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KEYWORDS Abstract A new carbocyclic compound, namely 3-benzoyl-4-hydroxy-4-phenyl-2,6-(4-methylphe
Corrosion inhibitor: nyl)cyclohexane-1,1-dicarbonitrile (MPC) was synthesized and characterized. Herein, MPC was
Electron transfer behavior; used as green compounds and its anti-corrosion performance was evaluated on the basis of singular
Interfacial mechanism; role of electron donor—acceptor of MPC molecule. For this purpose, a combination of experimental
Electronic-/atomic-scale studies and electronic-/atomic-scale calculations were performed in a bid to understand the electro-
calculations chemical behavior and interfacial mechanism of MPC molecule based on the correlation between

electron charge transfer and adsorption mechanism. Theoretical perspectives are also used to vali-
date the significant inhibition feature achieved by the experimental studies and propose a mecha-
nism of adsorption by using density functional theory (DFT) and molecular dynamic (MD)
simulations. According to DFT and MD perspectives, it is found that MPC presents strong
interaction with metal surface due to its considerable ability to provide lone pair electrons for
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electrophilic attacks. This is demonstrated by the high adsorption energy (-5.83 e¢V) and the parallel
configuration of MPC which reveal the formation of molecular self-assembly triggered by an
organic-surface interaction. The reliable corrosion stability was provided for 72 h of immersion
at an optimum concentration with a fairly high inhibition efficiency (85.81 %) due to the formation
of organic inhibitive layer. The addition of MPC inhibitor worked as a sealing agent to reduce the
corrosion rate, thus forming a dense and protective barrier on the metal surface. The corrosion
resistance of mild steel sample was enhanced significantly due to a high adsorption ability arising
from the electron-rich nature of molecule. The formation of organic layer on the metal surface
was discussed in relation to the intermolecular interactions and microstructural observations by
considering the charge transfer behavior responsible for exceptional corrosion protection of steel
alloys. The computational simulations were consistent with the experimental results and confirm
the importance of developing eco-friendly hybrid materials.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As a widespread problem, the consequences of environmental corro-
sion are a key public health issue of the 21st century. It causes substan-
tial economic damage and catastrophic harm, such as damage to crops,
infrastructure, daily life, and businesses (Migahed et al., 2018). Metal
degradation is expected to cost $2.5 trillion per year globally (Topgu
and Uzunomeroglu, 2020). The phenomenon of metal corrosion occurs
when metals come into contact with certain substances in the environ-
ment, resulting in the total or partial degradation of the metal by los-
ing its properties (Dararatana et al., 2018). A phenomenon that is
inevitable and unavoidable.

Today’s available strategies, such as providing a physical barrier or
deliberately controlling the corrosion reaction, are inappropriate and
impractical. This context leads to the use of corrosion inhibitors as
an alternative. Corrosion inhibitors are available in a multitude of sizes
and forms (Antonijevic and Petrovic, 2008). For instance, organic
compounds have acquired favor as metal corrosion inhibitors due to
their properties such as their effectiveness in a wide range of tempera-
tures, compatibility with protected materials, and good solubility
(Dariva and Galio, 2014). However, several studies (Chigondo and
Chigondo, 2016; Singh and Bockris, 1996; Stupnisek-Lisac et al.,
2002, 1998; Zaferani et al., 2013) have shown that many products
are toxic and therefore not environmentally friendly. As ecological
and environmental precautionary awareness has continued to be a
major concern, environmentally friendly alternative treatments are
being discovered in all aspects of research and technology, with an
emphasis on the area of metal corrosion inhibition. For this purpose,
it is necessary to implement a new and innovative technique based on
ecological corrosion inhibitors (CIs). This type of approach is consid-
ered the best in many construction industries, such as automotive, mil-
itary, real estate, and marine applications. Where mild steel (MS) is
widely used due to its excellent mechanical strength, physical charac-
teristics and durability, and especially in the presence of the most com-
monly used agents for pickling and chemical cleaning such as HCI,
which leads to the degradation of metals through the phenomenon
of corrosion (Obot et al., 2020; Solmaz, 2010; Tian et al., 2017,
Zhang and Cheng, 2009).

As a general rule, the inhibition of metals occurs by the adsorption
of inhibitors on the metallic surfaces to be protected, with the forma-
tion of a protective layer on the surface (Assad and Kumar, 2021;
Verma et al., 2021a). Many aspects affect the degree of adsorption,
such as the nature of the metals, the electrolyte medium, the environ-
mental thermality, the nature of the replacement, the structure of the
electronic inhibitor, like the density of the donors, and the solubility
of the inhibitor, etc. (El-Sayed, 2007; Mofidabadi et al., 2022;
Onyeachu et al., 2019; Qiang et al., 2021; Sherif and Park, 2006). Con-
sidering the necessity of corrosion inhibition by using organic com-
pounds as green corrosion inhibitors, and due to their non-toxic

qualities and the insignificant damage to surrounding ecosystems, car-
bocyclic compounds appear to be a suitable choice as a replacement
for current harmful corrosion inhibitors.

Under this investigation, 3-benzoyl-4-hydroxy-4-phenyl-2,6-(4-me
thylphenyl)cyclohexane-1,1-dicarbonitrile (MPC) was, for the first
time, synthetized and investigated as an environmentally friendly and
durable corrosion inhibitor for MS in a I M HCI corrosive medium.
As far as the authors are aware, there has been no documented protec-
tion of MS surfaces with MPC compound in | M HCI medium, con-
sidered among the most aggressive corrosive media. Therefore, to
evaluate the inhibition performance of MPC, weight loss method
(WL), electrochemical impedance spectroscopy (EIS), potentiody-
namic polarization measurement (PDP) techniques, and scanning elec-
tron microscopy (SEM/EDS) were performed in this paper. In
addition, more details about the mechanism of adsorption of the stud-
ied compound on a Fe surface have been determined through the cal-
culations of the adsorption parameters at the atomic scale and the
corresponding electronic impacts have been carried out according to
the density functional theory (DFT) method and molecular dynamics
(MD) simulations.

2. Experimental section

2.1. Synthesis of 3-benzoyl-4-hydroxy-4-phenyl-2,6-(4-methyl-
phenyl)cyclohexane-1,1-dicarbonitrile

All chemicals are of analytical grade and are used as purchased
from commercial suppliers. The melting point is determined
using the KOFLER Bench apparatus. An infrared spectrum
was recorded on a BRUKER VERTEX70 FT-IR spectrome-
ter. '"H NMR and '*C NMR spectra were recorded on the
BRUKER AVANCE IITM 300 MHz Ultra-Shield system
using CDCl; as the solvent and TMS as the internal standard.
Chemical shifts & are expressed in ppm and proton coupling
constants J are reported in hertz (Hz). The spin multiplicities
are reported as singlet (s), doublet (d), doublet of doublets
(dd), triplet (t), doublet of triplets (dt), and multiplet (m).
The 4-methylchalcone used as synthons was prepared accord-
ing to a known procedure (Jacobsen, 2016).

3-benzoyl-4-hydroxy-4-phenyl-2,6-(4-methylphenyl)cyclohex
ane-1,1-dicarbonitrile (MPC).

In a 100 mL two-necked flask equipped with a condenser
and a dropping funnel. We introduce 2 mol of 4-
methylchalcone into 30 mL of ethanol and 1 mL of piperidine.
Then, a solution of 1 mol of malononitrile in 2 mL of ethanol
was added drop by drop. The mixture was refluxed until the
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consumption of the synthons, as evidenced by TLC. The sol-
vent was distilled off using a rotary evaporator and the residue
was crystallized in ethanol to obtain a whitish solid
(yield = 85 %; m.p. = 212-214 °C).

IR (neat, v in cm™!): 3412 (O—H), 1644 (C—=0). '"H NMR
(300 MHz, CDCl3;, & in ppm): 2.16 (s, 3H, —CH3), 2.26 (dd, 1H,
H® J, = 144 Hz, J, = 3.3 Hz), 2.37 (s, 3H, -CH3), 2.93 (dt,
IH, H¢, J, = 15.0 Hz, J, = 2.4 Hz), 417 (dd, 1H, H,
J; = 127 Hz, J, = 3.0 Hz), 4.18 (d, 1H, H®, J = 11.9 Hz),
484 (d, 1H, H', J = 119 Hz), 5.16 (d, 1H, H*, J = 2.1 Hz),
6.93 (d, 2H, H,,, J = 8.4), 7.07-7.18 (m, 3H, H,,), 7.21-7.28
(m, 4H, H,,), 7.32 (dd, 2H, H,,, J = 8.1), 7.38 (dd, 3H, H,,,
J, = 88 Hz, J,, = 1.8 Hz), 7.47 (d, 2H, H,,, J, = 7.9 Hz),
7.54 (d, 2H, H,,, J, = 8.3 Hz). '*C NMR (75 MHz, CDCl;,
d in ppm): 20.95 (CH3), 21.13 (CHj3), 40.72 (Cs), 45.78 (Cy),
48.40 (Cy), 49.85 (C»), 51.69 (C3), 74.56 (Cy), 113.88, 127.72,
128.03, 128.09, 128.51, 128.65, 129.33, 129.58, 130.65, 133.49,
133.53, 137.29, 138.89, 139.05, 143.92, 204.13 (C=0).

2.2. Materials and reagents

The specimens of MS with the following composition (wt.%):
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 bal-
ance Fe were used as the samples for the current study. Before
any measurement, the samples were sanded and smoothed
using 200 to 1800 series emery paper, washed with distilled
water, and then air dried. All corrosion experiments were per-
formed in 1 M HCI, which had previously been prepared from
HCl stock (37 % reagent grade). The inhibitor concentrations
that were utilized in this study were 10,10, 10, and 10> M
of MPC compound in 1 M HCI solution.

2.3 wt. loss (WL) measurement

To perform the WL tests, the steel was cut into sheets of
dimensions (2 x 1.5 x 0.2) cm® from a wide strip. The samples
were then polished with emery sheets before being sonicated in
50 % ethanol, dried and stored in a desiccator. For each of the
tested temperatures varying from 303 K to 333 K, the solution
was thermally controlled. Following the 24-hour soaking pro-
cess, the steel specimens were removed from the test solution,
the corrosion products were removed, properly cleaned with
demineralized water, dried, and accurately reweighed. All these
tests were used in triplicate, and the standard deviation for the
three measurements was calculated. To calculate the corrosion
rate, inhibition efficiency and surface coverage, gravimetric
results with and without MPC have been employed. They
are calculated according to the equations below:

8.76 x AW
Cr= DxAxt (1)
C
M (%) = 1 *FF] x 100 (2)
R
0: CRC: CR (3)
R

Here, AW denotes the weight loss (mg), A is the area of MS
specimens (cm?), 1 = exposure time (h), D = density of steel
specimens (g cm™>), Cr and Cg represent the corrosion rates
with various inhibitor concentrations and in blank, while 0 is
the degree of surface coverage.

2.4. Electrochemical assessment

In this study, tri- electrodes cell containing an Ag/AgCl, plat-
inum and mild steel have been used respectively as reference,
counter, and working electrodes. The working electrode was
embedded in Teflon using epoxy resin, giving a constant sur-
face area of 1 cm?, which is exposed to the tested solutions.
Prior the electrochemical measurements, the working electrode
was polished, cleaned, and allowed to dry at the beginning of
each run. All the electrochemical corrosion measurements were
performed using a Volta lab potentiostat / galvanostat of the
type Corrtest Instruments Corp, Itd. (Wuhan, China). The
EIS tests have been carried out at an open circuit potential
(OCP) with an AC amplitude of 5 mV over a frequency range
of 100 KHz to 10 mHz, and the results have been modeled
using ZView software. The PDP tests have been performed
at a scan rate of 1 mV/s and a potential range of —800 to
—200 mV vs Egcp. Before the electrochemical corrosion exper-
iments, and in order to achieve free corrosion potentials, the
specimens were maintained in immersion for 30 min in the
electrolyte. The working temperature was 303 + 1 K. For each
experimental condition, all measurements were performed in
triplicate to confirm the reliability and reproducibility of the
results, and the mean values of the data were recorded.

The protective ability in term of inhibition performance is
evaluated from EIS measurements using the following formula
(Gerengi and Sahin, 2012):

inh __ p0

Nes(%) = —2——L % 100 4)

inh
R,
Rg and R;)”" are the polarization resistance without and with
the addition of inhibitor compound, respectively.
The corrosion inhibition efficiency was evaluated from PDP
measurements according to the following equation (Desimone
et al., 2011):

o

l'orr - i('orr
Nppp(0) = (1— x 100 ©)

corr

Where i:,m and i, represent respectively the corrosion cur-
rent density without and with the addition of inhibitor

compound.

2.5. Surface morphology studies

After submerging the MS for 72 h without and with optimal
concentration of MPC, Scanning Electron Microscopy
(SEM) equipped with Energy-Dispersive X-ray Spectroscopy
(EDS) analysis was applied for image interpretation using
SEM model-Hitachi TM-1000 (recorded at a magnification
of around 1000). Prior to SEM and EDS morphological
analysis, the surface of the specimens experienced a similar
pre-treatment as previously described in weight loss and
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electrochemical testing. The EDS spectrum was also examined
in order to investigate and offer details on the elemental com-
ponents of the layer generated on mild steel during the corro-
sion inhibition process.

2.6. Theoretical details and models

A key to answering the question of the molecular mechanism
behind corrosion inhibition can be easily understood through
the quantum chemical properties (QC) and interfacial behavior
of the MPC /MS system. This can provide a valuable tool to
better understand adsorption processes and their related elec-
tronic impacts. By applying density functional theory (DFT),
tight binding (DFTB), and molecular dynamics (MD), many
levels of theory are applied to highlight and correlate the
molecular characteristics of MPC with its adsorption mecha-
nism, using the advanced principles of theoretical chemistry.
The Gaussian 16 W software was used to model, provide opti-
mized configuration, and further compute the electronic stabil-
ity of the molecule under study in the aqueous phase defined in
the SMD model. The functional B3LYP/6-311G+ + (d,p) and
the ground state computation have been included below the
DFT parameter in order to get the entry record. To validate
the experimental insights, the highest occupied molecular orbi-
tal energy (HOMO), the lowest unoccupied molecular orbital
energy (LUMO), and the energy gap (AE) have been recog-
nized for deriving the various overall reactivity properties as:
the electron affinity (A), ionization potential (I), electronega-
tivity (y), hardness (i), softness (o), electrophilicity (w), and
fraction of transferred electrons (AN) as detailed elsewhere
(Chafiq et al., 2021a, 2021b). Several other functions were also
researched, and their results were compared with the above-
mentioned experimental observations. These functions include
the density of states (DOS), the electron localization function
(ELF), and the electrostatic potential (ESP). The Multiwfn
program was used for electronic wavefunction analysis, and
VMD software was performed for detailed visualization of
the molecular systems (Lu and Chen, 2012) (Humphrey
et al., 1996).

On the other hand, in view of looking at the interfacial
behavior of the inhibitor molecule being investigated on the
metal surface, the DFTB method has been adopted (Aradi
et al., 2007). In this case, the code DFTB™ available in the
Material Studio software package, was used for all the DFTB
simulations. This was done through the use of the trans3d Sla-
ter—Koster library (Zheng et al., 2007) coupled to a self-
consistent charge (SCC) formalism for empirical dispersion
correction (Elstner et al., 1998). The optimization of each
model includes the following factors: SCC tolerance of
0.05 kecal mol™! for energy, 0.5 kcal mol™! A~' for force,
and max. displacement of 0.001 A. The adsorption energy
(E.gs) of a chemical interaction involving a particular iron sur-
face and a defined inhibitor is calculated from the following
equation (Musa et al., 2012):

Ead.\' = Evur/+i11/1 - (Ermy‘ + Einh) (6)

where Ej,,+ i, 1s the total energy of the inhibitor/Fe(110),
E,,.s the energy of clean iron slab, and E;,, the energy of the
inhibitor.

The MD calculations of the corrosion systems composed of
mild steel metal and corrosion inhibitor structure were con-

structed by the Forcite module in Materials Studio software.
The metallic structure Fe (110) was chosen according to its
stability because of its lower energy, which is in the order Fe
(110) < Fe(100) < Fe(111). Then, a periodic structure made
of Fe(110) and a 39.93 A x 39.93 A x 77.04 A simulation box
with a 10 x 10 iron plate, an aqueous phase (H,O, H;0 ™", CI,
inhibitor molecule), and a vacuum layer were created. Further-
more, the COMPASS II force field is used to simulate the MD
systems, with an NVT ensemble at 298 K with a fine computa-
tional accuracy and a simulation time of 5000 ps with a step
time of 1 fs. For this level of theory, the interplay between
the organic compound and the metal interface in a corrosive
medium is predicted according to the formula given below:

Einrer = Lotal — (Esw_'/'#rsvl + Eithrsal) + Eml (7)

where E,, is the simulated total energy of the system,
Eg.r+ 501 Tefers to the simulated energy of iron slab and solu-
tion, and E,, means the solution energy inside the studied
system.

3. Results and discussion

3.1. Synthesis and characterization of MPC compound

The 3-benzoyl-4-hydroxy-4-phenyl-2,6-(4-methylphenyl)cyclo
hexane-1,1-dicarbonitrile was obtained by the action of
malononitrile on 4-methylchalcone in refluxed ethanol and in
the presence of piperidine as a catalyst, following the previ-
ously described procedure (Prasad et al., 2008). We have
shown that the reaction starts by a 1,4-Michael addition to
afford Michael adduct 2, followed by a subsequent addition
of a second molecule of 4-methylchalcone to afford intermedi-
ate 3. This later undergoes intramolecular cyclization via
nucleophilic addition of carbon o of the carbonyl group to
the second carbonyl group to give the target cyclohexane-
1,1-dicarbonitrile MPC according to the pathway proposed
in scheme 1. The 4-methylchalcone used as starting material
was prepared according to literature (Jacobsen, 2016).

The structure of the MPC compound (Fig. 1) was estab-
lished using the usual spectroscopic techniques of IR and
NMR ('H and '3C). Its infrared spectrum (Fig. 2) shows sev-
eral bands. The absorption band at 3412 cm™! is attributed to
vibration of the O—H bond, which is complemented by the
C-OH band at 1188 cm ™' due to the hydroxyl groups of the
carboxyl. The absorption band at 1644 cm™' is assigned to
vibration of the carbonyl group (C=0). Also, the C—0 band
is displaced at a lower frequency by the interactions of the
intramolecular hydrogen bond, which causes overlapping with
the C—C band. Moreover, the C—C stretching vibrations
appear at 1447 cm ™' and the C—C stretching modes have been
observed at 1595 and 1516 cm™~'. Moreover, the appearance of
absorption band at 1135 cm™! corresponds to the C—N
stretching mode for title compound.

In the '"H NMR spectrum (Fig. 3), we note the presence of
the following characteristic signals: two singlets at 2.16 and
2.37 ppm, corresponding to the protons of methyl groups. A
doublet of doublets centered at 2.34 ppm, which corresponds
to H®. The doublet of triplets at 2.93 ppm belongs to HE.
The doublet of doublets at 4.17 ppm is attributed to the proton
HY. The protons H® and H' resonate as two doublets at
4.18 ppm and 4.84 ppm, respectively. The doublet at
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1 2  Ar=4-MeCgHy 3 MPC
Scheme 1  Proposed pathway for the synthesis of target cyclohexane-1,1-dicarbonitrile MPC.

Ar= 4-MCC6H4

Fig. 1 Molecular structure of MPC compound.

5.16 ppm is attributed to the hydroxyl proton (OH). The 'H
NMR spectral data indicate that MPC compound adopts a
chair conformation (Fig. 1), which is consistent with analogous
structures described in the literature (Jacobsen, 2016).

The '*C NMR spectrum (Fig. 4) of the same compound
shows, in particular, the presence of a signal at 204.13 ppm
corresponding to the carbon of the carbonyl group (C=O0).
The signal at 74.56 ppm corresponds to the quaternary carbon
C4 linked to the hydroxyl group (C—OH). The signals at 51.69,
49.84, and 45.78 ppm are assigned to Cs, C,, and Cg, respec-
tively. The signal at 40.72 ppm is due to carbon Cs of the
methylene group (CH,). Two other characteristic signals at
20.95 and 21.13 ppm are attributed to the carbons of methyl
groups (—-CH3). The spectra of the MPC compound are in
good agreement with the proposed structure (Fig. 1).

3.2 wt. loss (WL) measurements

3.2.1. Effect of inhibitor concentration

The WL method, which consists of measuring both inhibition
efficiency and corrosion rate, is accommodated due to its ease
of use and superior reliability. In this section, WL investiga-
tions are conducted in exclusion and inclusion of the inhibitor
in 1 M HCI medium at 303 K to examine the effect of MPC
concentrations. Data on WL for MS coupons is shown in
Fig. 5, which summarizes both the inhibition efficiency
(nw. %) and the corrosion rate (CR) obtained from the WL

3
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Infrared spectrum of MPC compound.
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technique at different concentrations. Fig. 5 reveals that as the
inhibitor concentration increased, the inhibition efficiency
increased, demonstrating that the protective layer formed by
the inhibitor on the MS surface is more compact at high con-
centrations owing to the adsorption of the inhibitor molecules
on the metallic substrate. Also, following Fig. 5, the effect of
increasing concentration on the corrosion rate values is shown.
As it can be seen, the increase of the inhibitor concentration
and the increase of the covering surface on the metal surface,
result in a decrease of the corrosion rate values, which is prob-
ably due to the creation of a defensive layer on the metal sur-
face and, consequently, increases its resistance against
corrosion (Alamry et al., 2021; Fawzy et al., 2021; Verma
et al., 2021b). According to the results, it is noticed that by
increasing the concentration of the inhibitor, the adsorption
is significantly improved up to the optimal value of 107 M,
leading to blocking of the active sites on the surface exposed
to the electrolyte (Echihi et al., 2021; Elgaddafi et al., 2021;
Gaber et al., 2021). The inhibition efficiency reached
85.19 % at 107 M, indicating effective coverage of the metal
substrate and high protection offered by the MPC inhibitor.

3.2.2. Effect of temperature

Temperature is an influential factor in the adsorption behavior
of corrosion inhibitors in many industries that work in condi-
tions that require high temperatures. An increase in tempera-
ture can lead to a considerable increase in the adsorption
capacity, which becomes less effective by exceeding a limit,
or it can even cause the decomposition of the film.

On the other hand, the rise in temperature can accelerate the
rate of oxidation and reduction reactions on the metallic inter-
face and prevent the deposition of the protective layer, which
leads to the penetration of the aggressive solution on the alloy
surface, consequently accelerating the corrosion rate. Also, an
increase (or decrease) in temperature in corrosive environments
can significantly affect the adsorption of the inhibitor molecules
and can lead to the desorption of the film formed on the metallic
surfaces (Iroha et al., 2021; Shaban et al., 2021). In this research
study, WL tests were used to evaluate the thermal stability of
the MPC compound (Table 1). Thus, the elevated temperature
caused a considerable increase in the corrosion rate for the
blank solution. However, the results showed that minimal

weight loss occurs at 333 K, indicating that the inhibitory effi-
cacy of the compound is considerably stable even at high tem-
peratures. As a whole, the investigated compound showed
better resistance to the corrosion process even at high tempera-
tures, notwithstanding the minor decrease in its inhibitory effi-
ciency, which is related to the increase in the corrosion rate
caused by a large number of effective impacts between MS
and the different elements contained in the acidic medium per
time unit (Mousavi and Pitchumani, 2022; Sharma and
Kumar, 2021). Therefore, keeping in mind the importance of
the impact parameter, the time factor is included and will be
explained in the coming sections of the paper.

3.3. Overall corrosion behavior by M PC inhibitor

Using the potentiodynamic polarization method, the influence
of MPC on the anodic dissolution of MS and the cathodic
reduction process of hydrogen ions in 1 M HCI medium was
examined. The corrosion polarization curves of the metal with-
out and with the inhibitor in 1 M HCI are presented in Fig. 6a.
The anodic and cathodic branches of the PDP curves were
extrapolated to obtain the corresponding electrochemical
parameters, including corrosion current densities (i), COrro-
sion potential (E.,,), cathodic Tafel slope (B.), anodic Tafel
slope (B,), and inhibition efficiency (1ppp%), listed in Table 2.
The polarization curve patterns for the inhibited and uninhib-
ited MS follow the same general shape in Fig. 6a. Hence, sug-
gesting that the MPC inhibitor in 1 M HCI medium inhibits
the corrosion of the steel through adsorption on the metal sur-
face, blocking the active sites without disturbing the corrosion
process. The MPC inhibitor only modifies the corrosion kinet-
ics by suppressing both anodic and cathodic half-processes. At
the same time, the inclusion of MPC in the acidic solution
resulted in a substantial decrease in i, and an increase in
nppp%, which showed reasonable agreement with the results
obtained by the WL method. The implicated results reveal that
as the inhibitor concentration increased, both the cathodic and
anodic branches shifted to reduced current densities, i.e., a
decrease in corrosion rate (Mousavi and Pitchumani, 2022).
This can be well explained in Table 2 showing how the intro-
duction of increasing doses of the compound under study pro-
duces a decrease in the corrosion current density values
compared to that of the blank solution.

The presence of MPC inhibitor does not prominently shift
the E,,,, (the maximum shift in this study was < 85 mV with
respect to the corrosion potential of the blank solution). This
means that MPC acted as a mixed inhibitor, generating a pro-
tective layer on the metal surface. In the presence of PMC inhi-
bitor, the slight change of both B, and B, confirms that the
corrosion mechanism of MS does not change. These results
infer that the inhibitor decreases the surface area for corrosion
without affecting the mechanism of corrosion and only causes
inactivation of a part of the metal surface. The corrosion
parameters obtained from the PDP measurement imply that
the inhibitor molecules adsorb onto the steel substrate and
form a protective film, providing corrosion protection which
reduces the corrosion of metal (Joseph and Joseph, 2021;
Zhu et al., 2021). As a potential explanation for this behavior,
it appears that there is strong coordination bonding in the
active regions of the MPC involving vacant iron orbitals and
heteroatoms free electrons.
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Table 1
concentrations of MPC inhibitor at different temperature.

Corrosion rates (Cg) and inhibition efficiencies (#,,, %) of MS corrosion in 1 M HCI solution without and with different

Solution Temperature Corr. Rate (Cg) Inhibition efficiency
o) . PR T PRI
(K) (mg/em? h) (1y.%)
Blank 1M HCI 303 1.135 £ 0.0121 -
313 1.416 + 0.0215 -
323 1.998 + 0.0214 -
333 2.539 + 0.0316 -
MPC 103 303 0.168 £ 0.0047 85.19
313 0.262 £+ 0.0090 81.43
323 0.421 £ 0.0087 78.90
333 0.727 £+ 0.0043 71.35
10* 303 0.256 £+ 0.0066 77.42
313 0.383 £+ 0.0052 72.94
323 0.613 £ 0.0064 69.32
333 0.909 + 0.0075 64.18
10° 303 0.309 £ 0.0038 72.71
313 0.439 £+ 0.0029 68.98
323 0.751 £+ 0.0092 62.40
333 1.015 + 0.0044 60.02
10°¢ 303 0.374 £+ 0.0065 67.02
313 0.512 + 0.0089 63.81
323 0.780 £ 0.0043 60.94
333 1.054 + 0.0077 58.48

Additionally, the evaluation of the kinetics and mechanisms
of electrochemical processes occurring at a metal/solution
interface is generally carried out by the EIS method. In this
case, the capacitive action of the MS electrode in the presence
of various concentrations of the MPC inhibitor was studied.
Nyquist and Bode plots are shown in Fig. 6b,c. A single capac-
itive loop is seen in both the inhibited and uninhibited metal
samples, indicating that the dissolution of steel involves a sin-
gle charge transfer process that takes place at the electrode/so-
lution interface, and the presence of MPC inhibitor does not
change the mechanism of dissolution of MS. Diffusion tails
at low frequencies also appear in the impedance spectra of
MS in 1 M HCI solution when MPC is present. The diffusion
tail indicates the formation of a protective porous film on the
metal surface and is related to the diffusion of soluble species
from the MS surface to the bulk of the solution (mass transfer)
(Chen et al., 2000).

Fig. 6b revealed that the diameters of the Nyquist plots
increase with increasing inhibitor concentrations, correspond-
ing to an increase in corrosion resistance. Furthermore, it is
evident that the impedance diagrams are not perfect semicir-
cles, which is due to the roughness and inhomogeneity of the
electrode surface, which contribute to frequency dispersion
(Li et al., 2010). The electrical equivalent circuit used to fit
the impedance data are depicted in Fig. 6d, for blank and
inhibited solutions. To get a more precise and optimum fit,
double layer capacitance (C) in the circuit was converted to
a constant phase element CPEy; (Qu, 1) in the equivalent cir-
cuit. However, C,, values are estimated by applying the follow-
ing relation (Chugh et al., 2020):

Ca = /Qq % R,I;H (8)

where Q4 and n are the major components of CPEy;. Value
of n is always between 0 and 1 as it justifies the difference from
an ideal behavior. The parameter of n quantifies different

physical phenomena like surface inhomogeneousness resulting
from surface roughness, inhibitor adsorption, porous layer for-
mation, etc.

Table 3 lists the results of the fitting procedure for inhibi-
tion efficiencies and other impedance parameters. The pro-
posed circuit’s validity was further corroborated by the
goodness of fit values (¢°), which were of the order of 107,
as well as by the coherence of the experimental data (points)
and fitted curves (solid line) displayed in the Nyquist plots.
From the quantitative results shown in Table 3, it appears that
the introduction of the MPC inhibitor into MS inhibits corro-
sion. As the MPC concentration increases, polarization resis-
tance (R,) increases, but C, decreases. This behavior is due
to the formation of a protective film of MPC inhibitor on
the MS surface, and the film quality is improved with the
increase in inhibitor concentration. Additionally, the variation
in the n-values can also be attributed to the adsorption of inhi-
bitor molecules and the formation of porous layers (Zhong
et al., 2021). The inhibition efficiency (1x;5%) improves with
increasing inhibitor concentration and the maximum #z;5%
reaches 85.63 %, which further confirms that MPC acts as
an exceptional inhibitor. The inhibition efficiencies calculated
from EIS are in good agreement with those obtained from
PDP and WL measurements.

Bode diagram representation of the EIS (Fig. 6¢) reveals
that the impedance modulus is continually increasing with
increasing inhibitor concentration. The maximum impedance
can be observed in the low frequency region, suggesting the
formation of a film of inhibitor molecules on the metal surface
(Golabadi et al., 2021). As well, the phase angle plots show a
concomitant increase in phase angle with increasing inhibitor
dose in acidic solution, indicating an improvement in the
capacitive performance of the metal/solution interface. These
results suggest that the adsorption of the inhibitor leads to a
protective film that mitigates the corrosion. The non-ideal
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Table 2 PDP results for MS corrosion in 1 M HCI solution without and with different concentrations of the MPC inhibitor.

Concentration (M)  -Eorr (mV vs SCE)  -B. (mV dec')  f, (mV dec)  Corr. Rate (mm/year) i, (nA cm 2) Hppp(%)
Blank 1.0 490.10 140.13 101.20 6150 521.02 -
MPC 1073 493.90 168.03 105.40 864 73.90 85.81
10 529.80 139.51 76.90 1269 108.5 79.17
107 516.10 141.90 94.30 1642 140.50 73.03
10 496.53 112.40 118.90 2066 176.70 66.08

behavior of the electrochemical system is supported by the
phase angles’ deviation from the 90° ideal capacitive value.

3.4. Long term immersion and adsorption isotherm model

For a complete overview of the parameters impacting the
adsorption phenomenon and its subsequent dependence on
the organic compounds’ efficiency, the present work section
highlights the effect of immersion time among the most impor-
tant factors influencing the inhibition performance, after hav-
ing studied the effects of concentration and temperature on
inhibition in preceding sections. The findings of this investiga-
tion are summarized in Table 4.

Nyquist plots of MS in 1 M HCI without and with the opti-
mum concentration of 10> M MPC at 30 min, 24 h, 48 h and
72 h are shown in Fig. 7a,b. It clear from the Fig. 7a,b that R,
is time dependent. The semicircles diameters are decreasing fol-
lowing the successive increase of the immersion times in the
uninhibited (Fig. 7a) and inhibited (Fig. 7b) solutions. Based
on the observed data, the R, values decrease with increasing
immersion time. For uninhibited solutions, the protective film
(i.e., corrosion products) is not protective enough, so it pro-
motes the charge transfer of electrons with immersion time.
In inhibited solutions, the semicircular loops and therefore
R, values obtained at all immersion times studied are larger
than those in the case of uninhibited solutions, suggesting that
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Table 3 Impedance parameters for MS corrosion in 1 M HCI solution without and with different concentrations of the MPC
inhibitor.

Concentration R,(Qem?) n 0 x 107 (8"Q 7 'em2) Cy (pFem™2) Goodness of fit (x%) x1073 s (%)
(M)
Blank 1 33.69 0.87 1.8820 88.34 1.23 -
MPC 103 234.60 0.84 0.3715 15.05 2.59 85.63
1074 161.90 0.80 0.6824 22.12 3.60 79.19
1073 118.50 0.81 0.8253 27.87 2.41 71.56
10° 97.32 0.82 0.9520 34.06 2.58 65.38

Table 4 Long-term electrochemical impedance parameters of the MS surface in inhibited and uninhibited 1 M HCI solution.

Time (h) R, (Qem?) n 0 x 107 (8"Q 'em™?) Cu (uFem?) Goodness of fit (3?) x107 ners (%)
0.5 33.69 0.87 1.8820 88.34 1.23 -
Blank 24 28.88 0.88 2.0983 104.63 3.13 =
48 21.88 0.86 2.7723 120.75 3.34 -
72 18.42 0.84 3.8653 150.70 3.37 =
MPC 0.5 234.60 0.84 0.3715 15.05 2.59 85.63
24 188.40 0.81 0.5691 19.64 3.62 84.67
48 134.30 0.83 0.6934 26.60 3.87 83.70
72 108.79 0.82 0.8962 32.43 3.16 83.06
the blocking of the dominant corrosive sites of the metal by 9 ke C_ L LC 9)
adsorption of MPC molecules on the metal is mainly regulated 1-0 0 K

by the charge transfer process (Guo et al., 2021).

However, when more inhibitor molecules are adsorbed on
the steel surface, the inhibitor adsorption density increases to
a suitable level, allowing van der Waals force to interact
between inhibitor molecules. As a result, it is anticipated that
some inhibitor molecules will leave the surface, resulting in a
reduction in the effective area that the inhibitor covers and,
consequently, a reduction in #x,5% (Mobin et al., 2016). Addi-
tionally, after 72 h of exposure, the inhibitive efficacy of MPC
molecules was maintained to 83.06 %, indicating that MPC
was a long-range effective inhibitor for MS in a 1 M HCl envi-
ronment. The stability of performance, which shows up in the
best inhibitory efficiencies during different immersion times, is
especially attributed to the strong adsorption of our com-
pound with the metal surface. This high strength is achieved
by connecting the hetero-atoms and aromatic ring free elec-
trons to the empty d-orbital of iron atoms (Beniken et al.,
2022; Zaidon et al., 2021).

Furthermore, several isotherm models can explain the elec-
trochemical behavior and may be used to decouple the differ-
ent electrochemical processes at the metal-solution interface
according to the nature of the physical and chemical processes
of the electrochemical system under investigation. Thus, the
protecting ability of a chemical inhibitor against corrosion
can be understood by employing a suitable adsorption iso-
therm. The study was carried out to examine MPC-metal
adsorption. The findings concluded that the adsorption of
inhibitor on the metallic surfaces follows the Langmuir
adsorption model, with slope and regression coefficient
approaching unity at all temperatures studied (Fig. 7c¢), which
is given by equation (Zhang et al., 2022):

Where C is for the concentration of the MPC compound,
the constant of adsorption equilibrium is shortened to K4,
and surface coverage is 0. The K, values were calculated from
the intercepts of the straight lines and correlated to the stan-
dard free energy of adsorption (AGY,) using the following
equation (Zhang et al., 2022):

0

Ky = —= M) (10)

Thermodynamically, AG?, is related to the enthalpy
(AH?,) and entropy (AS?,) of adsorption process respectively,
by equation (Zhang et al., 2022):

AGZd.v = AHZ(JV - TASZ(IS (1 1)

Fig. 7d shows the plot of AGY, versus T which gives a
straight line with an intercept of AH[, and a slope of
—AS;,. The AG,, values indicate a predominant mode of
chemical adsorption. The negative sign is indicative of the
spontaneity of the adsorption process. The significant K,
values indicate that inhibitor molecules and metal surfaces
have strong interactions. The negative value of AH,
(-8.75 kJ mol™') indicates that heat is released during the
adsorption process (exothermic process). Exothermic adsorp-
tion processes often signify either physi- or chemi-sorption,
whereas endothermic processes are unmistakably linked to
chemisorption (Martinez and Stern, 2002). The positive AS?
values (average value 106.23 J mol'K~') mean that the
entropy of the adsorption process increases and this supports
the adsorption of MPC molecules and the desorption of
H,O molecules (Wang et al., 2021). Some relevant information
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Fig. 7  Electrochemical impedance responses of the MS surface, presented in the Nyquist plot for long-term immersion (a) free solution

(b) with MPC inhibitor (c) Langmuir isotherm model suitable for the adsorption of MPC and (d) the variation of AGY,

about the adsorption process of the inhibitor can be obtained
by comparing activation energy (E,) values in both the
absence and presence of the corrosion inhibitor by using the
Arrhenius equation. The blank solution has a lower activation
energy (23.08 kJ mol™'") than the inhibited solutions
(29.55 kJ mol~" at 10 M and 40.81 kJ mol~! at 10~ M), indi-
cating a strong inhibitive action of PMC inhibitor by increas-
ing the energy barrier for the corrosion process (Quraishi et al.,
2021).

3.5. Surface morphology studies

In the presence and absence of MPC, SEM was used to analyze
the surface morphology of metals after 72 h of immersion in
1 M HCIL The resultant micro-images are given in Fig. 8.
According to the images, the metal surface is strongly corroded
in 1 M HCI solution (Fig. 8a), as evidenced by the rough,
cracked, and damaged surface. In contrast, the corrosion pro-
cess in the presence of MPC is effectively inhibited. The MPC
inhibitor forms a very adherent and homogeneous inhibitor
layer on the steel surface, thus reducing the corrosion of the
metal (Fig. 8b). The influence of the MPC on the surface
behavior of the steel is illustrated by the surface morphology

with 7.

study, which supports the results obtained from the electro-
chemical data. The elemental composition of mild steel is
determined using EDS before and after its surface is immersed
for 72 h (Fig. 8c,d). Moreover, some differences were deter-
mined in the elemental analyses of the resultant organic layer
in which the N element was detected, and the C peak contribu-
tion increased as a result of the carbon atoms of the MPC com-
pound. In addition, the apparition of C and N elements was
attributed to the polar functional groups as well as the aro-
matic structure of the organic compound. Thus, the addition
of MPC organic inhibitor to the corrosion test solution clearly
contributed to a significant change in the surface morphology
of the metal surface and new structure may provide corrosion
protection for the entire surface. These results supplement and
confirm the findings of the WL, EIS, and PDP tests and further
explain the high adsorption performance of MPC inhibitor.

3.6. Multi-level computational perspectives

3.6.1. Electron donor—acceptor behavior of MPC molecule

To clarify the corrosion inhibition mechanism which was acti-
vated by the addition of MPC inhibitor, quantum chemical
(QC) calculations were performed using several computational
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functions (Guo et al., 2017; Luo et al., n.d.). Molecular orbitals
(MO) are single-particle wave functions formed by the linear
combination of atomic orbitals and are also crucial parameters
for measuring molecular properties and electron transfer in
molecules. In terms of density flooding theory, QC descriptors
are significant in predicting the active and adsorption centers
of organic corrosion inhibitors. Thus, in the present work,
QC calculations were calculated to evaluate the inhibition
effect in relation to electron transfer behavior between organic
film and steel surface. The density distribution of the frontier
MO of MPC inhibitor is shown in Fig. 9a,b. The obtained
QC parameters such as Eyono, Ervmo, AE, ), and AN, and
other parameters are listed in Table 5. Based on Fig. 9a,b,
the MO population is distributed around aromatic and differ-
ent donor—acceptor sites. The whole region of the planar struc-
ture is the active center, with several feasible adsorption sites
adsorbed on the surface of the metal. Additionally, HOMO
and LUMO energies are mainly related to the electron-
donating and electron-accepting ability of an inhibitor mole-
cule. It is known that low E; 3,0 demonstrates the ability of
the molecule as an electron-acceptor, whereas a tendency of
the organic molecule to donate electrons to the suitable accep-
tor can be inferred by the high value of Expao (Musa et al.,
2012). However, the separation energy (AE) describes the sta-
bility of a molecule. A low value of AF indicates that a mole-
cule would potentially be adsorbed more easily on the metallic

surface. It is clear that the reactivity of MPC towards the steel
substrate increases, thus leading to an enhanced adsorption
performance of the molecule. From the energetic position of
MO, the Eyoao of MPC (-6.77 eV) is much nearer to Fermi
level of Fe (-=5.17 eV) than E; a0 (-2.19 €V). Moreover, the
energy difference between Eyoa0 of MPC and the Fermi level
of iron is very low (-1.60 eV), which reflects the charge transfer
behavior of MPC molecules (Fig. 9¢). Furthermore, the AN
value was correlated to the adsorption performance resulting
from electron donation, in which the bonding efficiency is
assessed by the fraction of n- and free-electrons transfers from
the MPC inhibitor to the metallic surface. If AN < 3.6, the
adsorption performance would be improved by either an
increase in HOMO energy or a decrease in separation energy.

However, the possibility of evaluating the bonding effi-
ciency based only on the QC parameters of the isolated mole-
cules must be thoroughly investigated because some QC
parameters may not always be reliable for clarifying reactivity
and describing electron transfer behavior of the molecule.
Therefore, the evaluation of charge transfer behavior from
other DFT perspectives is necessary. Thus, total density of
states (TDOS), electron localization function (ELF) and elec-
trostatic potential (ESP) distribution on the van der Waals
(vdW) surface are useful functions in characterization of lone
pair electrons and they have a close relationship with molecu-
lar properties that are related to lone pairs and localized MO
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Table 5 Molecular reactivity of MPC molecule described from quantum chemical descriptors using DFT-molecular simulation.

Parameters — Molecule | Exomo (eV) Epumo (eV) IP (eV) EA (eV) AE,,, (eV) 2 (eV) ot oy ANj10
DFT Calculations at B3LYP/[6-311G + + (d,p) level
MPC —6.77 -2.19 6.77 2.19 4.57 4.48 2.42 6.90 0.03

(Chaouiki et al., 2022a; Jiao et al., 2021). The TDOS was sim- behavior are depicted in Fig. 9d. It can be inferred that the
ulated based on the distribution of MO energy levels. The occupied MO are mostly contributed by s and p orbitals,
TDOS and the contribution of each orbital in electron transfer which is due to the important role of the electron-rich regions
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of MPC. Furthermore, the ELF isosurface and the color-filled
map (along the XY plan) provide useful insights into donor—
acceptor interactions, and the results confirm the importance
of aromatic ring -electrons as well as the remarkable contribu-
tion of O—H and C=N groups to succinct electron transfer
(Fig. 9e,f). Thus, it is primordial to predict the electron transfer
behavior of MPC molecules based on their interfacial interac-
tions, particularly hydrogen bonds with hydroxyl groups and
lone pair electrons.

In order to predict the intermolecular interactions and
determine the nucleophilic and electrophilic sites of the MPC
molecule, the ESP colored vdW surface along with surface
extrema were provided. The more negative (red region) and
more positive (blue region) ESP sites are indicative of elec-
trophilic and nucleophilic sites, while orange and blue spheres
correspond to ESP maxima and minima on the vdW surface,
respectively. A closer inspection of Fig. 9f reveals that the most
negative potential (global surface minimum) was located at the
one N-atom of C=N group with an ESP value of —46.78 kcal
mol ™!, whereas the ESP distribution around the H atom in the
O—H group is the global surface maximum, which corre-
sponds to the most positive values. These results suggest that
the lone pair of electrons on the O and N atoms may act as
nucleophilic reaction sites during the interaction between the
MPC inhibitor and the vacant orbital of Fe. Thus, it is believed
that the presence of hydroxyl group increases the chemical
reactivity and adsorption potential of MPC, indicating the sta-
bility and large polarity toward strong coordination bonds and
the formation of an adhesive organic layer on the metallic
surface.

3.6.2. Adsorption of M PC inhibitor

On the basis of DFT-molecular simulation, we assumed the
electron transfer behavior in the MPC structure clearly influ-
enced its reactivity. In fact, by analyzing several reports and
the structures of large inhibitor molecules, the parallel config-
urations of these adsorption systems were studied using a rel-
atively simple method, i.e., DFTB (Guo et al., 2017). Two

a . BR8P

OFe ©0 ON OcC

Organic

Metal

parallel configurations of the MPC molecule were studied on
the iron surface to describe the intermolecular interactions
occurring between chosen models and Fe(110). Accordingly,
the most stable adsorption configurations of the MPC mole-
cule on the iron surface are shown in Fig. 10. In addition,
the adsorption energy is calculated, and the results are summa-
rized in each orientation. In the first model, the MPC molecule
is located on the Fe(110) surface, where the two N-atoms of
C=N groups are in direct chemisorption interaction with the
Fe(110) surface (Fig. 10a). On the contrary, in the second
model, the MPC molecule interacts with iron surface through
the O atom of the hydroxyl group, as shown in Fig. 10b. Inter-
estingly, the MPC molecule interacts with the Fe surface in a
nearly flat arrangement and the m-current of the phenyl rings
is in direct interaction with the Fe surface, suggesting that
the electron transfer takes place between the adsorbed MPC
inhibitor and the Fe(110).

In addition, the MPC...Fe bond distances are 1.78 and
2.20 A, measured from the N and O atoms to the adjacent
Fe atoms, respectively. In fact, chemical bond formation was
favored in both adsorption geometries because the covalent
radii of the bonded atoms (N, O) and Fe are within the sum
of the covalent radii of N, Fe atoms (ry + rg = 2.07 A),
and O, Fe atoms (ro + rr = 1.98 A) (Zhang et al., 2017).
These findings clearly show that the adsorbed MPC has strong
intermolecular and covalent interactions with the Fe(110) sur-
face, which are primarily formed by electron transitions from
the inhibitor to the Fe 3d band state. In the Fe(110) adsorbed
parallel (N contact) system, it is remarkable that MPC exhibits
high adsorption energy (—5.83 eV) compared with that of the
second system (O contact, —4.98 eV). This suggests that the
adsorption of MPC molecules is presumably affected by the
electron-donating groups in conjunction with the reactive sites,
which leads to strong bonding and superior stability of self-
assembly formed on the Fe surface. The above results showed
that the robust interaction between C=N groups and the iron
surface might be the key driving factor for the adsorption and
charge transfer behavior on the Fe(110) surface.

E,qe = - 4.98 eV

Fig. 10 Computational perspectives on the adsorption behavior of MPC on the Fe surface. Configuration of the MPC molecule
adsorbed on the Fe (110) surface from the side and top view simulated using DFTB concept. (a) C=N contact and (b) O—H contact

together with the corresponding adsorption energy.
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3.6.3. M D simulation results of MPC|Fe interactions

According to the DFTB results, the strong resonance-
stabilized structure of MPC led to an increase in the stability
and electron transfer behavior, which makes it easier to inter-
act and adsorb on the Fe(110) surface. At the molecular scale,
the dynamic behavior and MPC interactions with metal sub-
strate in the presence of corrosive species were evaluated using
MD simulations. Furthermore, a more thorough explanation
of the interactions that will lead to a closer understanding of
the mechanism in action has been obtained by the visualization
of the correlative adsorption behavior. To this end, two MPC
molecules and a corrosive solute were considered as an inter-
mediate layer to simulate the interfacial mechanism of the
MPC inhibitors. Fig. 11a,b shows the initial and final super-
structure model of the neutral and protonated MPC on the
Fe surface. A closer inspection of Fig. 11b indicates that both
neutral and protonated states of MPC inhibitor tend to move
towards the Fe surface, where the m-current of the aromatic
rings and C=N groups directly interact with the Fe surface.
Interestingly, molecules in the initial adsorption system are
fairly distant from the Fe surface and there are predominantly
interactions between MPC-MPC, which can be considered as
the primary formation of self-assembly layers. In addition,

Neutral form

Fig. 11

the interaction between MPC molecules facilitates charge
transfer and overlap between donor sites and the Fe surface,
which can contribute to intermolecular bonding interactions.
Similar to neutral MPC, the protonated state of inhibitor is
preferentially oriented and tilted with its phenyl rings parallel
to the metal surface with the same alignment.

Moreover, the adsorption energy is an important factor in
evaluating the adsorption behavior of inhibitor molecules for
each configuration. The high adsorption energy value indicates
easy adsorption of both neutral and mono-protonated inhibit-
ing species on the Fe surface, which leads to mutual and strong
interactions (Haris et al., 2020). As a result, MD simulations
demonstrated that the adsorption behavior of MPC molecules
is in accordance with the inductive effects of functional groups
and reactive sites of MPC that are adsorbed on the substrate
surface in a nearly horizontal orientation, describing their opti-
mal interactions with the Fe surface. In the presence of insu-
lated pairs on each of the nitrogen and oxygen atoms, the
molecule is rendered much more polarized to facilitate the
transfer of electrons onto the metallic surface (Ebenso et al.,
2021). Moreover, E,4 value of MPC is slightly lower than
[MPCH]* which can be attributed the additional electron-
donating OH group in [MPCH] . Finally, a reasonable corre-

Top view

Most stable patterns of neutral and protonated MPC inhibitor on Fe (110). (a) The initial and (b) final adsorption geometries in

the presence of corrosive species using MD simulations (high symmetry configurations for two organic molecules).
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Fig. 12 (a) Energy equilibrium and (b) Temperature flocculation curves of the MPC-Fe system during the MD run in the simulated

corrosion solution. (c) Intermolecular interactions between O and N atoms in MPC molecule and Fe surface gained via RDF analysis.

spondence between the QC calculations, DFTB and MD sim-
ulations was obtained, in which we can confirm that the hori-
zontal orientation of the MPC molecule on the iron surface
minimizes the contact area between the corrosive elements
and the Fe surface and forms a compact barrier that protects
the metal surface. This fact might render the anti-corrosive
mechanism of MPC molecules as organic inhibitors for Fe sur-
face thermodynamically favorable, due to the adsorption of
MPC molecules on the Fe surface.

From MD results, it can be inferred that the organic mole-
cule, i.e., MPC, is an appropriate linker for the formation of
well-organized protective organic layer on active surface, due
to its ability to serve as a donor and acceptor of electron, in
addition to its m-conjugated molecular structure. To verify
the equilibrium state for all studied systems, the energy and
temperature fluctuation curves were provided, as shown in
Fig. 12a,b. The results confirm that the equilibrium state for
studied systems is maintained in most of the time (5000 steps).
Moreover, by analyzing the structure of MPC molecule,
Radial Distribution Function (RDF) was completed to eluci-
date the strong mutual interaction between MPC and iron sur-
face, deepening our theoretical understanding of the strongly
bound and covalent organic-inorganic interfaces. The first
noticeable peak in the RDF curves can be used to determine

the interaction mode of the MPC molecule on the iron surface
using RDF simulated from MD trajectories. What is notable
in the RDF results is that the reactive centers in the MPC
molecule, i.e. the O and N atoms, have their ﬁrﬂst pronounced
peaks (indicating bond lengths) at 3.1 and 3.5 A, respectively.
This finding demonstrates the synergistic contribution of -
electrons and heteroatoms of MPC to boosting the adsorption
ability on the Fe surface. Interestingly, MPC inhibitor
adsorbed parallel to the iron surface via O and N atoms and
consistent with an improved chemical interaction, i.e. during
adsorption process, there is chemisorption interaction between
the O and N atoms in the MPC molecule and the Fe atoms of
the iron surface. These results are highlight the bond lengths of
Fe-O and Fe-N distances which are between 1 and 3.5 A
(Chaouiki et al., 2022b).

3.7. Corrosion inhibition mechanism

In view of the experimental and theoretical findings and their
discussed results, the schematic of a plausible mechanism of
corrosion and inhibition of the steel surface in the presence
of MPC inhibitor is illustrated in Fig. 13. For the general
direction of the inhibitor-steel exchange, an adsorption mech-
anism will be used. In the first place, a neutral form of the inhi-
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Fig. 13  The anti-corrosive mechanism schematic of MPC inhibitor molecule on the surface of Fe proposed in the present study. A
growth of new structure is associated with the corrosion reaction causing the formation of coordination complexing compound between

MPC inhibitor and corrosive solution.

bitor compounds can be adsorbed on the iron surface by chem-
ical bonding (chemisorption), which causes displacement of
H,0 molecules from the MS surface and sharing of electrons
between O and N and the iron surface. This is confirmed by
the adsorption energy value, which gives an idea of the corro-
sion inhibition of the molecule under study. This means the
possibility of a constant adsorption of the MPC on the iron
surface, replacing the water molecules, thus protecting the iron
from aqueous corrosion. Besides, the aromatic rings include
phenyl and 4-methylphenyl play a key role in the donor—accep-
tor exchange process that interacts with the d-orbital of the
iron atom using m-electrons. Considerably, electrostatic repul-
sion prevents the protonated inhibitor from interacting
smoothly with a positively charged steel surface (Banerjee
and Malhotra, 1992; Lebrini et al., 2005; Noor and Al-
Moubaraki, 2008). Accordingly, accumulated CI" ions on the
MS surface transform its interfacial charge.

In addition, a second type of adsorption takes place for
molecules that have undergone protonation. In this case, we
speak of another mode of adsorption, which is physisorption.
So, via electrostatic interactions set up between the positive
charge of the protonated molecule and the negative charge
of the CI ions already stuck on the surface, we will achieve
of the second type of adsorption. Thus, the possible adsorption
interactions of the inhibitor are illustrated in Fig. 13 in which
its protonated form has the following form (Agrawal et al.,
2021):

MPC + H" — [MPC+ H]* (12)

Conclusively, under acidic conditions, the steel surface
develops anodic and cathodic active sites for corrosion. The
functional groups containing N and O atoms can directly

undergo interactions between the unshared electron pair of
the inhibitor and the vacant d orbital of the surface iron atoms.
To adsorb the inhibitor onto the MS substrate, a chemisorp-
tion method involving evacuation of H,O molecules from the
metal substrate and electron exchange between the inhibitor
heteroatoms and the iron atoms of the steel can be applied.
The inhibitor molecule could potentially be adsorbed onto
the metal substrate due to donor—acceptor interactions involv-
ing electrons from heterocyclic rings and vacant d-orbitals of
the iron surface. On the other hand, proton molecules can
adsorb directly onto the surface via CI” ions. This suggests that
our studied corrosion inhibitor has excellent corrosion inhibi-
tion efficiency compared to some of the recent green corrosion
inhibitors.

4. Conclusion

Our work demonstrates the anticorrosion performance and interfacial
mechanism of a new carbocyclic compound (3-benzoyl-4-hydroxy-4-
phenyl-2,6-(4-methylphenyl)cyclohexane-1,1-dicarbonitrile (MPC)) as
an eco-friendly inhibitor for MS corrosion in 1 M HCI solution. The
organic layer formed on MS surface using MPC inhibitor was benefi-
cial for excellent corrosion protection of steel alloy. From the chemi-
cal, electrochemical, and computational results obtained throughout
this work, the following conclusions can be drawn:

e MPC is the best candidate for corrosion protection behavior, which
acts to inhibit both anodic and cathodic processes.

e On the basis of the temperature dependence, it was found that the
inhibition performance of MPC was stable even at high tempera-
tures and that its adsorption is accomplished by chemisorption
interaction with respect to the Langmuir isotherm model.

e SEM-EDX analysis confirms the formation of an adhesive protec-
tive layer on the metallic surface.
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e The formation of strong covalent bonds and intermolecular inter-
actions were confirmed via DFTB and MD calculations through
the parallel adsorption configurations.

e According to all the results, it was concluded that the interaction of
MPC inhibitor on the metal surface would be optimized by electron
transfer behavior from carbocyclic inhibitor and would be respon-
sible for excellent electrochemical resistance.

e We believe that the electrochemical behavior as well as the interfa-
cial mechanism of carbocyclic compound detailed in our research
work will provide a reference for the development of future eco-
friendly hybrid materials with excellent functional properties.
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