves of steel by protection of different concentration of PBI in 0.5 M H>SOg4 at
298 K.

Besides, we used Tafel extrapolation method to obtain electrochemical parameters including
corrosion potential, corrosion current density, anodic and cathodic slope. The corrosion potential was
—0.445 V in blank without added PBI, the corrosion potential gradually decreased with increasing PBI
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concentration. It is worth mentioning that the change magnitude is significantly less than 85 mV,
indicating the modest cathodic type of PBI for steel in H2SO4 [22]. Moreover, at concentration 5 mM,
the # value is as high as 93.8%. This indicates that PBI can show great corrosion inhibition performance

for X65 steel in sulfuric acid condition.

Table 1. Polarization parameters of steel in HoSO4 solution with protection of PBI at 298 K.

C (mM) Ecorr(V/SCE) lcorr(LA Cm_z) Le(mV dec? ) La(mV dEC_l) n (%)
Blank —0.445 2468 —143 99 —
0.5 —0.444 1169 —145 79 52.6
1 —0.441 897.6 —267 64 63.6
2 —0.437 580.6 —160 86 76.5
S —0.458 153.6 —114 49 93.8
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Figure 3. The Nyquist (a), Bode (b, c), and electrical circuit (d) images for steel with different
concentrations of PBI in 0.5 M H,SO4 at 298 K.

Figure 3a shows Nyquist plots of PBI on steel in 0.5 M sulfuric acid. It is found that the radius
of the capacitive loops arc increases significantly with increasing the concentration of PBI. This indicates
the charge transfer resistance of steel increases, and thus increases the corrosion resistance of steel in
H>SO4. Besides, all capacitive loops arcs are not a perfect semicircle, indicating that PBI adsorption on



Int. J. Electrochem. Sci., Vol. 15, 2020 8842

steel surface lead to the surface uneven. We also find that all capacitive arcs shape did not change a lot,
suggesting that the adsorption of PBI did not change relevant reaction mechanism of Fe [23, 24].

Figure 3b and ¢ show impedance modulus and phase angle diagram of X65 steel with PBI in
sulfuric acid, respectively. It can be seen that, as concentration of PBI increases, the phase angle diagram
changes wider and higher, and the impedance mode value increases about an order of magnitude at low
frequency region. This suggests the adsorption of PBI on steel strengths the anti-corrosion ability of Fe
and thus PBI has excellent inhibition performance towards Fe in H2SOa.

The equivalent circuit diagram in Figure 3d was used to quantitative analysis to the inhibition
ability of PBI. The fitted parameters are shown in Table 2. Herein, R charge transfer resistance, Ry the
solution resistance from SCE to steel electrode. Ry represents the film resistance. We find that R, value
for blank solution is 12.2 Q cm? As the concentration of ACBT increased to 5 mM, the R, value
increases to 100.3 Q cm?. The inhibition efficiency at this time is as high as value of 87.8%, which is
associated with potentiodynamic polarization results. We can also see Cq value in blank is 278.0 uF
cm~2. The Cq values have a downward trend with increasing the concentration of PBI and drops sharply
to 79.3 and 10.3 uF cm2 at 0.5 and 5 mM concentration. Helmholtz model can explain this phenomenon
[25]:

0
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herein £and ¢ stand for the local and air dielectric constant, respectively, S is steel surface area,
and d the thickness of the electric double layer. The PBI volume is obviously larger than that of water
molecule and & value of PBI is smaller than that of water molecule. When H>O molecule on Fe surface
were replaced by PBI, the £° could become smaller and the thickness becomes larger. Thus, the value of
Ca decreases as the concentration of PBI increases.

Table 2. Impedance parameters of X65 steel in sulphric acid with protection of PBI at 298 K.

C Rs Ry Rot Yox10° n Cal 1 (%)
(mMM)  (Qcm?) (Q cm?) (Q cm?) (Qlem2s" (uF cm™?)
Blank 0.5 4.1 12.2 145.7 0.94 278.0 -
0.5 0.2 1.2 30.7 102.1 0.30 79.3 60.3
1 0.6 1.6 41.2 85.6 0.41 72.1 70.4
0.8 7.2 53.5 68.7 0.94 43.3 77.2
1.5 17.2 100.3 11.6 0.91 10.3 87.8

3.3. Weight loss measurement

As shown in Figure 4, the inhibition effect in 0.5 M H2SO4 containing different concentration
PBI for steel was obtained. The results showed that increasing the concentration of PBI decreases the
corrosion rate of X65 steel and increases inhibition efficiency up to a maximum value (92.1%) at 5 mM.
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This inhibition behavior is consistent with results obtained from both electrochemical tests and indicates
PBI is an effective corrosion inhibitor for steel in sulfuric acid.
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Figure 4. The weight loss graph of steel in 0.5 M H2SO4 at 298 K with different concentrations of PBI.

3.4. Langmuir analysis

Numerous adsorption isotherm models were used to explore the adsorption mechanism of PBI
on steel. We used weight loss data to fit the adsorption model and find that the experimental conforms
to Langmuir model, which can be expressed as follow [26]:

o
——=K_C 8
1_0 ads ( )
1 AG?
K . =—— exp(— =8 9
ads 555 p( RT ) ( )

where Kads stands for the adsorption equilibrium constant, AG], stands for standard Gibbs energy,

and @ stands for the coverage. The obtained Langmuir graph of straight line is shown in Figure 5. The
fitted linear regression coefficient (R%) is 0.9896, suggesting the fitting association is very well. It is
generally accepted that the absolute AG’, value about —20 kJ mol™' or lower indicate a physisorption,

those in the order of —40 kJ mol—1 or higher involve charge sharing or a transfer, that is chemisorption
[7, 27, 28]. The calculated values of standard free energy of adsorption AGS, is —31.2 kJ mol™". It is

believed that PBI belongs to a mixed adsorption, that is chemical adsorption and physisorption are
present meanwhile. In addition, negative AG., value manifests that the adsorption of PBI on the surface
of Q235 steel is autonomous process. Therefore, the ACBT adsorption on the surface of X65 steel
belongs to the interaction of physicochemical adsorption. These result indicate the PBI film formation
on the steel surface. This justifies the favorable inhibition ability of PBI towards Fe in H>SO4.
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Figure 5. Langmuir adsorption isotherm of steel in H2SO4 by the addition of PBI.

3.5. SEM observation

Figure 6 is SEM surface maps of steel samples immersed in H2SO4 solution at 298 K in the
absence and presence of 5 mM PBI for 6 hours. For comparison, the SEM image of the freshly polished
steel was also given. As seen in Figure 6a, the polishing stretches were visible on the surface of a freshly

polished copper surface.

TM4000Plus 15kV 9.4mm x1.00k BSE M

Figure 6. SEM images of polished steel (a), steel corroded in acid without (b) and with (c) protection of
PBIin 0.5 M H>SO4 at 298 K.
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The Fe surface after 6 h immersion was damaged with the attacking by HoSO4 without PBI. The
corrosion products completely covered the surface. After addition the inhibitor PBI in 0.5 M H2SO4
solution (Figure 6c), there is no obvious corrosion holes on surface of steel. This strongly indicates that
after adsorption on steel surface, PBI can remarkably suppress the steel corrosion in acid solution.

3.6. DFT calculation

In this work, DFT calculation of PBI was performed. The optimized molecular (a), HOMO (b),
LUMO (c), Hirshfeld (d) and Mulliken (e) charges of PBI molecule are shown in Figure 7. The result of
the calculation is presented in Figure 7. Frontier molecular orbital theory is a good way to study the
chemical activity of organic compounds. As shown in Figure 7, the optimized molecular structure is
planar construction, and HOMO and LUMO of PBI distributed on the whole molecule. It is favorable
for parallel adsorption of PBI molecule on steel surface and thus a better inhibitive ability. Besides, it
can be found that two N atom is negative charged in both Hirshfeld and Mulliken charge distribution,
which indicates the charge transfer or sharing from N atoms in PBI molecule to Fe atoms. Therefore, the
covalent bond is formed to fabricate the protective layer. In addition, the quantum chemical parameters
energy gap (AE = Erumo — Enomo) and dipole moment (u) were also obtained. The energy gap values of
PBI is 2.68 ¢V, the small AE value indicates that organic inhibitor molecule has high inhibition
performance for metal corrosion [29]. Workers believe large dipole moments correspond to excellent
corrosion inhibition performance [30]. The dipole moment of PBI is 6.14 Debye, which can prove

superior anti-corrosion performance of PBI.

Figure 7. The optimized molecular (a), HOMO (b), LUMO (c), Hirshfeld (d) and Mulliken (e) charges
of PBI molecule.
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3.7. Molecular dynamics simulation

MDS was applied to evaluate the adsorption situation of PBI on Fe (110) surface. The obtained
final snapshots of PBI over Fe (110) surface obtained from MDS are shown in Figure 8 (a) top view,
without water molecules, (b) top view, with water molecules, (¢) side view, without water molecules, (d)
side view, with water molecules. We can see that PBI was adsorbed on Fe (110) surface in parallel mode
in vacuum or solution environments. The maximum coverage of steel can be obtained to protect steel
from acid attack, which is consistent with the results from quantum chemistry calculation. In addition,
the binding energy values of PBlon Fe (110) are 213.4 kJ/mol and 261.2 kJ/mol under both vacuum and
solution conditions respectively. Finally, we find that PBI has a powerful adsorption ability to Fe (110)
surface, thereby excellent corrosion inhibition performance for steel in acid can be obtained.
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Figure 8. The final snapshots of PBI over Fe (110) surface obtained from MDS, (a) top view, without
water molecules, (b) top view, with water molecules, (¢) side view, without water molecules, (d)
side view, with water molecules.

4. CONCLUSIONS

PBI was electrochemically and theoretically investigated as a high-efficiency corrosion inhibitor
for X65 steel in 0.5 M H2SO4 medium. It can be found that PBI can only retard the cathodic reaction of
steel, which is a modest cathodic type corrosion inhibitor. When the concentration of PBI is 5 mM at
298 K, its inhibition efficiency can reach to 93.8%. Surface morphology strongly support the analysis



Int. J. Electrochem. Sci., Vol. 15, 2020 8847

results of electrochemical measurements. The adsorption behavior of PBI molecule on steel is consistent
with Langmuir adsorption model. The adsorption type is a combination of physical and chemical
adsorption. DFT calculations suggest the active adsorption sites of PBI molecule. Molecular dynamics
simulation shows that PBI can adsorbs onto Fe(110) surface with a parallel mode, which can provide the
largest protection area for X65 steel in acid solution.
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