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Abstract

The corrosion behaviour of 5,5'-(((2-hydroxypropane-1,3-diyl)-bis-(oxy))-bis-(methylene))-bis-(8-quinolinol)
noted HBQ8 towards mild steel has been studied for corrosion inhibition of mild steel in 1 M hydrochloric acid
(HCI) by weight loss, Tafel polarization and electrochemical impedance spectroscopy (EIS) techniques. Then the
experimental results were confirmed by molecular dynamic simulation and DFT calculations. The results showed
that the inhibition efficiency (% IE) of HBQS8 increased with increasing inhibitor concentration and decreased
with increase in temperatures. It was found that HBQ8 behaved as a mixed type inhibitor. The adsorption process
of inhibitor obeyed the Langmuir isotherm and the thermodynamic parameters were discussed. The results from
the weight loss, electrochemical measurements and theoretical calculations are in good agreement.
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1. Introduction

Mild steel is known to be a very versatile ferrous alloy utilized for a wide range of applications [1-8]. It is
extensively used in various industries as construction material for chemical reactors, heat exchanger and boiler
systems, storage tanks and oil and gas transport pipelines [9, 10]. Acid solutions are widely used in industry for
processes such as acid pickling, chemical cleaning and oil well acidification. The higher solubility of hydrochloric
acid in aqueous medium causes the least polarizing effect and does not hinder the rate of corrosion [11-18].

A continuing effort has been made to develop a corrosion inhibitor that exhibits a greater inhibition effect at a low
concentration in the corrosion medium as well as environment-friendly feature [19]. Most of the acid corrosion
inhibitors are organic compounds containing electronegative atoms (such as O, N, S and P etc.), unsaturated
bonds and/or aromatic rings. The inhibitory performance of organic compounds is due to the adsorptive layer
forming between the molecules with lone electron pair and/or & electrons and the surface metal atoms with
unoccupied d-orbitals [20, 21]. Meanwhile, the use of quantum chemical calculations has been proved to be a
useful tool in elucidating the mechanism of inhibition of corrosion inhibitors on metal surface at the molecular
level; and, it can provide theoretical support in searching for new inhibitors [22, 23].

The compounds with quinolone functions are rarely investigated such as corrosion inhibitors [24, 25]. Therefore,
it is necessary to study the corrosion inhibition effect and inhibition mechanism of the quinoline derivatives
which could be deemed as good potential inhibitors.
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In this paper, we employed electrochemical techniques, weight loss method to study the inhibition effect of new
quinoline derivatives namely, 5,5-(((2-hydroxypropane-1,3-diyl)-bis-(oxy))-bis-(methylene))-bis-(8-quinolinol)
(HBQ8) for mild steel in 1.0 M HCI solution. And then, quantum chemical calculations by Molecular dynamic
simulation and DFT method were performed to elucidate the interaction between the inhibitor molecules and mild
steel surface.

2. Materials and methods
2.1. Synthesis

« General Information
All chemicals products were obtained from commercial suppliers Aldrich or Acros (France or Spain), and were
used without further purification. NMR spectra were recorded on a model Bruker Avance (300 MHz) for
solutions in Me,SO-ds, and Chemical shifts are given as 6 values with reference to tetramethylsilane (TMS) as
internal standard. The progress of the reaction was followed by Thin-Layer Chromatography (TLC) using silica
gel 60 F254 (E. Merck) plates with visualization by UV light (254 nm). The melting points were determined on
an automatic electrothermal 1A 9200 digital.

+«+ Chemical synthesis
Synthesis of 5,5'-(((2-hydroxypropane-1,3-diyl)-bis-(oxy))-bis-(methylene))-bis-(8-quino-linol)
The preparation of 5,5'-(((2-hydroxypropane-1,3-diyl)-bis-(oxy))-bis-(methylene))-bis-(quino-lin-8-ol) (scheme
1) require at first, the preparation of 5-(chloromethyl)-8-hydroxy-quinoine hydrochloride, which was obtained
according to the method described by Fernando et al. [26].

= HCHO, HCI

N HClg), 24h. 1t g
OH C

Scheme 1: Synthesis of 5-chloromethyl-8-quinoline hydrochloride

The condensation of 5-chloromethyl-8-quinolinol hydrochloride (CMQ) with glycerol in the presence of
triethylamine gives the corresponding 5-disubstituted product (Scheme 2).
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Scheme 2: Synthesis of 5,5'-(((2-hydroxypropane-1,3-diyl)-bis-(oxy))-
bis-(methylene))-bis-(8-quinolinol).

5-Chloromethyl-8-hydroxyquinolinehydrichloride (4.99 g, 0.0217 mol) in 20 ml of bi-distilled water were added
over 30 min into a solution of the glycerol (1 mL, 0.0109 mol), 10 mL of bi-distilled water, and (3 mL, 0.0217
mol) of triethylamine. The mixture was stirred under 95 °C for 24 h, after completion of the reaction (monitored
by TLC using a mobile phase consisting of acetone-n-hexane-e (30:70, v/v). The resulting precipitate was filtered,
washed thoroughly with bi-distilled water, dried and crystallized from ethanol to afford 1.74 g. of pale yellow
solid in 40 % yield, m.p.: 140-142 °C, R¢value: 0.81 (n-hexane-acetone: 70:30, v/v).
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'H NMR (300 MHz, DMSO-dg), 8,om = 8.85-8.84 (s, 2 H, quinoline (OH)), 6.99-8.84 (m, 10 H, quinoline (C-H)),
4.72 (s, 4H, quinoline -CH,-0), 3.50 (s, 1H, OH of glycerol), 3.23-3.25 (d, 4 H, O-CH,-C), 3.81-3.84 (m, 1 H, -
CH-O).

3C NMR (300 MHz, DMSO-dj), Sppm = 63.59 (-CH,-CH-OH of glycerol), 70.78 (quinoline-CH,-O), 72.21 (O-
CH,-CH), 111.06 -152.42 (CH-C quinoline).

'H NMR spectra (300 MHz, DMSO-dg)
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Figure 1: "H NMR spectrum of 5,5'-(((2-hydroxypropane-1,3-diyl)-bis-(0xy))-
bis-(methylene))-bis-(8-quinolinol)

3C NMR spectra (300 MHz, DMSO-dg)
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Figure 2: *C NMR spectrum of 5,5'-(((2-hydroxypropane-1,3-diyl)-bis-(oxy))-
bis-(methylene))-bis-(8-quinolinol)

2.2. Gravimetric, Electrochemical measurements and Electrolytic solution

The gravimetric measurements were carried out at definite time interval of 6 h using an analytical balance
(precision + 0.1 mg), The steel specimens of dimension 2x2x0.08 cm® used in this study is a carbon steel:
(Euronorm: C35E carbon steel and US specification: SAE 1035) with a chemical composition (in wt%) of
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0.370% C, 0.230% Si, 0.680% Mn, 0.016% S, 0.077% Cr, 0.011% Ti, 0.059% Ni, 0.009% Co, 0.160% Cu and
the remainder iron (Fe). The surface of the test electrode was mechanically abraded by different grades of emery
papers with 220 up to 1500, washed with distilled water, cleaned with acetone after being weighed accurately
with high sensitivity balance, the specimens were carried out in a double glass cell equipped with a thermostated
cooling condenser containing 80 mL of non-de-aerated test solution with and without various concentrations of
the studied quinoline derivatives (HBQ8) at 303K, and at different temperatures (303 — 333K) for 10° M
concentration. After immersion period, the specimens were taken out, rinsed thoroughly with bidistilled water,
dried and weighed accurately again. Five tests were performed in each case and the mean value of the weight loss
was calculated. The electrochemical experience have been performed using an equipment of impedance (Tacussel
Radiometer PGZ 100), the data were analyzed using software VoltaMaster 4. A cell of Pyrex glass with three
cylindrical electrodes has been used. To control temperature a thermostat has been used. A platinum auxiliary
electrode and saturated calomel electrode (SCE) as reference electrode. The working electrode was carbon steel
with the surface area of 1 cm? All potentials are reported vs. SCE. Prior to the electrochemical experiments, the
mild steel was immersed into the test solution for 30min until a steady-state (open circuit) potential was obtained.
EIS measurements were performed with a frequency range of 10 mHz to 100 kHz and amplitude of 5 mV with 10
points per decade. The polarization curves were recorded by polarization from -800 to -200 mV/SCE with a scan
rate of 60 mV s *. ZView software version 2.8 was used to fit impedance data. Acid solutions (1.0 M HCI) were
prepared by diluting a reagent of analytical grade HCI 37% with double-distilled water. The concentration range
of the quinoline derivative was used was 10° to 10° M.

2.4. Quantum chemical calculations

The quantum chemical calculations were carried out to elucidate the correlation between the inhibitor molecular
structure and its efficiency. Quantum chemical calculations were performed using density functional theory
(DFT) with the Beck’s three parameter exchange functional along with the Lee-Yang-Parr non local correlation
functional (B3LYP) with 6-31G (d, p) basis set implemented in Gaussian 03 program package [27-32]. This
approach is widely utilized in the analysis of the characteristics of corrosion process. The following quantum
chemical parameters were evaluated from the optimized molecular structure: the dipole moment (), the energy of
the highest occupied molecular orbital (Enomo), the energy of the lowest unoccupied molecular orbital (ELymo),
the energy band gap (AEgap = Enomo — ELumo), the electron affinity (A) (, the ionization potential (I) and the
number of transferred electrons (AN).

2.5. Molecular dynamic simulation

The Monte Carlo (MC) search was adopted to compute the low configuration adsorption energy of the
interactions of the HBQ8 on a clean iron surface. The Monte Carlo (MC) simulation was carried out using
Materials Studio 6.0 software (Accelrys, Inc.) [33]. The Fe crystal was cleaved along the (110) plane, it is the
most stable surface as reported in the literature. Then, the Fe (110) plane was enlarged to (12x12) supercell to
provide a large surface for the interaction of the inhibitor. The simulation of the interaction between HBQ8 and
the Fe (110) surface was carried out in a simulation box (29.78 x 29.78 x 60.13 A) with periodic boundary
conditions, which modeled a representative part of the interface devoid of any arbitrary boundary effects. After
that, a vacuum slab with 50 A thickness was built above the Fe (110) plane. All simulations were implemented
with the COMPASS force field to optimize the structures of all components of the system of interest. More
simulation details on the methodology of Monte Carlo simulations can be found in previous publications [34, 35].

3. Results and discussion

3.1. Weight loss measurements

3.1.1 Effect of concentration

The values of the inhibition efficiency and corrosion rate (Cg) obtained from weight loss experiments with
different concentrations of HBQS8 in 1.0 M HCI solution at 303 K are presented in Table 1 and Fig. 3. The
inhibition efficiency #,, (%) is calculated by the following Eq. 1:
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7, (%) = Ce=Cranh) 100 (1)
Cr

Where Cg and Cgnny represent the corrosion rates in the absence and presence of HBQS8.

Table 1. Inhibition efficiencies of various concentrations of HBQS8 for corrosion of mild steel in 1.0 M HCI
obtained by weight loss measurement at 303K.

Inhibitor Concentration Cr Nw (S)
(M) (mg/cm?xh) (%)
Blank 1.0 1.135 - -
10° 0.087 92.33 0.923
HBQS 10 0.163 85.64 0.8564
10° 0.247 78.24 0.7824
10° 0.314 72.33 0.7233

According to Table 1 and Fig. 3, it is observed that the corrosion rates decreases significantly in the presence of
the quinoline derivative. The corrosion rates of mild steel in the blank solution was 1.135 mg/cm?®xh and the
addition of 10° M of quinoline derivative seed husk reduced the dissolution to 0.087 mg/cm?xh. It should be
noted that the inhibition efficiency reaches its maximum value (92.33%) at 10° M, which indicates that the
inhibitor can effectively prevents mild steel from dissolving in the aggressive solution, due to the strong
adsorption of quinoline derivative molecule onto the mild steel surface [15-17].
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Figure 3: Relationship between the inhibition efficiency, Corrosion rates and inhibitor concentrations for carbon steel after 6
h immersion in 1 M HCI at 303 K.

3.1.2. Effect of temperature

The increase in temperature causes many actions taking place on the solid/liquid interface, such as rapid
dissolution of metal substrate and desorption of adsorbed inhibitor molecules [36-37]. In order to evaluate the
effect of temperature on the inhibition performance of HBQS8, weight loss measurements was performed in 1.0 M
HCI in the absence and presence of 10 M of inhibitor from 303 to 333 K. Results obtained after 6 h exposure
time are presented in Table 2, in general, these results reveal that the corrosion rate increased with increase in
temperature in both uninhibited and inhibited solutions. Rise in temperature accelerates Cr which results in a
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higher dissolution rate of metal [38]. Also the inhibition efficiency is observed to decrease with increase in the
temperature. The decrease in inhibition efficiency with temperature might be attributed to desorption of the
inhibitor molecules from the metal surface at higher temperatures [39].

To calculate activation parameters of the corrosion process, Arrhenius Eq. (2) and transition state Eq. (3) were used
[40]:

Cr =kexp (_Rb;“) 2
o e () (-2) .

where, Ea is the activation energy, ASa is the entropy of activation, AHa is the enthalpy of activation, k is the Arrhenius
pre-exponential factor, h is Planck's constant, N is Avogadro's number, T is the absolute temperature and R is the
universal gas constant.

Table 2: Cg and 1, % obtained from weight loss measurements of mild steel in 1.0 M HCI containing 10° M of
HBQS at different temperatures.

Inhibitors Temperature Cr Nw o
(K) (mgcm2h) (%)
303 1.135 - -
Blank 313 2.466 - -
323 5.032 - -
333 10.029 - -
303 0.087 92.33 0.923
HBQS 313 0.368 85.08 0.850
323 1.234 75.48 0.754
333 4.011 60.01 0.600

Fig. 4 shows Arrhenius plots of In(CR) vs. 1/T for mild steel in 1.0 M HCI without and with addition of 10° M of
HBQ8. From the value of slope, the value of Ea were calculated for HBQS8 and listed in Table 3. The results
showed that the value of Ea for inhibited solution were higher than those for uninhibited solution. The increase in
activation energy could be attributed to an appreciable decrease in the adsorption of the inhibitor on the mild steel
surface with increase in temperature [41]. In addition, the increasing Ea may be caused by desorption of inhibitor
molecules which takes place on mild steel surface with the increase in temperatures [42, 43].

Using Eq. (3), another linear plot of In Cg/T versus 1/T was drawn (Fig. 5) with slope (—AHa/R) and intercept
[IN(R/Nh) + ASa/R] which was used for the calculation of AHa and ASa. All the values are listed in Table 3. The
positive value of AHa reflect that the dissolution process of metal is endothermic [44]. ASa value are more
positive in presence of the studied inhibitor compared to free acid solution. The increase of ASa in the presence of
inhibitor implies that the activated HBQ8 in the rate determining step represent an association rather than a
dissociation step [45].

4476



J. Mater. Environ. Sci. 7 (12) (2016) 4471-4488 Lgaz et al.
ISSN : 2028-2508
CODEN: JMESCN

= 14 9
x
IS
L 0+
(2]
£
= -1
Q :0997
5 24

.34 = Blank

= HBQS
-4

L] L] L] L] L] L] L] L] L]
295 300 305 310 315 320 325 330 335 340
1000/T (K™Y

Figure 4: Arrhenius plots for mild steel in 1.0 M HCI in the absence and presence of 10 M of inhibitor at different
temperatures.

Table 3: Activation parameters for mild steel corrosion in 1.0 M HCI in the absence and presence of 10° M of
inhibitor at different temperatures.

Inhibitor E. AH, AS, E.- AH,
(kJ/mol)  (kJ/mol) (J/mol x K)
Blank 60.79 58.16 -51.84 2.63
10° M 106.58 103.93 78.21 2.65
HBQS
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Figure 5: Transition state plots for the inhibition of corrosion of mild steel in 1.0 M HCI in the absence and presence of 1.0
M of inhibitor at different temperatures.

3.2. Adsorption Isotherm
At the metal/solution interface, the adsorption process of organic inhibitor molecules occurs as a result of
replacement of H,O molecules adsorbed on the metallic surface by the following equilibrium (Eq. 4) [46, 47].

Orgsoy + XHyO@sy —  Orgas) + XH2O s (4)

where x is the number of H,O molecules replaced by one organic molecule.

The degree of surface coverage (6) obtained from potentiodynamic polarisation technique was used to evaluate
the best isotherm that fits into the data obtained. Correlation coefficient obtained from the plots of various
isotherms such as Langmuir, Freundlich, Temkin were used to determine the isotherms most applicable to
experimental data. Langmuir isotherm was applied to investigate whether it best fits to the experimental data
obtained by using Eq. (5) [48].

c 1
5 = Kots +C (5)
where C is the inhibitor concentration, 8 is the surface coverage and K,y is the adsorption equilibrium constant.
The plot of C/0 versus C yields a straight line with a slope close to 1 (1.09) and the linear association coefficient
(R% is also nearly 1 (0.9999), as shown in Fig. 6, indicating that the adsorption of HBQ8 on the mild steel surface
obeys Langmuir adsorption isotherm. The standard free energy of adsorption (4G2,,) was calculated by using the
following expression (Eq. 6) [49].

AG®4s = —RTIn(55.5 X Kygs) (6)

where R is the universal gas constant, 55.5 is the concentration of water in solution and T (K) is the
thermodynamic temperature. The calculated values of 4G ,; and K,qs for HBQ8 are listed in Table 4.
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Figure 6: Langmuir adsorption of inhibitor on the carbon steel surface in 1.0 M HCI solution at 303K.

Table 4: Adsorption parameters of inhibitor for mild steel corrosion in 1 M HCI at 303 K.
Inhibitor

Slope Kags(M™) AG,4 (kJ/mol)
HBQ8 1.09 284924.64 -41.74

A high value of K,y indicate that the inhibitor are easily and strongly adsorbed on the metal surface, mean better
inhibition efficiency of the inhibitor [50], On the other hand, the high K. value support the better inhibitive
performance of HBQ8. The negative value of AG°,;, ensured the spontaneity of the adsorption process and
stability of the adsorbed layer on the mild steel surface [51]. Generally, the values of AG® ;s around —20 kJ/ mol
or more positive are consistent with physisorption, while those around —40 kJ/mol or more negative with
chemisorption [52, 53]. The value of AG°,;s listed in Table 4 may be indicate the predominance of
chemisorption of quinoline derivative on the mild steel surface.

3.3. Potentiodynamic Polarization Study

The corrosion of mild steel electrode in 1.0 M HCI solutions containing various concentrations of HBQ8 was
studied by potentiodynamic polarization. Fig. 7 shows the polarization curves in the absence and presence of
various concentrations of inhibitor. The electrochemical polarization parameters such as corrosion potential
(Ecorr), COrrosion current density (icr), slope of the cathodic branch (fc), and corresponding percentage inhibition
efficiencies (nppp%) were calculated by the Tafel extrapolation method and are listed in Table 5. The values of
npop% were calculated using the following Eq. 7.

Npop (%) = 9Oy 100 @)

Leorr
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Where i, and i, (;) are the corrosion current densities for mild steel electrode in the uninhibited and
inhibited solutions, respectively.
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Figure 7: Polarisation curves of carbon steel in 1.0 M HCI for various concentrations of HBQS at 303K.

Clearly, the addition of quinoline derivatives decreased the corrosion current, i.,,,- significantly for all the
concentrations studied, correspondingly, nppp (%) values increase with increasing the inhibitor concentration
reaching a maximum value at 10° M. Moreover, the parallel Tafel curves in Fig. 7 and the almost unchanged
values of slop in Table 5 in the absence and presence of inhibitor indicating that the addition of HBQS8 to the 1.0
M HCI solution did not modify the hydrogen evolution mechanism and the reduction of H" ions at the mild steel
surface takes place mainly through a charge transfer mechanism [54].

Table 5: Corrosion parameters for corrosion of mild steel with selected concentrations of the inhibitor in 1.0 M
HCI by Potentiodynamic polarization method at 303K.

Inhibitor Concentration -Ecorr -pc icorr Nppp S}
(M) (MV/SCE) (mV/dec) (nA/cm?) (%)
Blank 1.0 496 162.0 564.0 - -
10° 456 180.6 49.1 91.29 0.912
HBQS 10* 469 178.0 84.1 85.02 0.850
10° 478 175.0 134.7 76.12 0.761
10° 487 161.1 200.3 64.48 0.644

If the Ego values are shifted by > 85 mV in the inhibited system with respect to the uninhibited, the inhibitor
could be recognized as cathodic or anodic type, and if the displacement in E.,, is <85 mV, it may be considered
as mixed type [55]. In the present case, the addition of the inhibitor caused any significant change in the Eco
values suggesting that studied HBQS8 act as mixed type inhibitor.

3.4. EIS Study
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Fig. 8 represents the Nyquist plots for mild steel in the absence and presence of HBQ8 in 1.0 M HCI at 303 K. It
can be observed that all the impedance spectra obtained display one single depressed semi-circle, which indicates
that the corrosion process is related to the charge transfer process [16, 18]. The depression in Nyquist semicircles
may be due to frequency dispersion, inhomegeneties, and roughness of metal surface and substance transmission
actions [11, 12]. The similarity in the shapes of Nyquist plots in the absence and presence of inhibitor reveals that
the corrosion mechanism is unaffected by the addition of the HBQ8. Furthermore, the diameter of the semicircles
in the presence of HBQ8 is very larger than observed in uninhibited solution and increases with increasing
inhibitor concentration, which may be due to the formation of protective film on mild steel surface and
consequently reduction in corrosion rate [56].
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Figure 8: Nyquist curves for mild steel in 1M HCI for selected concentrations of HBQ8 at 303K.

Accordingly, the EIS data are simulated by the proposed equivalent circuit presented in Fig. 9 [57]. It included Rs,
the solution resistance, Ry denotes the charge-transfer resistance and CPE is constant phase element. The
introduction of CPE into the circuit was necessitated to explain the depression of the capacitance semicircle,
which corresponds to surface heterogeneity resulting from surface roughness, impurities, and adsorption of
inhibitors. The impedance parameters obtained are reported in Table 6. It has be seen that R increased with
increase in inhibitor concentrations. Which can be attributed to the formation of an isolating protective film at the
metal/solution interface [58]. The CPE impedance is calculated using the Eqg. (8)
1
Zepe = Qlje)® ®)
Where Q is the CPE constant (in Q*xSnxcm™), e is the angular frequency (in rad s™), j? = -1 is the imaginary
number and n is a CPE exponent which can be used as a gauge for the heterogeneity or roughness of the surface.

In addition, the double layer capacitances, Cy, for a circuit including a CPE were calculated by using the
following Eqg. 9 [59]:

Cay = [Q-Rcrl_n)lm ©)

The inhibition efficiency is calculated from the R values using the following Eq. 10:
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_ (B B
=== X100
Ngs (%0) ( R ) (10)

Where R°y and Ry are the charge transfer resistances without and with various concentrations of inhibitors
respectively.

Table 6: AC-impedance parameters for corrosion of mild steel for selected concentrations of the inhibitor in 1 M
HCI at 303K.

Inhibitor ~ Concentration Ret Qx10™ Cal Ners O
(M) (Qxcm?) n (s"/Qxcm®) (uFlcm?) (%)
Blank 1.0 29 .35 0.910 1.7610 91.6 - -
10° 346.7 0.909 0.2607 16.2 91.53 0.915
HBQS8 10* 209.9 0.910 0.3958 24.6 86.02 0.860
10° 134.0 0.922 0.5004 32.8 78.10 0.781
10° 105.8 0.898 0.6955 39.8 72.26 0.722

From Table 6, it can be seen that the measured Cg values decreased with increase in inhibitor concentrations. The
decrease in Cgy values can be attributed to the increase in the electrical double layer at the metal solution interface.
This suggests that the inhibitor acts via adsorption at the metal/solution interface [59]. According to Helmholtz
model (Eq. 11), the better inhibitive performance of the inhibitors is associated with lower Q value.

Q =%fa (11)
Where ¢ is the local dielectric constant, ¢° is the permittivity of the air, d is the thickness of the protective layer
and A is the surface area of the electrode. The decrease in Q suggests a fading in local dielectric constant or an
increase in the thickness of the electrical double layer, due to the adsorption of quinoline derivative molecules on
the mild steel surface by replacement of water molecules by quinoline derivatives molecules [60, 61]. It is worth
noting that the experimental results obtained by the EIS measurements are in good agreement with those obtained
from weight loss and potentiodynamic polarization.

Rs CPE
RSN
R

Figure 9: Equivalent electrical circuit corresponding to the corrosion process on the carbon steel in hydrochloric acid.

3.5. Quantum chemical calculation

3.5.1. DFT calculations

It should be stated that DFT methods are widely used in computational chemistry studies because these methods
have become very popular in recent times [22, 23]. The input files of quinoline derivative were prepared with
Gauss View 5.0.8 [62]. The calculation in the gas phase were made by Gaussian 03W software using
DFT/B3LYP method with 6-31G (d, p) basis sets [32, 63]. The structures of HBQ8 were first optimized using
DFT calculations, and then both highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) as well as their corresponding energy values (Enomo and Epumo) Were analyzed.
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Fig. 10. Quantum chemical results of HBQS8, calculated at DFT/B3LYB/6-31G (d, p)

It can be seen from Fig. 10 that the distribution of HOMO and LUMO is localized on the 8-hydroxyquinoline. In
the same trend, the reactivity of a molecule is governed by the frontier orbitals. These are the energy of the
highest occupied molecular orbital (Enomo), Which indicates the ability of a molecule to donate electrons to an
acceptor molecule and the energy of the lowest unoccupied molecular orbital (E,ymo), representing the propensity
of a molecule to accept electrons [62]. The difference between the HOMO and the LUMO energies (AE) gives an
indication of the chemical reactivity of a molecule. The inhibitor with a small AE should exhibit a higher
interaction with the metal surface®. The Table 7 present the parameters obtained by DFT calculation method. For
the dipole moment («), inhibitor with high dipole moment tend to form strong dipole—dipole interactions with the
metal, resulting in strong adsorption on the surface of the metal and therefore leading to greater inhibition
efficiency [65, 66]. These conclusions suggests that HBQS8 is very reactive compound. According to the hard—soft
acid base (HSAB) principle, a hard molecule is associated with low basicity and low electron donating ability and
a soft molecule is associated with high basicity and high electron donating tendency [67, 68]. This finding
suggests that the inhibition efficiency increases with increasing softness and decreases on increasing the hardness
of the inhibitor molecules. Absolute electronegativity (y), global hardness () and global softness (o) are
estimated using the equations (Eqs. 12-14) [56, 69].

P | -;A (12)

i (19
_1

o= . (14)
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The values reported in Table 7 also suggests that HBQ8 is good reactive compound.
The ionization potential (1) and the electron affinity (A) are defined as follows Egs. 15-16:

| = -Enomo (15)
A= ‘ELUMO (16)

The number of transferred electrons (AN) gives information about the number of electrons a molecule can transfer
to the acceptor molecule, and it is estimated using the Eq. 17 [23, 70].

Xre — Xinh
AN = —4Fe  Ainh a7
2(’7Fe +77inh)

where e and Y, denote the absolute electronegativity of iron and the inhibitor molecule, respectively, and 7g
and #i,n denote the absolute hardness of iron and the inhibitor molecule, respectively. The values of yr. and g are
taken as 7 eV/mol and 0 eV/mol, respectively. The results, as reported in Table 7, show that the HBQ8 has the
highest tendency to donate electrons and therefore the highest tendency to bind onto the metal surface.

Table 7. The quantum parameters of HBQ8 calculated using DFT at B3LYB/6-31G (d, p)

Parameter Evomo ELumo K
V) V) AE 1 X c AN (D)
Value -5.688 -1.557 413 2.065 3.623 0.484 0.817 3.075

3.5.2. Molecular dynamic simulation

The molecular dynamics simulations are performed to study the adsorption behavior of HBQ8 on Fe (1 1 0)
surface. Among the three kinds of iron surface (110,100, 11 1), Fe (11 1) and Fe (1 0 0) surfaces have
relatively open structures while Fe (1 1 0) is a density packed surface and has the most stable form [71]. The
close contacts between the inhibitor molecules and Fe (1 1 0) surface as well as the best adsorption configuration
for the compound are presented in Fig. 11. From this figure, we can conclude that the studied compound can be
adsorbed on the Fe surface through the 8-hydroxyquinoline function. A typical plot of energy distribution for
inhibitor/Fe (1 1 0) system during energy optimization process consisting of the total energy, average total
energy, van der Waals energy, electrostatic energy and intramolecular energy are presented in Fig. 12.

The parameters presented in Table 8 include, the total energy, in kJ/mol, of the substrate—adsorbate configuration.
The total energy is defined as the sum of the energies of the adsorbate components, the rigid adsorption energy
and the deformation energy, adsorption energy reports the energy released (or required) when the relaxed
adsorbate component was adsorbed on the substrate. The adsorption energy is defined as the sum of the rigid
adsorption energy and the deformation energy for the adsorbate component. The rigid adsorption energy reports
the energy released (or required) when the unrelaxed adsorbate component (before the geometry optimization
step) was adsorbed on the substrate. The deformation energy reports the energy released when the adsorbed
adsorbate component was relaxed on the substrate surface. Finally, (dEad/dNi) reports the energy of substrate—
adsorbate configurations where one of the adsorbate components has been removed [72, 73]. Further, results
show that the negative value of adsorption energy for investigated compound support the inhibitive performance
of the studied compound and are in accordance with the experimental results.
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Fig. 11. Side (a) and top (b) views of the most stable low energy configuration for the adsorption of the inhibitor
on Fe (1 1 0) surface obtained through the Monte Carlo simulation.
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Fig. 12. A typical energy profile for the adsorption progress of HBQ8 on Fe (110) surface using the Monte Carlo
sampling procedure.

Table 8. Outputs and descriptors calculated by the Monte Carlo simulation for the lowest adsorption.
Configurations of HBQ8 /Fe (110) surface (in kcal/mol).

System Total Adsorption Rigid adsorption Deformation ~ dEad/dNi
energy energy energy energy inhibitor
Fe (11 0)/ HBQS8 -29.00 -161.47 -170.20 8.73 -161.47
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Conclusion

From the results obtained we can be concluded that HBQS8 acted as efficient corrosion inhibitor for mild steel in 1
M HCI solution. The charge transfer resistance (R increases and the double layer capacitance (Cy) decreases
due to adsorption of the inhibitor molecules on the surface of mild steel. The Polarization studies showed that the
studied inhibitor act as mixed inhibitor. The adsorption of the inhibitor on mild steel surface obeys the Langmuir
adsorption isotherm and the negative sign of AG’g suggests that the inhibitor adsorbed spontaneously on the
surface. The Quantum chemical calculations by DFT calculations and Monte Carlo simulation are in good
agreement with the experimental results.
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