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Corrosion poses a significant threat to the integrity and longevity of iron and its alloys, which are crucial ma-
terials for modern industry and infrastructure. This study investigates the effectiveness of two recently synthe-
sized inhibitors based on quinoline structures: MPQ (2-methyl-5-(propoxymethyl) quinolin-8-ol) and AAQ ((((2-
aminoethyl)amino)methyl)-2-methylquinolin-8-ol) in protecting steel against environmental degradation,
particularly in acidic and chloride-rich conditions such as hydrochloric acid. The inhibitors exhibited significant
corrosion inhibition efficiencies of 92.37 % for MPQ and 84.13 % for AAQ, as demonstrated through electro-
chemical analysis. Surface characterization techniques, including SEM-EDX(Scanning Electron Microscopy with
Energy Dispersive X-ray analysis), AFM (Atomic Force Microscopy), and contact angle measurements, revealed
the formation of a protective barrier film that reduces the corrosion rate. Additionally, theoretical calculations
using the Gaussian package provided insights into the adsorption behaviors and protective mechanisms of the
inhibitors on mild steel surfaces. The findings contribute to the ongoing search for viable corrosion inhibitors,
offering prospects for application in industries and critical infrastructures to enhance corrosion protection and
durability.

1. Introduction

Iron and its alloys play a crucial role in modern society due to their
exceptional physical and chemical properties, such as strong structural
integrity and mechanical strength [1,2]. The widespread use of these
materials is supported by efficient manufacturing processes and avail-
ability. However, corrosion, the gradual deterioration of metal proper-
ties when exposed to the environment [3], presents significant
challenges [4]. Corrosion is a major global issue, not only threatening
critical industries like petrochemicals but also endangering
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infrastructure such as bridges and public buildings [4,5]. This can lead
to catastrophic failures and substantial repair costs [6,7]. The economic
impact of corrosion is immense. In 2011, the annual cost of corrosion in
the United States alone reached $2.2 trillion, while in India, it exceeded
$100 billion. On a global scale, the annual cost of corrosion is estimated
at $2.5 trillion, representing approximately 3.4 % of the world’s GDP
[8].

To address corrosion, methods like acid washing of metal surfaces
and acidification of oil wells are commonly employed, often involving
the use of corrosive solutions like hydrochloric and sulfuric acids
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[9-12]. Unfortunately, these acids can accelerate metal erosion,
prompting the development of inhibitors as a more advanced and
effective protection method [13-16]. Extensive research has focused on
identifying effective organic compounds to counter corrosion in highly
acidic environments [6,17-19]. Organic corrosion inhibitors typically
contain electron-donating atoms like phosphorus, sulfur, oxygen, and
nitrogen, which facilitate their adsorption onto metal surfaces, thereby
shielding them from acidic solutions [20,21]. These compounds func-
tion through various mechanisms, including chemisorption, phys-
isorption, complexation, or precipitation, to block oxygen from reaching
the cathode, inhibit hydrogen diffusion from the cathode, or prevent
metal dissolution as anodic inhibitors [21,22].

Studies have explored various compounds, including imidazole de-
rivatives, benzimidazole derivatives, quinoline derivatives, as effective
corrosion inhibitors [21,23-27]. Quinoline derivatives have emerged as
a promising class of corrosion inhibitors, particularly in acidic envi-
ronments, due to their unique properties and low environmental
toxicity. These compounds, which are easy to synthesize and highly
water-soluble, have proven extremely effective in protecting metals
from corrosion. For instance, El Faydy et al. demonstrated that three
8-hydroxyquinoline derivatives, including 5-propoxymethyl-8-hydroxy-
quinoline (PMHQ), could reduce carbon steel corrosion by up to 94 %,
forming a protective film on the metal surface that limits metal disso-
lution and hydrogen evolution [28]. Additionally, Jiang et al. confirmed
the superior efficacy of the quinoline derivatives BQ and QBPA, with
corrosion inhibition reaching 98.03 %, through a mixed adsorption
mechanism involving both physisorption and chemisorption, which
follows the Langmuir isotherm model [29]. A computational study by
Erdogan et al. revealed that quinoline derivatives can strongly interact
with iron surfaces, particularly the Q4 compound, corroborating their
experimentally observed inhibitory efficiency [30]. Fakhry et al. studied
5-{[(4-Dimethylamino-benzylidene)-amino]-methyl}-quinolin-8-ol
(MABQ) and showed that this mixed-type inhibitor achieves an effi-
ciency of 95.8 % at a concentration of 10”2 M by forming a stable
protective film on the mild steel surface, consistent with theoretical
predictions of adsorption via molecular dynamics simulations [31].
These findings confirm that quinoline derivatives, due to their ability to
form robust adsorption barriers on metal surfaces, are prime candidates
for the development of new corrosion inhibition solutions.

Furthermore, to enhance the understanding and development of
these corrosion inhibitors, computational chemistry tools play a crucial
role. Gaussian software package is a key tool used for the calculation of
molecular structures and chemical reactions. This program utilizes
quantum chemistry methods such as density functional theory (DFT)
and molecular orbital theory (MO) [32]. For comparing the activities of
molecules, the Gaussian program is used to calculate the energies,
structure and interactions of molecular entities [33]. In this context, our
study specifically investigates two recently synthesized inhibitors based
on quinoline structures for their corrosion inhibition properties in mild
steel metal samples immersed in one molar hydrochloric acid. The
research delves into the electrochemical mechanisms through which
these inhibitors protect the metal samples, supported by multiple
characterization techniques such as scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDX), atomic force micro-
scopy (AFM), and contact angle measurements. To compare the activ-
ities of corrosion inhibitors, calculations were conducted using the
Gaussian package at B3LYP, HF, M062X level with the 6-31++g(d,p)
basis set. To determine which corrosion inhibitor is theoretically the
most efficient, a molecular dynamics modeling approach was also
employed to study the corrosion of iron.

2. Experiment details
2.1. Organic synthesis

The products used in this study were synthesized by reacting 5-
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(chloromethyl)-2-methylquinolin-8-ol hydrochloride with two nucleo-
philes. This reaction was carried out in tetrahydrofuran (THF) with
triethylamine (EtzN) as a base and was allowed to proceed for 12 hours
(Fig. 1). The synthesized products were subsequently characterized
using nuclear magnetic resonance spectroscopy.

2.2. Materials and sample preparation

To prepare a solution with significant properties, such asa 1.0 M HCL
solution, an analytical reagent-grade 37 % HCl solution was diluted with
double-distilled water. The experimental setup involved using the two
synthesized inhibitors, MPQ and AAQ (Fig. 1), at concentrations ranging
from 1072 M to 10™® M. Additionally, a blank solution was carefully
prepared for comparison purposes. The metal samples, whose compo-
sition is detailed in Table 1, were meticulously prepared by abrasion
with emery paper of various particle sizes, followed by washing with
distilled water, degreasing with ethanol and air-drying at room tem-
perature. The surface area exposed to the corrosive medium during the
tests was 1 cm?.

2.3. Electrochemical investigations

Electrochemical measurements, including potentiodynamic polari-
zation (PDP) and electrochemical impedance spectroscopy (EIS), are
employed to study material corrosion. The potentiostat controls the
electrode potential relative to a reference electrode, while the galva-
nostat regulates the current. The PGZ 100 is a notable potentiostat/
galvanostat instrument used in these experiments. For the experiment, a
platinum sheet serves as the counter electrode and an Ag/AgCl electrode
is used as the reference. The working electrode represents the samples,
and precise positioning is crucial for reproducibility. The open circuit
potential (OCP) is established by immersing the working electrode in the
test solution without applying an external potential, providing infor-
mation on system stability and susceptibility to corrosion. Potentiody-
namic polarization experiments on mild steel specimens involved
automated adjustment of electrode potential, ranging from —0.9 to
—0.1 V/Ag/AgCl versus OCP, at a scan rate of 1 mV/s. Corrosion current
density was determined by extrapolating the Tafel linear segments from
anodic and cathodic curves. This corrosion current density was then
correlated with the corrosion potential (E.). The assessment of
inhibitory effectiveness was performed using the following equation
(Eq. 1) [19,34]:

Hopp% = {1 - l.f"”} x 100 €3]

corr-

Where icor stands for the corrosion current density observed in the
presence of an inhibitor, and i;m represents the corrosion current
density observed in the absence of the inhibitor. A higher inhibition
efficiency indicates a more effective inhibitor in terms of corrosion
prevention.

Electrochemical Impedance Spectroscopy (EIS) measurements were
performed using a transfer function analyzer and a low-amplitude
alternating current signal (10 mV/ms). The frequency range spanned
from 100 kHz to 100 mHz, with 10 data points per logarithmic decade.
An analysis of the acquired data was executed using EC-Lab software,
which employs an analogous electrical circuit model for interpretation.
The following equation (Eq. 2) was used to evaluate the inhibitory
effectiveness in this case [19,34]:

Rer
Nimp = {1 —R—CT} x 100 2
Where Rcr and R, represent the relative charge transfer resistances in
the presence of the inhibitor and R, represent the relative charge
transfer resistances in the absence of the inhibitor. Comparing these
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MPQ: 2-methyl-5-(propoxymethyl) quinolin-8-ol
AAQ: 5-(((2-aminoethyl)amino)methyl)-2-methylquinolin-8-ol

Fig. 1. Method for preparing organic inhibitors synthesis.

Table 1
The weight percentages of elemental composition in mild steel.

Material Chemical composition
C Si Mn Cr Mo Ni Al Cu Co \Y W Fe
Metal 0,11 0,24 0,47 0,12 0,02 0,1 0,03 0,14 <0,0012 <0003 0,06 Balance

resistances provides insights into how the inhibitor affects the charge
transfer processes occurring at the electrode-electrolyte interface. A
higher value of R¢r indicates a greater resistance to charge transfer,
which signifies better inhibition efficiency [34]. This approach enables
us to understand the complex electrochemical behavior influenced by
the presence of the inhibitor.

2.4. Morphological study (MEB-EDX/AFM)

To study in detail the surface properties, steel coupons of precise
dimensions (1.0cm x 1.0 cm x 0.1 cm) were manufactured. These
coupons were immersed in a solution containing 1.0 M HCI, as well as
specific concentrations of MPQ and AAQ (1073 M) and maintained in
this solution for 24 hours. The objective was to understand the impact of
these chemical substances on the surface characteristics of the steel. The
prepared samples were then subjected to analysis by Scanning Electron
Microscopy (Quattro ESEM) and EDX analysis to obtain high-resolution
images of the surface structure and elemental composition of the sam-
ples. In addition, to examine the morphology of the deposited films, a
Veeco Dimension ICON atomic force microscope, manufactured by
Bruker, was employed. The surface features of these films were inves-
tigated under typical pressure and temperature conditions. AFM images
were acquired in accordance with these settings. All these experiments
were conducted at the MAScIR-Rabat research center, a leading insti-
tution in the field of research.

2.5. Contact angle

To study the wettability, we used the OCA 40 Micro, accompanied by

the ES Nano-drop electronic dosing device and the Up HSC 2000 high-
speed camera system. After depositing the liquid on the coated surface
for one minute, we measured the water contact angles (WCA) based on
the drop profile once equilibrium was reached.

2.6. Theoretical methods

Theoretical calculations provide important information about the
chemical properties of molecules. Many quantum chemical parameters
are obtained from theoretical calculations. The calculated parameters
are used to explain the chemical activities of the molecules. Many pro-
grams are used to calculate molecules. These programs are Gaussian09
RevD.01 and GaussView 6.0 [35,36]. By using these programs, calcu-
lations were made in B3LYP, HF, and M06-2x [37-39]. Methods with
the 6-31+-+g(d,p) basis set. As a result of these calculations, many
quantum chemical parameters have been found. Each parameter de-
scribes a different chemical property of molecules, the calculated pa-
rameters are calculated as follows [40,41].

JE 1 1
x= - (ﬁ) o = 5(1 +A) = §<EHOMO +ELUMO> 3
_ 027]3 fl(IfA)Q ,1(5 _E ) 4
n= ONZ " =3 = —5\Bromo LUMO

o=1/nw=p*/2ne =1/w
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2.7. Molecular dynamic (MD) Simulation

Monte Carlo (MC) simulation was employed to investigate the
interaction of 5a and 5d with the mild steel surface [42]. Consequently,
the adsorption locator module of the Materials Studio software was
utilized to examine how these molecules interacted with the Fe (110)
surface [43]. All adsorption calculations of the systems were performed
using the COMPASS force field due to its effectiveness in the field of
corrosion modeling. Initially, a crystal of Fe (110) was created, and then
the optimized structure of 5a and 5d was examined to obtain the most
stable adsorbed configurations on the Fe (110) surface in the presence of
water molecules [44,45].

3. Results and Discussion
3.1. Chemical study

The chemical shift values (8ppm) of the proton and carbon atoms
obtained from the proton and carbon NMR spectra (‘H NMR and '3C
NMR) are illustrated below:

2-methyl-5-(propoxymethyl) quinolin-8-ol (MPQ)

'H NMR (JNM-ECZ500R/S1 FT NMR System de JEO, DMSO-dg)
(Bppm): 3.709 (s, 1 H, OH), 5.718-7.777 (m, 5 H, ArH), 3.304-3.703 (m,
6 H, CHy), 4.471 (s, 3 H, CHs). 13¢ NMR (JNM-ECZ500R/S1 FT NMR
System de JEO, DMSO-de) (Sppm): 82.046 (C-OH), 105.103-111.270
(ArCH, ArC), 14.472-31.811(C-CHy).

5-(((2-aminoethyl)amino)methyl)-2-methylquinolin-8-ol (AAQ)

'H NMR (JNM-ECZ500R/S1 FT NMR System de JEO, DMSO-dg)
(8ppm): 3.310 (s, 1 H, OH), 5.717-5.775 (m, 5 H, ArH), 3.421-4.467 (m,
6 H, CHy), 4.475 (s, 3 H, CHs). 1°C NMR (JNM-ECZ500R/S1 FT NMR
System de JEO, DMSO-dg) (Sppm): 82.058 (C-OH), 104.986-111.265
(ArCH, ArC), 14.460-31.815(C-CH>), 80.892 (C-NHy).

3.2. Electrochemistry tests

3.2.1. Potentiodynamic Polarization Test

To gain insights into the kinetics of cathodic and anodic processes, a
series of polarization studies were conducted in unstirred solutions
containing 1.0 M HCL These experiments were performed both in the
absence of organic products (MPQ and AAQ) and with with varying
concentrations of these compounds. The polarization curves obtained
are shown in Fig. 2.

The electrochemical parameters provided in Table 2, especially the
corrosion potential (Ecorr), cathodic and anodic Tafel slopes (Bc, B,), and
corrosion current density (icorr), Were calculated using the extrapolation
of the anodic and cathodic Tafel curves.
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Table 2
Corrosion values determined by PDP of mild steel in 1.0 M HCI without and with
MOQP and AAQ at 298 K.

Medium Conc. - Ecorr icorr -Be Ba (S] Npp

™) mV/Ag pA mV mVdec™ %
/AgCl em 2 dec!
1.0M - 498 983 140 150 - -
HClL

MPQ 10-6 487 198 179 113 0.7985  79.85
10-5 494 124 173 108 0.8738  87.38
10-4 486 82 163 101 0.9165 91.65
10-3 480 75 168 88 0.9237  92.37

AAQ 10-6 497 242 174 118 0.7538  75.38
10-5 480 202 165 109 0.7945  79.54
10-4 494 169 159 106 0.8280 82.80
10-3 491 156 157 97 0.8413  84.13

Upon thorough examination of Fig. 2 and Table 2, it was noted that
untreated mild steel exhibited the highest anodic and cathodic current
densities. However, the introduction of the quinoline derivatives MPQ
and AAQ led to a marked decrease in these current densities. This sug-
gests that the inhibitors significantly reduce the corrosion rate of steel in
a 1 M HCl environment by lowering the anodic dissolution of mild steel
and delaying the reduction of H+ ions [6,46,47]. As the concentration of
the inhibitors increased, the cathodic branches in the polarization
curves appear nearly parallel (Fig. 2), indicating that MPQ and AAQ do
not alter the fundamental mechanism of the cathodic reaction, they
effectively slow down its kinetics, particularly the hydrogen evolution
process [4,6,34,48]. The similarity in cathodic slope values (fc)
(Table 2) suggests that the hydrogen evolution reaction is primarily
controlled by an activation mechanism at the metal/solution interface,
involving charge transfer [49-51]. Moreover, the minimal impact of the
inhibitors on the anodic reaction when the potential exceeds the
desorption potential (-300 mV) aligns with findings by Al-Moubaraki
et al.[52].This phenomenon can be attributed to the increased surface
area exposed as the steel corrodes, leading to the desorption of the in-
hibitor molecules[52,53]. At potential exceeding —300 mV, the in-
hibitors facilitate significant metal surface dissolution, resulting in a
desorption rate of adsorbed molecules that exceeds their adsorption
rate. Additionally, a slight anodic shift in the corrosion potential was
observed with the inhibitors, indicating that their presence in the acidic
solution impacts both the hydrogen evolution and metal dissolution
processes [53]. The anodic slope values (pa) exhibit minimal changes in
the presence of MPQ and AAQ, which indicates that these inhibitors
limit corrosion by reducing the number of active sites on the mild steel
surface without fundamentally altering the anodic or cathodic processes
[54-56]. Consequently, the presence of these inhibitors in the corrosive

MPQ

|—— Blank 1.0 M HCI 5 |—— Blank 1.0 M HCI
10 ¥—10"m 10° 1 ¥—10%m
k—10*m [H—10tm
[—A—10°m —A— 10" M
107 b 10°m 10° | 10°m
1 1 1 1 1 1 1 1 1 1
-0,9 -0,8 -0,7 -0,6 -0,5 -0,4 -0,3 -0,2 -0,1 -0,9 -0,8 -0,7 -0,6 -0,5 -0.4 -0,3 -0,2 -0,1

E (V/Ag/AgCI)

E (V/IAg/AgCl)

Fig. 2. The polarization curves of mild steel immersed in an aggressive solution, both in the absence and in presence of different concentrations of MPQ and AAQ, at

a temperature of 298 K.
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solution significantly slows hydrogen evolution at the cathode and metal
dissolution at the anode [57-59]. The minor shift in corrosion potential
(-18 mV for MPQ and —7 mV for AAQ, both well below 85 mV) classifies
these inhibitors as pickling-type [46,55,60].

The data presented in Table 2 reveal a clear pattern: the presence of
MPQ and AAQ reduces icor values while enhancing their respective in-
hibition efficiencies (n,, %). Specifically, the np;, % reaches 92.37 % for
MPQ and 84.13 % for AAQ, both at a concentration of 10~ M. These
findings highlight that MPQ is a more effective inhibitor than AAQ. This
difference in effectiveness can be attributed to the distinct chemical
structures of the two molecules: the bulky and hydrophobic propox-
ymethyl group in MPQ facilitates better adsorption and forms a more
compact protective layer on the metal surface. Conversely, the more
hydrophilic aminoethyl group in AAQ, despite its ability to form
hydrogen bonds, makes the molecule less capable of creating a contin-
uous hydrophobic barrier, thereby reducing its corrosion protection
effectiveness compared to MPQ. Nonetheless, both inhibitors adsorb
onto the surface, forming a barrier that restricts the movement of ions
and electrons [16].

3.2.2. Electrochemical Impedance Spectroscopy Test

The Nyquist plots (Fig. 3) exhibit a depressed semi-circular pattern,
which can be attributed to surface modifications. Furthermore, the
capacitive nature of the corrosion reactions is indicated by the presence
of a semicircular arc. As the concentrations of MPQ and AAQ increase,
the length of the semicircular arc also increases, signifying a rise in the
steel’s charge transfer resistance (R.) [61-64]. The double layer
capacitance (Cq)) was calculated using Eq. 5 [34,65]:

Ca= VAR %)

The schematic representation of the electrical equivalent circuit
utilized in the analysis is depicted in Fig. 4.

The EIS values calculated are shown in Table 3. According to Table 3,
increasing the concentrations of MPQ and AAQ results in an increase in
Rt and a decrease in Cqj, respectively. This observation is consistent
with the adsorption of AAQ and MPQ, which displaces the previously
adsorbed water molecules [6,64,66]. At the optimal concentration ao=3
mol/L), the maximum Ry values are 432.8 Q cm? for MPQ and 200.3 Q
cm? for AAQ. It’s worth highlighting that MPQ exhibits superior
inhibitory properties compared to AAQ. The calculated inhibition effi-
ciencies at the maximum concentration for MPQ and AAQ are 91.98 %
and 82.67 % respectively.

3.2.3. Bode
Fig. 5 display Bode diagrams comparing samples with and without
AAQ and MPQ. Analysis of these diagrams indicates a notable upward

500
450 | Blank LOMHCI MPQ
¥ 10°M
400 * 10°M
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350 10°M
< 300 4 Fitting curves
5
< 250
E
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o
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Fig. 4. Equivalent circuits compatible with experimental impedance data.

trend in phase angle values within the intermediate frequency range
when AAQ and MPQ are present, as opposed to the blank sample. This
trend suggests the development of a protective corrosion inhibitor layer,
thereby enhancing the capacitive properties of the mild steel [67,68].
Moreover, the phase angle values observed being less than 90°, indicate
deviations from ideal capacitive behavior, thereby affirming the pres-
ence of inhomogeneities within the system [69]. Likewise, the Bode
plots suggest that at lower frequencies, impedance values increase
proportionally with the concentration of AAQ and MPQ. This corre-
sponds to the adsorption of inhibitors onto the steel surface, effectively
preventing corrosion [54,70,71].

As noted, the phase angle does not reach 90°, indicating that the
system is not purely capacitive. The observed angle below 90° can be
attributed to the complex impedance behavior, which includes contri-
butions from both capacitive and resistive elements [72,73]. This
behavior is consistent with the mixed adsorption mechanism of AAQ and
MPQ, where the inhibitors partially block the steel surface, reducing
corrosion but not entirely eliminating the resistive component of the
impedance.

Moreover, the Rmin value in the impedance spectra corresponds to
the charge transfer resistance (Rct), a key parameter in evaluating the
effectiveness of the corrosion inhibitors. The increase in Rmin with
increasing inhibitor concentration reflects the improved protection
offered by the inhibitors, as they reduce the rate of electron transfer
between the steel and the corrosive environment [69,74].

3.2.4. Effect of temperature on inhibition

The temperature of the environment in which a material is exposed
to corrosion significantly influences its behavior [75,76]. It’s commonly
noted that as temperature increases, the inhibitory effect tends to
decrease [46,77]. This widely observed phenomenon is fundamental to
corrosion studies. Additionally, understanding how temperature affects
inhibitor absorption provides crucial insights into their mechanism of
action [15,34,78]. In the specific case of the Potentiodynamic Polari-
zation Potential (PDP) experiment, conducted across a temperature
range of 298-328 kelvins, a thorough investigation was conducted to

225

Blank 1.0 M HCI
10°M

10*°M

10°M

10°M

Fitting curves

200 AAQ

175 4

P * X m

| 100 KHz

T T T T T
0 25 50 75 100 125 150 175 200 225

Z, (@om’)

Fig. 3. Effect of MPQ and AAQ Concentrations on Nyquist Plots of Mild Steel in 1.0 M HCI Solution.
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Table 3
Electrochemical parameter values for Mild Steel in 1.0 M HCI solution with varying concentrations of MPQ and AAQ.
Medium Conc. (M) Rs Ret Ca ng1 Q © Nimp %0
(Q cm?) (Q cm?) (WF.cm™2) (uF.Sn-1)
1.0 M HCL - 1.12 34.7 121 0.773 419 - -
MPQ 10°° 1.37 161.7 82 0.822 189 0.7854 78.54
10°° 1.36 258.8 58 0.813 99 0.8659 86.59
10-4 1.32 354.2 32 0.811 79 0.9020 90.20
10-3 1.70 432.8 25 0.817 45 0.9198 91.98
AAQ 10-6 1.60 137.1 93 0.832 143 0.7469 74.69
10-5 1.58 164.8 84 0.829 125 0.7894 78.94
10-4 1.57 191.3 65 0.818 118 0.8186 81.86
10-3 1.69 200.3 60 0.823 114 0.8267 82.67
3,0 -80
MPQ ®  Blank 1.0 M HCI MPQ
e * 10°m
2,5 ~ * 10%m
A 10°m
-60 ® 10°m
204 —— Fitting curves
~ E
NE 1,54 © 404
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<} &
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—— Fitting curves
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Fig. 5. Bode Plots for Mild Steel with and without varying MPQ and AAQ concentrations in 1.0 M HCI Solution.

elucidate the detailed impact of temperature on inhibition efficiency (IE
%).

As a result, we observe that with an increase in temperature, the
corrosion current (icorr) rises, as shown in both Fig. 6 and Table 4. This
increase is more pronounced in the uncontrolled solution. Furthermore,
we noted a slight decrease in the inhibitory effectiveness of the studied
compounds with the rise in temperature. This suggests that the tem-
perature increase did not significantly affect the adsorption of MPQ and
AAQ onto the steel surface [6,16,17,48]. As temperature increases, the
balance between adsorption and desorption tends to shift toward
desorption [79,80]. Consequently, there is a marginal decrease in the
efficiency of MPQ and AAQ molecules. This shift occurs as the equilib-
rium moves away from adsorption and toward desorption during the
process [17,80].

3.2.5. Electrochemical Frequency Modulation

Electrochemical Frequency Modulation (EFM) is a non-intrusive
method for measuring corrosion, offering insights into corrosion cur-
rent without the prerequisite knowledge of the Tafel constant [81]. EFM
operates by employing small alternating signals, akin to Electrochemical
Impedance Spectroscopy (EIS). However, unlike EIS, EFM simulta-
neously applies two distinct sinusoidal waves to the cell, resulting in a
nonlinear system response due to the nonlinear relationship between
current and potential [82]. Apart from the two input frequencies, the
current response includes frequency components such as the sum, dif-
ference, and multiples of the two input frequencies [83]. The selection of
these frequencies likely wasn’t arbitrary, given their very slight integer
multiples of a base frequency. Intermodulation spectra, as depicted in
Fig. 7, were extrapolated from EFM experiments in the presence and the
absence of MPQ and AAQ. The kinetic parameters of corrosion, outlined
in Table 5, were derived employing the EFM approach and pertinent
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Fig. 6. Potentiodynamic polarization plots for MS in 1.0 M HCI with 10~> M of MPQ and AAQ at various temperatures.

Table 4

Electrochemical and associated factors influencing the inhibitory efficiency of
mild steel studied at the optimum concentration of MPQ and AAQ in the tem-
perature range.

Medium  Temperature -Ecorr icorr -Be Ba npp
K (mV/Ag (uA (mV (mV
/AgCl) cm-2) dec-1) dec-1)
Blank 298 498 983 140 150
308 491 1200 184 112
318 475 1450 171 124
328 465 2200 161 118 -
MPQ 298 480 75 168 88 92.37
308 465 122 151 107 89.83
318 469 173 161 117 88.06
328 491 331 162 125 84.95
AAQ 298 491 156 157 97 84.13
308 478 213 146 105 82.25
318 479 271 149 111 81.31
328 485 442 163 129 79.90
equations:
i2
lor = —F——— (6)
48(2iyizy — i20)
i,Uo
Pa= - @)
215, + 2v/34/2i,i, — 1,
i,Uo
Ba= 2 > ®
2v/34/ 23yl — i3, — 2i20
. i,, T
Casuality factor(2) = ”’zl—l =20 9
2m1
. 2, T @
Casudlity factor(3) = % =3.0 (10)
3w
—1
Egemw % = 1—52x100 1n

-0
lcorr

Here, i, stands for the current density at the working electrode, MS,
recorded at frequency o, and Uy represents the amplitude of the sine
wave distortion.

According to Table 5, the reduction in ico, values can be attributed to
the adsorption of MPQ and AAQ molecules [84]. The inhibition effi-
ciency via this method follows the order: AAQ<MPQ. The causality
factors (CF-2 and CF-3) presented in Table 5 closely align with theo-
retical values of 2.0 and 3.0, respectively, affirming the reliability of the

obtained results [34,85]. Also, we observe minimal changes in the
values of B, and f., suggesting that the mechanism of both anodic and
cathodic reactions remains unaffected by the addition of our inhibitors
[19,34].

3.3. Adsorption mechanism for corrosion inhibition

The adsorption mechanisms of MPQ and AAQ on steel immersed in a
1.0 M HCI solution were investigated. Our aim was to assess the degree
and nature of interaction between the inhibitors and steel surface
morphology, using adsorption isotherms. This investigation involved
analyzing obtained data using diverse adsorption models, namely
Langmuir, Freundlich, Temkin, and Frumkin [86-88]. The correlation
between the recovery rate and the concentrations of MPQ and AAQ is
outlined in Table 6, where ’f* represents the energy inhomogeneity
factor, with a positive value indicating lateral attraction between the
adsorbed species, while a negative value implies repulsion [34,47]. The
equilibrium constant for adsorption processes is denoted by Kags, with
Cinn representing the concentration of the products under examination
[47,89]. The parameter 'n’ signifies the adsorption intensity, while ’6’
corresponds to the rate of coverage of the steel surface by the adsorbed
inhibitor. The ’0‘ values were obtained from the impedance results, and
the fitting of various isotherms is presented in Fig. 8.

The findings, showcased in both Fig. 8 and Table 6, demonstrate a
robust conformity with the Langmuir adsorption isotherm. The model
exhibits an outstanding alignment with experimental data, character-
ized by slopes and correlation coefficients approaching unity, thus
indicating its aptness in delineating the adsorption characteristics of our
inhibitors [15,78]. As per this model, MPQ and AAQ are capable of
adsorbing onto the steel surface, forming a protective barrier film that
aids in shielding the steel from corrosion [90]. For the Temkin, Frumkin,
and Freundlich models, which assume non-ideal adsorption processes,
the correlation coefficients also closely approach unity. Both the *’f’
parameter of the Frumkin isotherm and the ’f*’ parameter of the Temkin
isotherm are negative, indicating lateral attraction among the adsorbed
species [47]. Additionally, the value of 'n’ obtained for the Freundlich
model significantly deviates from the standard reference value of 0.6,
indicating that the studied adsorption mechanism cannot be adequately
described by the Freundlich isotherm, despite an R? value meeting
standard criterion [34]. The adsorption equilibrium constant (Kyqs) is
linked to the standard free adsorption energy (AGaqgs) through formula
(Eq. 12) [90-92].

AGggs = — RTIn (55.5K ;) (12)

In the given context, 'R’ symbolizes the universal gas constant, *T’
denotes the temperature, and ’Cgolvent’ represents the concentration of
the solvent, particularly water, in the solution, which remains constant
at 55.5mol per liter. As commonly understood, an electrostatic
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Fig. 7. Electrochemical frequency modulation trend curves in the presence and absence of all the studied concentration of MPQ and AAQ.
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Table 5
EFM Analysis of Mild Steel with and without MPQ and AAQ at 298 K.
Medium Conc. (M) icorr MACI-2 -pc mVdec-1 pa mVdec-1 CR, mm y-1 n % CF-2 CF-3
1.0 M HCI - 755 177 162 3449 - - -
MPQ 107 170.7 164 106 77.99 77.39 1.88 2.74
107° 96.64 157 104 43.62 87.22 1.87 2.71
1074 85.75 174 94 39.18 88.64 1.86 2.75
102 66.67 133 92 30.46 91.16 1.80 3.02
AAQ 107° 195.2 127 88 89.18 74.14 1.88 2.84
10°° 177.2 163 91 80.99 76.52 1.89 2.70
107 142.9 139 85 65.30 81.07 1.87 2.69
1072 130.8 130 87 59.87 82.67 1.85 2.79
Table 6
Adsorption parameters from studied isotherms of MPQ and AAQ.
Isotherms Equation linear form Parameters MPQ AAQ
Langmuir 0 Cinn R? 1 1
KkogsCinh = —— 2t s C.
adsCimh =1 g VS Slope 1.086 1.209
K (L/mol) 1.0050 E+06 1.5790 E+06
AGqgs (kJ/mol) —44.19 —45.31
Freundluich 0 = kagsCip, In(0)vsIn(Cinn) R? 0.8931 0.9178
Slope (n) 0.02235 0.0148
K (L/mol) 1.093 0.9265
AGqgs (kJ/mol) -10.2 -9.76
Temkin e — kuysCimn 6vsln Cin R? 0.9046673 0.92348256
Slopes (—1/2f) 0.01908 0.01167
f —26.2055 —42.8449
K (L/mol) 1.83 E+24 1.26 E+34
AGqgs (kJ/mol) —148.4 —204.5
Frumkin 4 250 1-6 R? 0.87960014 0.91282738
= ks C; A
-6 ads inh In{ Cin—g= Jvs0 Slopes (2 f) -39.11 ~73.16
f —19.5552 —36.5812
K (L/mol) 1.25 E+20 2.33 E+30
AGqgs (kJ/mol) ~124.6 -183.2
-0,05
12010 @ MPQ ? MPQ ~
AAQ AAQ e
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Fig. 8. Adsorption Isotherms of Mild Steel in 1.0 M HCI with MPQ and AAQ.
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interaction typically arises between the organic species and the charged
metal, known as physisorption, when the obtained values approach
—20 kJ mol ! [15,78]. Conversely, a charge transfer from the organic
species to the metal surface, termed chemisorption, occurs when the
AGags values are approximately —40 kJ mol ™! [15,78]. In this study, the
computed values from the AGgyqs for the Langmuir model are around
—40 kJ mol ™! for both organic species, indicating that both inhibitors
undergo chemisorption onto the surface of the mild steel. This results in
the formation of bonds that effectively resist the penetration of corrosive
chloride species.

3.4. Corrosion kinetic parameters

According to the Arrhenius equation and the transition state formula,
it is possible to determine the activation energy of the corrosion process
(Ea) and the values of AH, and AS, at different temperatures in the
absence and presence of MPQ and AAQ. This can be achieved by
studying the impact of temperature on corrosion current density (icorr)
[4,16]:

. —Ea
Leorr = AeRT

(13)

Loorr R AS,
() = o)+ ()
Where E, represents the activation energy (kJ .mol™b), icorr represents
the corrosion current density in mA.cm™2 R represents the ideal gas
constant (8.314 J .mol’l.K’l), A is the Arrhenius pre-exponential con-
stant, T is the absolute temperature in Kelvin (K) and Na represents
Avogadro’s number and h Planck’s constant. In addition, AH, represents
the enthalpy of activation and AS, the entropy of activation.

Figs. 9a and 9b show the variation of E, and AH, in the absence and
presence of MPQ and AAQ at 10> M, respectively, with roughly parallel
lines. Table 7 shows a compilation of the activation parameters obtained
from Figs. 9a and 9b.

Table 7 illustrates that activation energy (E,) values in solutions
containing the compounds under investigation, demonstrate elevated
values compared to those observed in the uninhibited solution. This
increase in activation energy (E,) when an inhibitor is present can be
attributed to a heightened energy barrier [19,34]. This observation
further confirms the formation of a complex compound between the
inhibitor and the mild steel, indicating the development of an adsorptive
film in contrast to the uninhibited solution [14,47]. Additionally, the
rise in activation energy E, compared to the blank suggests a preference
for electrostatic interactions with the metal surface, with the adsorption
of the protective film being primarily physical in nature [16,93]. As a
result, the inhibitors examined adhere to the steel surface, creating a

AH,
RT
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Table 7
Thermodynamic parameters of inhibition study in the presence and absence of
MPQ and AAQ.
Medium Conc Ea AHa ASa
103m (kJ/mol) (kJ/mol) (kJ/mol.K)
1.0 M HCl Blank 21 18.46 —126.1
MPQ 38.93 36.33 —87.36
AAQ 27.24 24.64 —120.5

protective film that acts as a barrier, limiting the penetration of corro-
sive agents onto the metal surface. The slowness of the steel dissolution
process in the presence of MPQ and AAQ is underscored by the positive
AH, values, indicating the endothermic nature of the degradation pro-
cess [47,94].

Moreover, the entropy values (ASa) observed during the rate-
determining step reflect the level of disorder or randomness at the
metal/solution interface [95]. The transition state of the
rate-determining step generally exhibits a more ordered arrangement
compared to the initial state, resulting in negative ASa values in the free
acid solutions (blank). This indicates a decrease in disorder as the re-
agents move through the activated complex [34,95]. In the presence of
inhibitors, however, the situation changes. The inhibitors adsorb onto
the metal surface, coating it and influencing the hydrogen ion discharge
[96]. This interference in the discharge process causes the system to
transition from a more ordered to a more random state. Consequently,
this change results in less negative AS values, suggesting an increase in
disorder at the interface due to the presence of the inhibitors [96].

3.5. Contact angle

The outcomes from contact angle assessments (0) conducted on steel
specimens, both with and without the presence of the two inhibitors at
their optimal concentrations, are outlined in Table 8.

Table 8 illustrates a notable rise in the contact angle (0) for samples
treated with MPQ and AAQ, as opposed to the control, indicating a
decrease in surface hydrophilicity. This uptick in contact angle stems
from the obstruction of the metal’s active sites by absorbed inhibitor
molecules, underscoring their inhibitory efficacy [97,98]. The order of
inhibitor effectiveness, as determined by their contact angle (0) at the
optimal concentration, is as follows: AAQ > MPQ. These findings align
well with the results obtained from both the electrochemical investi-
gation and the adsorption isotherm study.

3.6. Scanning Electron Microscope with X-ray Dispersive Energy analysis

In order to deepen our understanding of the adsorption mechanisms
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Fig. 9. Arrhenius Plots Comparing Mild Steel Corrosion in 1 M HCI with and without 10~ M MPQ and AAQ.
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Table 8

International Journal of Electrochemical Science 19 (2024) 100772

Measurements of contact angle for steel submerged in HCI (1.0 M) alone (blank) and with an optimal concentration of MPQ and AAQ for 24 h.

Blank

AAQ

MPQ

96°

101.5°

103°

involved in corrosion prevention, we conducted an analysis of the sur-
face morphologies and EDX spectra of the mild steel substrate. The
findings from this investigation are outlined in Table 9 and illustrated in
Fig. 10.

Scanning electron microscope (SEM) images depict the steel coupon
surface subsequent to immersion in a 1 M HCl medium, both in the
absence and presence of our inhibitor. In the absence of the inhibitor,
severe corrosion is evident, manifested by the roughened surface of the
coupon. Conversely, images captured in the presence of our MPQ and
AAQ inhibitors reveal an intact surface, with small particles of inhibitor
film adhered to the steel surface. This observation suggests that the in-
hibitors shielded the coupon surface from corrosion induced by the
aggressive environment. Energy dispersive X-ray (EDX) analysis was
conducted to collect surface composition data of steel samples both
before and after the introduction of MPQ and AAQ in a 1.0 M HCI so-
lution. The resulting spectra from the EDX analysis are depicted in
Fig. 10, while the atomic percentages are organized in Table 9.

However, immersing the steel in an HCI solution initiates autono-
mous degradation of the steel, evident from the emergence of an addi-
tional chloride peak in the EDX spectra, particularly notable in the blank
case. Conversely, with the presence of MPQ and AAQ inhibitors, there is
a slight decrease and disappearance of the oxygen and chlorine (Cl)
peaks, respectively, as depicted in Fig. 10. Additionally, noteworthy is
the appearance of an N peak in the MPQ case, indicating the adsorption
of our inhibitors onto the surface of the metal under study.

3.7. Atomic Force Microscopy

AFM analysis allows for accurate measurement of the metal’s surface
roughness. In assessing the effectiveness of the compounds in preventing
corrosion, steel substrates were immersion in corrosive environments
for 24 hours, both before and after the addition of 10~ M of MPQ and
AAQ. The AFM-generated 3D images displaying surface morphology are
shown in Table 10. The observable corrosion pits are likely indicative of
steel degradation. However, the introduction of MPQ and AAQ resulted
in a smoother, more uniform, and better-adhered surface [99,100]. The
steel specimen, initially subjected to an acidic solution exhibited an
average surface roughness of 50 nm, as depicted in Table 10. Upon

Table 9
Percentage mass of elements in substrate steel in 1.0 M HCI solution with and
without MPQ and AAQ inhibitors at 298 K.

C (0] N Fe Cl Total
Blank 8.59 22.50 68.18 0.73 100
AAQ 7.90 21.80 70.3 100
MPQ 6.95 16.18 0.02 76.85 100

11

introducing 103 M concentrations of MPQ and AAQ into the solution,
notable reductions in roughness were observed, with values decreasing
to 24 nm and 19 nm, respectively. This phenomenon underscores the
efficacy of these compounds in mitigating surface roughness in acidic
environments. Such reduction can be rationalized by the formation of a
protective film facilitated by the interaction between the inhibitor
molecules and the metal surface, as evidenced by prior research on
corrosion inhibition mechanisms [101].

4. Theoretical methods

Theoretical computations are used to analyze and research a wide
range of molecular characteristics. The Gaussian package program,
which computes numerous quantum chemical parameters, is the most
often utilized calculation technique to investigate the characteristics of
molecules with these computations. The most significant of these
computed values, the Egomo and E yyo parameters, let us discuss the
activities of molecules. Two crucial factors that are utilized to explain
the activities of molecules are the Eyono parameter, which indicates the
ability of molecules to donate electrons [102], and the Ejymo parameter,
which displays the ability of molecules to absorb electrons [103]. All
values are given in Tables 11 and 12 and molecule figures are given in
Fig. 11. In theoretical calculations, calculations were made for the
non-protonated and protonated states of MPQ(1) and AAQ(2) molecules
in the gas phase and water phase.

In addition to this, the AE energy gap value is another measured
parameter; a low numerical value of this parameter suggests that the
molecule is more active [104]. Furthermore, electronegativity is the
next metric, and its numerical value signifies that the lowest-lying
molecule has a higher activity [103].

Various quantum chemical parameters, such as AE, EHOMO,
ELUMO, chemical hardness, softness, electronegativity, and chemical
potential, are often used to assess and evaluate the reactivity of mole-
cules. These pertain to the ability of a chemical species to donate and
accept electrons. Koopman’s theorem [105] provides an alternative
method for calculating the ionization energy and electron affinity of a
chemical molecule, using boundary orbital energies.

In 1963, Pearson introduced the "chemical hardness" metric [106] as
a means of measuring the ability of a chemical species to withstand
deformation or polarization of its electron cloud. Theoretical and prac-
tical study consider the HSAB (Hard and Soft Acid-Base) [107] and PMH
(Maximum Hardness Principle) [106] principles, which are based on the
concept of chemical hardness. The classification of Lewis acids and bases
into hard or soft categories is determined by the HSAB Principle. Ac-
cording to this principle, soft acids have a preference for coordinating
with soft bases, whereas hard acids have a preference for coordinating
with hard bases.
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Fig. 10. SEM microscopy and EDX spectra obtained for mild steel surface pre and post 24-hour immersion in 1.0 M HCI solution, with and without MPQ and AAQ

inhibitors, at 298 K.

Polarizable chemical species are denoted by the term "soft notion" in
molecules, whereas non-polarizable chemical species are denoted by the
term "hard notion". Molecules that are non-polarizable (hard) have
challenges when it comes to transferring electrons to other molecules,
whereas polarizable (soft) chemical species accomplish this easily [108].
The energy gap AE and chemical hardness are linked according to
Koopman’s theorem.

Hard molecules have a larger HOMO-LUMO gap, while soft mole-
cules have a smaller HOMO-LUMO gap. Chemical hardness and softness
are crucial attributes for assessing stability and reactivity. The mea-
surement of a molecule’s polarizability is determined by its softness (1/
n), which is the inverse of chemical hardness. Soft molecules have higher
reactivity compared to hard molecules due to their increased propensity
to transfer electrons to an acceptor [109].

12

As a result of the gaussian calculations, many parameters of the
molecules have been calculated, but not every parameter calculated has
a formal representation. Fig. 11 shows the optimized structure of mol-
ecules, their HOMO, LUMO and distribution of Electrostatic potentials.

In theoretical calculations, calculations were made for both non-
protonated and protonated states of MPQ(1) and AAQ(2) molecules in
the gas phase and water phase. It was seen that many parameters were
calculated as a result of the calculations. Among these parameters, the
HOMO parameter of the molecules was found to be more positive in 8 of
the calculations made at 9 levels in both the gas phase and the water
phase in their non-protonated states. Naturally, it was understood that
the AAQ molecule had higher activity than MPQ. On the other hand,
when the numerical values of the LUMO parameter of the molecules
were examined, the same order could not be seen. When the energy gap
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Table 10

AFM analysis for mild steel surface in the absence and presence of MPQ and AAQ inhibitors.
Samples 3D AFM image Average roughness
Blank 50 nm

200.0 nm
0.0 nnf 3
14
02 I
MPQ 24 nm
AAQ 19. m
200.0nm
0.0 nm
T T
0.8 pm 0.6 U4 0z
Table 11
The calculated quantum chemical parameters of molecules for non-protonated.
Enomo Erumo 1 A AE 1 n x PA ® € dipol Energy

B3LYP/6-31 g LEVEL
1 —5.5661 —1.1388 5.5661 1.1388 4.4273 2.2137 0.4517 3.3525 —3.3525 2.5386 0.3939 3.2956 —20367.2302
2 —5.5495 —1.1247 5.5495 1.1247 4.4249 2.2124 0.4520 3.3371 —-3.3371 2.5167 0.3973 2.7974 —20262.6297
B3LYP/6-31++g LEVEL
1 —5.8589 —1.5086 5.8589 1.5086 4.3503 2.1752 0.4597 3.6838 —3.6838 3.1193 0.3206 3.6729 —20368.0526
2 —5.8276 —1.4800 5.8276 1.4800 4.3476 2.1738 0.4600 3.6538 —3.6538 3.0708 0.3256 3.5608 —20263.5857
B3LYP/6-31++g(d,p) LEVEL
1 —5.7803 —1.4692 5.7803 1.4692 4.3111 2.1556 0.4639 3.6247 —3.6247 3.0476 0.3281 2.8841 —20374.4758
2 —5.7792 —1.4515 5.7792 1.4515 4.3277 2.1639 0.4621 3.6153 —3.6153 3.0202 0.3311 2.9583 —20270.1493
HF/6-31 g LEVEL
1 —7.8032 2.5288 7.8032 —2.5288 10.3320 5.1660 0.1936 2.6372 —2.6372 0.6731 1.4856 3.9116 —20236.0604
2 —7.7744 2.5807 7.7744 —2.5807 10.3551 5.1776 0.1931 2.5968 —2.5968 0.6512 1.5356 3.5410 —20131.3947
HF/6-31++g LEVEL
2 —7.9491 1.0022 7.9491 —1.0022 8.9513 4.4756 0.2234 3.4734 —3.4734 1.3478 0.7419 4.0319 —20236.5800
3 —7.9338 1.0036 7.9338 —1.0036 8.9374 4.4687 0.2238 3.4651 —3.4651 1.3435 0.7443 3.8292 —20132.0037
HF/6-31-++g(d,p) LEVEL
1 —7.8437 1.0398 7.8437 —1.0398 8.8835 4.4417 0.2251 3.4020 —3.4020 1.3028 0.7676 3.1008 —20245.8040
2 —7.8429 1.0373 7.8429 —1.0373 8.8802 4.4401 0.2252 3.4028 —3.4028 1.3039 0.7669 2.6441 —20141.2947
MO062X/6-31 g LEVEL
1 —6.8878 —0.2212 6.8878 0.2212 6.6666 3.3333 0.3000 3.5545 —3.5545 1.8952 0.5276 3.4143 —20358.4976
2 —6.8856 —0.2074 6.8856 0.2074 6.6783 3.3391 0.2995 3.5465 —3.5465 1.8834 0.5310 2.9400 —20254.0489
MO062X/6-31++g LEVEL
1 —7.1137 —0.5856 7.1137 0.5856 6.5281 3.2640 0.3064 3.8496 —3.8496 2.2701 0.4405 3.6784 —20359.1642
2 —7.1278 —0.5883 7.1278 0.5883 6.5395 3.2697 0.3058 3.8581 —3.8581 2.2761 0.4393 2.9819 —20254.8392
MO062X/6-31++g(d,p) LEVEL
1 —7.0364 —0.5587 7.0364 0.5587 6.4777 3.2389 0.3088 3.7975 —-3.7975 2.2263 0.4492 2.8461 —20365.2154
2 —7.0146 —0.5214 7.0146 0.5214 6.4932 3.2466 0.3080 3.7680 —3.7680 2.1865 0.4573 3.0793 —20260.9447
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Table 12
The calculated quantum chemical parameters of molecules for protonated.
Enomo Erumo I A AE n n x PA ® € dipol Energy
B3LYP/6-31 g LEVEL
1 —3.0575 0.1165 3.0575 —-0.1165 3.1740 1.5870 0.6301 1.4705 —1.4705 0.6813 1.4678 0.8469 —20382.8752
2 —1.3135 —0.9100 1.3135 0.9100 0.4035 0.2018 4.9560 1.1117 -1.1117 3.0627 0.3265 7.2890 —20275.6360
B3LYP/6-31+-+g LEVEL
1 —-3.3917 —0.4525 3.3917 0.4525 2.9391 1.4696 0.6805 1.9221 —1.9221 1.2570 0.7956 0.7269 —20383.7355
2 —2.5971 —1.6939 2.5971 1.6939 0.9032 0.4516 2.2145 2.1455 —2.1455 5.0968 0.1962 1.1193 —20277.3178
B3LYP/6-31+-+g(d,p) LEVEL
1 —3.4085 —0.4351 3.4085 0.4351 2.9734 1.4867 0.6726 1.9218 —1.9218 1.2421 0.8051 1.0664 —20389.9617
2 —2.5780 —1.6569 2.5780 1.6569 0.9211 0.4606 2.1713 2.1175 -2.1175 4.8677 0.2054 1.6217 —20283.8054
HF/6-31 g LEVEL
1 —5.9457 4.5411 5.9457 —4.5411 10.4868 5.2434 0.1907 0.7023 —0.7023 0.0470 21.259 0.7267 —20251.8273
2 —7.7744 2.5805 7.7744 —2.5805 10.3548 5.1774 0.1931 2.5969 —2.5969 0.6513 1.5354 3.5389 —20145.1354
HF/6-31+-+g LEVEL
2 —7.9501 0.9241 7.9501 —0.9241 8.8742 4.4371 0.2254 3.5130 —3.5130 1.3907 0.7191 5.5236 —20250.6747
3 —3.5664 0.7671 3.5664 -0.7671 4.3334 2.1667 0.4615 1.3996 —1.3996 0.4521 2.2121 2.7985 —20144.9481
HF/6-31+-+g(d,p) LEVEL
1 —7.8326 0.9636 7.8326 —0.9636 8.7961 4.3981 0.2274 3.4345 —3.4345 1.3410 0.7457 4.5808 —20259.8706
2 —3.5468 0.7872 3.5468 —0.7872 4.3340 2.1670 0.4615 1.3798 —1.3798 0.4393 2.2766 3.4077 —20154.2522
MO062X/6-31 g LEVEL
1 —4.1084 1.0768 4.1084 —1.0768 5.1852 2.5926 0.3857 1.5158 —1.5158 0.4431 2.2567 0.8867 —20374.0578
2 —1.9557 —0.2585 1.9557 0.2585 1.6972 0.8486 1.1784 1.1071 -1.1071 0.7222 1.3847 1.7708 —20266.7192
MO062X/6-31++g LEVEL
1 —4.3715 —0.1929 4.3715 0.1929 4.1786 2.0893 0.4786 2.2822 —2.2822 1.2465 0.8023 0.7912 —20374.7610
2 —3.2858 —0.7834 3.2858 0.7834 2.5024 1.2512 0.7992 2.0346 —2.0346 1.6543 0.6045 1.3281 —20268.2795
MO062X/6-31+-+g(d,p) LEVEL
1 —7.8326 0.9636 7.8326 —0.9636 8.7961 4.3981 0.2274 3.4345 —3.4345 1.3410 0.7457 4.5808 —20259.8706
2 —3.2493 —0.7622 3.2493 0.7622 2.4871 1.2436 0.8041 2.0058 —2.0058 1.6176 0.6182 1.8961 —20274.3481
I ‘
0.
N
Inhibitor 1 HOMO LUMO ESP
5\
J

Inhibitor 2

HOMO

LUMO ESP

Fig. 11. Representations of optimize structure, HOMO, LUMO, and ESP of TM series.

values of the molecules were examined, it was seen that the activity of
the AAQ molecule was higher in the non-protonated state at 3 levels in
the gas phase and 9 levels in the water phase, and in the protonated state
at 9 levels in the gas phase and 4 levels in the water phase. Finally, when
the electronegativity values of the molecules were examined, it was seen
that the AAQ molecule had high activity in both the gas phase and the
water phase in non-protonated and protonated forms.
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Electrostatic potential calculations provide important information
about the stability, reactivity, and interactions of molecular systems
[110]. For example, electrostatic potential calculations can be per-
formed to determine the interaction domains of a molecule or to un-
derstand the interactions of a ligand with a protein. Additionally, such
calculations can be used to analyze electrostatic interactions in molec-
ular docking studies and drug design processes [111]. In these ESP
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representations, it is known that the red regions are electron-rich regions
and the blue regions are electron-poor regions.

To overcome the interactions between the investigated 5a and 5d
species and metallic surfaces (Fe (110)). The side and top views of the
stable adsorption configuration of 5a and 5d on the Fe (110) surface are
shown in Fig. 12. Adsorption energies for 5a and 5d molecules on the Fe
(110) surface, as seen in Fig. 12, indicate that the investigated organic
species were positioned parallel to the metallic surface (Fe (110)),
thereby enhancing their reactivity [112]. Additionally, the evaluated
Eads value for 5a and 5d is —140.37 and —150.20 Kj mol™! in Table 13.
These negative Eads values reflect the high stability of the adsorption
systems (Fe (110)/molecules). These results indicate the possibility of
gradual substitution of water molecules from the Fe (110) surface and,
consequently, the formation of a barrier film that can protect mild steel
(M-S) from corrosion attack in the aqueous solution [113].

Observations indicate a gradual decrease in energy variation as the
number of optimization steps increases. Initially, energy minimization is
prominent owing to the instability of the molecular structure formula.
However, in the later stages, total energy stabilizes as optimization
progresses in Figs. 13a and 13b.

In Figs. 13a and 13b, we can observe the correlation between Forcite
geometry optimization convergence and the quantity of optimization
steps. This analysis employs the Conjugate Gradient optimization
method while manipulating the molecular structure formula. From the
graph, we can discern a progressive decline in both energy change and
gradient value as optimization steps increase. This trend can be attrib-
uted to the gradual achievement of crystallization growth within the
molecular structure formula under low-temperature crystallization
conditions [114].

Energy distributions for 5a (a) and 5d (b) molecules on Fe (110)
surface. such as total energy, average total energy, van der Waals en-
ergy, electrostatic energy, and intermolecular energy are presented in
Fig. 14. The dominant form of interaction energy for the two adsorbents
was van der Waals energy.

International Journal of Electrochemical Science 19 (2024) 100772

5. Conclusion

The study of the corrosion inhibition properties of MPQ and AAQ,
both belonging to the quinoline family, has provided valuable infor-
mation on their effectiveness in reducing corrosion in hydrochloric acid
environments. Through meticulous experimentation and analysis, it has
been demonstrated that:

Both MPQ and AAQ operate through pure charge transfer kinetics.
Both inhibitors were found to exhibit significant corrosion inhibition
properties based on experimental analysis with an efficiency of
92.37 % for MPQ and 84.13 % for AAQ.

Surface characterization techniques, including SEM-EDX, AFM, and
contact angle measurements, demonstrated the formation of a pro-
tective barrier film that reduces the corrosion rate.

Analysis of adsorption parameters and thermodynamic data revealed
the protective mechanisms of MPQ and AAQ on mild steel surfaces.
The inhibitors adhere to the steel surface by chemisorption, forming
a protective film that serves as a barrier, effectively limiting the
penetration of corrosive agents.

e Theoretical calculations, considering both protonated and unproto-
nated states, were utilized to provide accurate results for the acidic
environment.

In theoretical calculations, calculations were made for both non-
protonated and protonated states of MPQ (1) and AAQ (2) mole-
cules in the gas phase and water phase. It was seen that many pa-
rameters were calculated as a result of the calculations. When the
numerical values of these parameters are examined, it is seen that the
AAQ molecule has a high activity in the majority. One of the most
important reasons for this is the nitrogen atoms found in the AAQ
molecule and the lone electron pairs on these nitrogens. It is esti-
mated from the HOMO values that it gives electron pairs to metal
atoms using these electron pairs.

e Since the experimental studies were carried out in an acidic envi-
ronment, the molecules were protonated to give more realistic

Fig. 12. Side and top views of the stable adsorption configuration of 5a and 5d on Fe (110) surface.
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Table 13
The calculated quantum chemical parameters of molecules for non-protonated in water phase.
Enomo ELumo I A AE n n x PA ® € dipol Energy

B3LYP/6-31 g LEVEL
1 —5.8279 —1.3883 5.8279 1.3883 4.4396 2.2198 0.4505 3.6081 —3.6081 2.9324 0.3410 4.601 —20367.6840
2 —5.7378 —1.3500 5.7378 1.3500 4.3879 2.1939 0.4558 3.5439 —3.5439 2.8623 0.3494 4.158 —20263.1297
B3LYP/6-31++g LEVEL
1 —6.1215 —1.7356 6.1215 1.7356 4.3860 2.1930 0.4560 3.9285 —3.9285 3.5188 0.2842 5.408 —20368.5634
2 —6.0440 —1.7054 6.0440 1.7054 4.3386 2.1693 0.4610 3.8747 —3.8747 3.4603 0.2890 4.552 —20264.1649
B3LYP/6-31+-+g(d,p) LEVEL
1 —6.0102 -1.6719 6.0102 1.6719 4.3383 2.1692 0.4610 3.8411 —3.8411 3.4008 0.2941 4.321 —20374.8703
2 —5.9773 —1.6455 5.9773 1.6455 4.3318 2.1659 0.4617 3.8114 —3.8114 3.3535 0.2982 3.643 —20270.6572
HF/6-31 g LEVEL
1 —8.1199 2.2580 8.1199 —2.2580 10.3780 5.1890 0.1927 2.9310 —2.9310 0.8278 1.2081 5.457 —20236.6124
2 —8.0715 2.2983 8.0715 —2.2983 10.3698 5.1849 0.1929 2.8866 —2.8866 0.8035 1.2445 4.536 —20132.0065
HF/6-31+-+g LEVEL
2 —8.2674 1.1549 8.2674 —1.1549 9.4223 4.7111 0.2123 3.5563 —3.5563 1.3423 0.7450 5.826 —20237.1591
3 —8.2236 1.1459 8.2236 —1.1459 9.3695 4.6847 0.2135 3.5389 —3.5389 1.3366 0.7481 4.698 —20132.6554
HF/6-31+-+g(d,p) LEVEL
1 —8.1335 1.1551 8.1335 —1.1551 9.2887 4.6443 0.2153 3.4892 —3.4892 1.3107 0.7630 4.585 —20246.2509
2 —8.1028 1.1470 8.1028 —1.1470 9.2498 4.6249 0.2162 3.4779 —3.4779 1.3077 0.7647 3.659 —20141.8596
MO062X/6-31 g LEVEL
1 —7.1809 —0.4942 7.1809 0.4942 6.6867 3.3434 0.2991 3.8375 —3.8375 2.2024 0.4541 4.749 —20358.9879
2 —7.1303 —0.4593 7.1303 0.4593 6.6709 3.3355 0.2998 3.7948 —3.7948 2.1587 0.4632 4.251 —20254.5953
MO062X/6-31++g LEVEL
1 —7.4092 —0.8302 7.4092 0.8302 6.5789 3.2895 0.3040 4.1197 —-4.1197 2.5797 0.3876 5.354 —20359.6994
2 —7.3656 —0.8041 7.3656 0.8041 6.5615 3.2808 0.3048 4.0849 —4.0849 2.5430 0.3932 4.534 —20255.4462
MO062X/6-31++g(d,p) LEVEL
1 —7.2998 —0.7802 7.2998 0.7802 6.5196 3.2598 0.3068 4.0400 —4.0400 2.5034 0.3995 4.235 —20365.6307
2 —3.3274 —0.2403 3.3274 0.2403 3.0872 1.5436 0.6478 1.7839 —1.7839 1.0308 0.9701 41.660 —20275.5286

Table 14

The calculated quantum chemical parameters of molecules for protonated in water phase.

Enomo ELumo 1 A AE 1 n x PA [0 € dipol Energy

B3LYP/6-31 g LEVEL
1 —6.6609 —2.8360 6.6609 2.8360 3.8249 1.9124 0.5229 4.7484 —4.7484 5.8950 0.1696 10.815 —20379.9707
2 —5.8344 —1.3984 5.8344 1.3984 4.4360 2.2180 0.4509 3.6164 —3.6164 2.9482 0.3392 33.634 —20275.3231
B3LYP/6-31++g LEVEL
1 —6.8674 —3.0232 6.8674 3.0232 3.8442 1.9221 0.5203 4.9453 —4.9453 6.3618 0.1572 10.812 —20380.6165
2 —6.1272 —1.7475 6.1272 1.7475 4.3797 2.1899 0.4567 3.9374 —3.9374 3.5397 0.2825 34.367 —20276.1356
B3LYP/6-31++g(d,p) LEVEL
1 —6.7765 —2.9789 6.7765 2.9789 3.7977 1.8988 0.5266 4.8777 —4.8777 6.2649 0.1596 11.079 —20386.8217
2 —6.0383 —1.6909 6.0383 1.6909 4.3473 2.1737 0.4601 3.8646 —3.8646 3.4355 0.2911 33.389 —20282.5402
HF/6-31 g LEVEL
1 —9.2057 1.5233 9.2057 —1.5233 10.7290 5.3645 0.1864 3.8412 —3.8412 1.3752 0.7272 11.209 —20247.3064
2 —8.1363 2.2493 8.1363 —2.2493 10.3856 5.1928 0.1926 2.9435 —2.9435 0.8342 1.1987 33.938 —20144.1754
HF/6-31++g LEVEL
2 —9.2775 1.0479 9.2775 —1.0479 10.3254 5.1627 0.1937 4.1148 —4.1148 1.6398 0.6098 11.275 —20247.7096
3 —8.2808 1.0264 8.2808 —1.0264 9.3072 4.6536 0.2149 3.6272 —3.6272 1.4136 0.7074 34.323 —20144.6837
HF/6-31+-+g(d,p) LEVEL
1 -9.2125 1.0422 9.2125 —1.0422 10.2547 5.1273 0.1950 4.0851 —4.0851 1.6274 0.6145 12.080 —20256.6083
2 —8.1635 1.0291 8.1635 —1.0291 9.1926 4.5963 0.2176 3.5672 —3.5672 1.3842 0.7224 33.341 —20153.8986
MO062X/6-31 g LEVEL
1 —8.0340 —1.9649 8.0340 1.9649 6.0690 3.0345 0.3295 4.9995 —4.9995 4.1184 0.2428 10.969 —20371.1130
2 —7.1972 —0.5080 7.1972 0.5080 6.6892 3.3446 0.2990 3.8526 —3.8526 2.2189 0.4507 33.585 —20266.6841
MO062X/6-31++g LEVEL
1 —8.1847 —2.1350 8.1847 2.1350 6.0497 3.0248 0.3306 5.1599 —5.1599 4.4009 0.2272 10.999 —20371.6324
2 —7.4236 —0.8455 7.4236 0.8455 6.5781 3.2891 0.3040 4.1345 —4.1345 2.5987 0.3848 34.158 —20267.3419
MO062X/6-31++g(d,p) LEVEL
1 —9.2125 1.0422 9.2125 —1.0422 10.2547 5.1273 0.1950 4.0851 —4.0851 1.6274 0.6145 12.080 —20256.6083
2 —7.3333 —0.8038 7.3333 0.8038 6.5294 3.2647 0.3063 4.0685 —4.0685 2.5351 0.3945 33.111 —20273.3287

activities of the molecules were compared. According to the nu-
merical values of the obtained parameters, inhibitor MPQ was seen
to have higher activity.

Table 15
Adsorption energies for 5a and 5d molecules on Fe (110) surface (Kj mol™%).

System  Total Adsorption Rigid Deformation dEad/
energy energy Adsorption energy dNi CRediT authorship contribution statement
energy Molecule
5a —79,08 147,37 —139,34 -8,02 ~147,57 Azzeddine Belkheiri: Writing — original draft, Writing — review &
5d -58,67  —150,20 ~137,63 -12,56 -150,20 .. .. . s - -, .
editing. Khadija Dahmani: Writing — original draft, Writing — review &
editing. Khaoula Mzioud: Data curation, Formal analysis, Writing —
results in theoretical calculations. Accordingly, the inhibitor original draft. Abdelfettah Hmada: Formal analysis, Funding
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