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ARTICLE INFO ABSTRACT
Keywords: Background: In this study, the azo dye, 4-methyl-1-phenyl-3-(p-tolyldiazenyl)-2,3-dihydro-1H-pyr-
MPTHP azo-dye rol-2-ol (MPTHP) was synthesized and estimated as a novel inhibitor for protecting N8O steel

Acidized 10% HCl medium
Corrosion inhibition

from corrosion in a 10 % HCI acidic environment.

DFT Methods: Potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS)
Monte Carlo (MC) methods were employed. Additionally, Monte Carlo (MC) simulations and density functional
EIS theory (DFT) were utilized to establish a link between the protective capacity and the molecular
structure of the inhibitor.

Significant findings: The inhibitor confirmed an impressive inhibition prohibition of 91 % when its
concentration was increased to 1 x 10™* M at 25 + 1 °C, as determined by EIS analysis. PP
analysis indicated that the MPTHP azo-dye compound functions as a mixed-type inhibitor and
chemisorbs onto the surface of N80 steel. Furthermore, the Langmuir adsorption isotherm was
found to be the most suitable model to describe the adsorption of the examined compound. This
research has the potential to introduce MPTHP as an innovative corrosion inhibitor for preventing
N8O steel corrosion in various industrial settings, particularly in pickling solutions.

1. Introduction

Issues with the environment and the economy caused by metal corrosion are significant. According to estimates, the recorded loss
will affect the gross national product (GNP) of several nations by 1-5 % [1]. It is understood that corrosion is an unfavorable elec-
trochemical procedure that ensues between the metal and its surroundings. The rate of material deterioration increases with the
duration of exposure to the environment. As a result, the development of protective methods has been vigorously pursued and is now
crucial to lowering the cost of corrosion [2-5]. One method is the use of organic components to prevent corrosion, which has led to
significant growth in attention across several industries [6-8]. This protective method’s effectiveness, viability, affordability, and
minimal toxicity are all cited as reasons for its success [9-11].
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Applications for carbon steel in engineering and industry, such as design and construction, are numerous. Unfortunately, the main
drawback of employing carbon steel is that it is easily corroded [12]. A typical method of industrial cleaning used in the creation of
lubricants and petrochemicals is acid pickling. Its primary purpose is to eliminate mineral oxides and deposits of mineral scale.
However, it is crucial to remember that the use of mineral acid, such as HCl, in this process can lead to significant corrosion-related
concerns due to its highly corrosive nature [13].

Environmentally, friendly organic inhibitors have been developed to meet increasing demands. Generally, organic substances that
include oxygen, sulfur, nitrogen, aromatic rings, and heterocyclic structures are adsorbed onto metal surfaces and exhibit effective
inhibition due to their interaction with the metal’s d-orbitals [14]. The selection of suitable inhibitors depends on factors such as acid
type and concentration, temperature, organic or inorganic materials that have dissolved, as well as the kind of metal that is being
shielded [15]. Azo dyes, a significant group of organic substances that are frequently utilized in leather, cosmetics, textiles, phar-
maceuticals, and as corrosion inhibitors, are notable among these compounds [16,17]. For instance, they serve as carbon steel
corrosion inhibitors [18-20], mild steel [21,22], and aluminum [23,24], involving the azo group and substituted aromatic bonds on
the metal surface engaging in chemical reactions. Through this process, the molecule acquires unique color throughout the visible light
spectrum. while also enhancing metal stability, reducing production costs, and employing straightforward synthetic methods [25,26].

This paper’s objective is to evaluate the performance 4-Methyl-1-Phenyl-3-(p-Tolyldiazenyl)-2,3-Dihydro-1H-Pyrrol-2-ol (MPTHP)
as an effective and environmentally friendly corrosion inhibitor for N80 steel in an acidic solution (10% HCI) using electrochemical
techniques like potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS). The organic compound’s
abundance of n-electrons and heteroatoms, such as nitrogen and oxygen atoms, result in increased adsorption on the steel surface as
compared to other organic inhibitors, which is why this dye was chosen. To achieve this, we first established an adsorption isotherm
model at 298 K, allowing us to compute key parameters, including Ka4s (adsorption equilibrium constant) and AGggs (standard Gibbs
free energy change for adsorption), consistent with the Langmuir isotherm model. This revealed that the adsorption process follows a
chemisorption mechanism. To gain deeper insights into the active centers and corrosion prevention mechanisms associated with the
tested MPTHP compound, we employed quantum chemical computations (DFT) and molecular dynamics (MD) simulations. This
comprehensive analysis included the determination of Fukui indices, Mulliken atomic charges, and the mapping of electrostatic po-
tential (MEP). These advanced computational techniques provided valuable information about the compound’s behavior and its ability
to mitigate corrosion reactions on N80 steel, enhancing our understanding of its protective capabilities. Also, we can illustrate the
inhibition mechanism as the adsorption process may start with -Cl” anions being initially adsorbed on protonated steel surfaces to
generate a negatively charged barrier because it is well recognized that N80 steel surfaces are (+ve) charged in hydrochloric acid
solutions.

2. Materials and techniques
2.1. Materials and solutions

Chemical components were procured from commercial suppliers and used without further purification. p-methyl aniline, 4-methyl-
1-phenyl-1H-pyrrol-2(3H)-one and sodium nitrite were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). N80 carbon
steel electrode [composition (weight %): C (0.31 %), S (0.008 %), P (0.01 %), Si (0.19 %), Mn (0.92 %), Cr (0.20 %), and the rest Fe] of
rectangular shape with a real exterior area of about 1 cm? was employed as the active electrode in this study. The electrode was grazed
with several grades of emery papers (up to 1200 grade), degreased with acetone, cleaned with bi-distilled water, and dried with paper.
The experiments were carried out in acidized 10 % hydrochloric acid solutions, with and without many dosages of the examined
MPTHP azo dye, as reported in Table 1. The concentrations of the tested inhibitor ranged from 1 x 10® M to 1 x 10™* M for each
experiment, and a freshly prepared solution was used each time.

2.1.1. Synthesis of 4-methyl-1-Phenyl-3-(p-Tolyldiazenyl)-2,3-Dihydro-1H-Pyrrol-2-ol (MPTHP)
In a standard preparation, 0.01 mol of hydrochloric acid was added to 25 ml of distilled water containing p-methyl aniline. After

Table 1
The studied inhibitor’s chemical formula, molecular weight, and structure.
Compound Name Structure Molecular Weight&
Chemical Formula
MPTHP 4-methyl-1-phenyl-3-(p-tolyldiazenyl)-2,3-dihydro-1H-pyrrol-2-ol C18H19N30
o NN cH, 293.37
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stirring and cooling the mixture to 0 °C, a solution of 0.01 mol sodium nitrite in 20 ml of water was added dropwise to the resultant
liquid. As seen in Scheme 1, the produced diazonium chloride was next combined with an alkaline solution of 0.01 mol 4-methyl-1-
phenyl-1H-pyrrol-2(3H)-one. The instantly generated colored precipitate was filtered through a glass crucible that had been sintered
and repeatedly cleaned with water. The purity of the prepared MPTHP was examined using elemental examination, IR, and 'H NMR
spectra: Microanalysis. Found (%), C, 74.80; H, 5,60, N, 14.40. Calcd for C1gH19N30 (%): C 74.20. H. 5.88; N, 14.42 IR (KBr, 0Upax, cm):
3430 (N-H. str.), 1595 (C=N- str.). H NMR (6, ppm): 11.20 (NH, hydrazone, exchangeable with Dz0).

2.2. Electrochemical techniques

In each experiment, trials were conducted at a stable temperature of 25+1 °C, following a 30-min stabilization period for the
electrode potential. To ensure consistency and reliability, all tests were systematically performed under identical conditions. We
employed three derivative electrodes in conjunction with the CS Potentiostat/Galvanostat electrochemical workstation CS350. All
potential measurements were referenced to an Ag/AgCl electrode. The counter electrode used was a platinum electrode with a surface
area of 1 cm?,

After 30 min of submerging the working electrode in the corrosive media and reaching a steady state, we measured the open circuit
potential (OCP). Tafel polarization graphs were produced by varying electrode potentials between —0.6 V and 0.2 V relative to the
OCP. This process was conducted in an air-saturated environment under potentiodynamic conditions; with a sweep rate of 1 mV/s.
Multiple electrode potentials in the same range of —0.6 0.2 V were combined to construct the Tafel polarization curves with respect to
the OCP. All experiments were conducted using an N80 carbon steel electrode in acidified 10 % HCI at 25 °C, both with and without
varying portions of the studied inhibitor.

To calculate cathodic and anodic Tafel data for charge transfer-measured corrosion responses, we determined the values of (log
icorr) and the equivalent corrosion potential (Ecqy,) in the acidified 10 % HCl solution, considering all concentrations of the investigated
inhibitor (MPTHP). This was accomplished using the Stern-Geary process [27,28] was accepted. Surface coverage (0) and inhibitory
proficiency (1) were designed via equation (1):

%;7:9x100:<17:””ﬂ> % 100 1))
corr (free)

where, respectively, icorr (free) a0d icorr (inh) T€Present corrosion current densities with and without doses of the examined MPTHP.
Electrochemical impedance spectroscopy (EIS) dimensions were achieved on the same cell that was utilized for potentiodynamic
polarization (PP) studies. The EIS was achieved consuming ac signals at OCP with a signal amplitude agitation of 10 mV peak-to-peak
spanning the frequency variety of 100 mHz to 100 kHz. The considered compliant circuit was used to measure and clarify impedance
testing results.
The polarization resistance R;, and the double layer capacity Cq are the suggested variables resulting from the study of Nyquist
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Scheme 1. Synthesis of 4-Methyl-1-Phenyl-3-(p-Tolyldiazenyl)-2,3-Dihydro-1H-Pyrrol-2-ol (MPTHP).
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. @
Y, is the CPE constant, and n is the CPE exponent in this equation. The divergence from optimal behavior is indicated by the value of
n, which ranges from 0 to 1 [29].
The following equation is used to construct the impedance technique’s surface coverage (0) and inhibitory capacity (%n):

Cdl = (YO szn)

%;1:0><100:<17{%}> x 100 3)

ct,

where R and R, stand for the charge transfer resistance values with and without MPTHP, respectively.

2.3. Quantum chemical calculations (DFT) and MC simulations

The relationship between theoretically calculations and investigational results to detected inhibition efficiencies have been
assessed efficiently for stable corrosion [30]. Theoretical investigations were conducted using Accelrys Materials Studio 7.0,
employing the DMol® module for Density Functional Theory (DFT) designs and the adsorption locator module for Monte Carlo (MC)
simulations. In the DFT calculations, the constructions of the inhibitor molecules under examination were optimized. This optimi-
zation process utilized the GGA/BLYP functional and the DNP 4.4 basis set and a convergence criterion on the forces on atoms smaller
than 0.005 eV/A. Additionally, COSMO solvation controls were applied to account for solvation effects, ensuring a more accurate
representation of the molecular structures and properties [30]. The most effective MPTHP particle adsorption configurations on the Fe
(1 1 0) exterior were found using the adsorption locator module in the Monte Carlo (MC) simulations. This included systematically
examining MPTHP particle arrangements using Monte Carlo methods, which then allowed for an evaluation of their protective
effectiveness on the Fe (1 1 0) exterior [31]. With the assigned COMPASS force field, MPTHP particle, water molecule, and Fe (1 1 0)
surface adsorption was completed in a simulated container (32.27 x 32.27 x 50.18 A% [32]. Additionally, in our prior work that was
published, we incorporated all of the inputs, outputs, and computations from computational investigations [30,31].

3. Results and discussion
3.1. Potentiodynamic polarization (PP) calculations

3.1.1. Effect of the MPTHP component concentrations

Using the potentiodynamic polarization technique (PP) at 25 °C, the corrosion presentation of N80 steel in an acidified 10 % HCI
medium was examined. Cathodic-anodic plots were completed both while present and when not of various doses of MPTHP. As
revealed in Fig. 1, for the investigated component, a satisfactory study for the polarization plots with cathodic and anodic Tafel shapes
were showed, and kinetic variables were designed in Table 2, as corrosion potential (Ecorr), corrosion current density (Icorr) cOnse-
quential from polarization plots by extrapolation, anodic (f8,) and cathodic (f.) Tafel slopes, the surface coverage (0), in accumulation
to the inhibition productivity (%) which attained by Eq. (1).

Lines of Tafel polarization diagrams, anodic and cathodic plots were evacuated in the attendance of the thought-of inhibitor,
resulting in low current densities with increasing the MPTHP concentrations [33], which suggesting that MPTHP inhibitor is
mixed-type. The corrosion current density diminishes from 88.44 pA.cm ™2 (Blank) to 8.3 pA.cm ™2 in case of 1 x 10~* M concentration.
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Fig. 1. Anodic and cathodic Tafel polarization curves for the corrosion of N80 steel in acidized 10 % HCI solution in the presence and absence of
various MPTHP concentrations at 25 + 1 °C.
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Table 2
The electrochemical parameters computed for the corrosion of N80 carbon steel in acidized 10 % HCl solution in the absence and presence of various
concentrations of the tested MPTHP at 25 + 1 °C using the potentiodynamic polarization technique.

Conc. - Ecorr, mV icorrs pa, mVdec ! Be, mVdec! C.R. mmy’1 0 n%
M, pAcm 2

0.00 (Blank) 428.42 88.44 69.713 103.55 1.0375 0.00 0.00
1x10°° 459.34 58.5 86.543 107.321 0.984 0.339 33.9
5x10°° 451.13 41.6 102.53 142.52 0.8317 0.529 529
1x10°° 455.38 22.65 80.876 115.94 0.6058 0.744 74.4
5x107° 452.95 11.5 86.073 128.75 0.8036 0.870 87.0
1x10°* 458.45 8.3 87.597 118.78 0.4139 0.906 90.6

By cumulative the MPTHP concentration from 1x10~® M to 1x10~* M, the inhibition proficiency (%) increased as demonstrated
in Table 2. A small improvement in the corrosion potential (Ecory) is made by adding of MPTHP component, the anodic and cathodic
Tafel slopes (Ba & Pc) values altered with cumulative concentrations, indicating that the MPTHP compound was deceptive in
mechanism of dissolution and hydrogen evolution processes, confirming the studied inhibitor’s mixed-type nature [34,35].

3.1.2. Adsorption isotherm

The MPTHP component under investigation confers a delay in the corrosion process on the compound’s adsorption mechanism on a
sample of N80 carbon steel. Equation (4) describes the MPTHP compound adsorption at the metal/solution surface, which happens
when MPTHP particles replace water particles [36].

MPTHP (5o1y + XH20 (ads) = MPTHP (ads) + XH20 (s01) (C))

The MPTHP compounds in solution and adsorbed on the surface of N80 carbon steel, consistently, are designated as MPTHP ()
and MPTHP (,45). X represents how many water particles were swapped out for MPTHP particles.
To calculate the surface coverage (6) by MPTHP components, use the following equation;

i°

‘corr.
In our study, the parameter 6 was subjected to various adsorption isotherm models to determine the most appropriate model that fits
the experimental data. The analysis revealed that the MPTHP inhibitor under investigation displayed a virtuous fitting to the Langmuir
isotherm model. This finding is summarized in Equation (6), which simplifies the connection between C (concentration) and C/6,
resulting in a linear association with a coefficient constant (R%) nearly unity at a temperature of 25+1 °C and a slope equal to unity, as
illustrated in (Fig. 2).

c 1
0 K

+C ©

where “C are the MPTHP concentrations and Kaqs is the equilibrium constant for adsorption method” that is associated to the common
adsorption free energy (AG®,4s) and may be taken into consideration using Equation (7) [37].

0.00012
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Fig. 2. Langmuir isotherm plot for N80 steel corrosion in acidized 10 % HCI solution in the existence of various dosages of MPTHP at 25 + 1 °C.
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-

The parameter 0, derived from the potentiodynamic polarization (PP) performance, was employed to evaluate various adsorption
isotherm models. This analysis aimed to recognize the most appropriate adsorption isotherm, and it was confirmed that the adsorption
of MPTHP on the N80 surface, as depicted in (Fig. 2), adhered well to the Langmuir adsorption isotherm.

The equation used to describe this behavior takes into account the water concentration (55.5 mol/L), the absolute temperature (T)
in Kelvin, and the universal gas constant (R), as key factors influencing the adsorption process [38,39].

The standard free energy of adsorption (AG°,gs), designed by Equation (7), is designed in Table 3. The greater values of (AG°,gs) (i.
e., —40 kJ mol~! or more) and the (-ve) sign of (AG°,qs) values comprise charge transfer with the examined MPTHP compound
compared to the steel exterior to process a coordinate bond (chemisorption adsorption) [40] and allow for the examined MPTHP
compound to spontaneously adhere on the steel metal [41]. Additionally, the MPTHP component’s AG°,4s value is nearly steady for
steel surfaces thanks to coordination bonds that form between the active centers of the validated MPTHP (N-atoms, P-orbitals of
double bonds), and the unoccupied d-orbitals of the steel metal.

3.2. Electrochemical impedance spectroscopy (EIS designs)

Figs. 3 and 4 display, respectively, the Nyquist and Bode designs for N80 steel in acidized 10% HCI solutions in both with and
without different doses of MPTHP molecules. The radius of Nyquist semicircles is what determines the charge transfer resistance, or
Ret, and going forward, R values rise with rising concentrations (i.e., the semicircle radius rises).

For the uninhibited and inhibited solutions, a one-time constant was identified in Nyquist and Bode designs at small frequencies,
demonstrating the creation of a protecting film on steel exterior [42,43].

The associated electrical circuit design, where Rg is the solution resistance, R¢t is MPTHP polarized resistance, and CPE is the
constant phase element of the tested component, was projected to take into account the acquired impedance surveys and is intended in
Fig. 5.

The polarization resistance R attained from the EIS approach, the preventive proficiency for the corrosion of N80 steel (%) in
acidized 10 % HCI using the following formulae [44,45]:

%n:HxlOO:(lf[%}> (8)
Ct,

where R° and R are the charge transfer resistance of N80 samples in acidized 10 % HCI solutions with and without the MPTHP
compound, correspondingly.

According to Table 4, the heterogeneity of the steel samples is shown by the change in the exponent 'n’ values by 0.756 and 0.904,
which shows that a number of components are those who work on the adsorption method on the N80 surface. The N80 surface’s own
irregularity, the diffusion of active sites, the dissolving of metal, the presence of impurities, and the adsorption of MPTHP on the N80
steel metal are some of these elements. The system’s non-ideal capacitive behavior, which is impacted by these intricate in-
terconnections and surface properties, is reflected in the fluctuation of the 'n’ values. Additionally, the Y value fell when the inhibitor
was used, suggesting that either the electrical double layer’s thickness grew or the local dielectric constant decreased. This implies that
the way the azo molecules work is by covering the metal surface with a protective coating.

The electrochemical characteristics from the Electrochemical Impedance Spectroscopy (EIS) investigations are shown in Table 4 in
the 10 % HCI corrosive environment, N80 steel showed higher values of Rt (charge transfer resistance), which indicates efficient
corrosion inhibition. The corrosion process may be hampered because of the MPTHP particles adhering to the N80 steel surface.
Additionally, it suggests that the MPTHP inhibitor has exchanged the adsorbed water particles on the exterior, thus enhancing the
protection of the tested surface [46-48].

The substantial reduction in the access of the CPE variables is caused by the adsorption of MPTHP compound on the tested surface,
which rises the width of the electrical double layer and inhibitor coating layer which permits the adsorption of MPTHP particles on the
tested metal.

Effectively of inhibition (%) based on electrochemical impedance extents agree exactly with those based on polarization results.

- Inhibition efficiency comparison with other inhibitors
It is possible to compare the inhibitory effectiveness of MPTHP with other inhibitors that have been reported to protect carbon steel

by using azo dye corrosion inhibitors. Table 5 demonstrates the high inhibitory effectiveness of the majority of the azo dyes tested. In
comparison, MPTHP demonstrates the greatest inhibitory efficiency among the azo dyes mentioned in Table 5 [49-55] (Khalefa et al.,

Table 3

Kags and AGggs Values based on Langmuir isotherm.
Compound Temperature, K Kadsy M1 -AGys, kJmol !
I; (MPTHP) 298 2.62E+05 40.86
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Fig. 3. Nyquist plots for the corrosion of N80 steel in acidized 10 % HCI solution with and without of various concentrations of the examined
MPTHP at 25+ 1 °C.
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Fig. 4. Bode plots for the corrosion of N80 steel in acidized 10 % HCI solution with and without of various concentrations of the tested MPTHP at 25
+1°C.
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Table 4
Electrochemical kinetic variables gained by the EIS method for the corrosion of N80 steel in 10 % HCI acidized solution with and without diverse
concentrations of the tested MPTHP at 25 + 1 °C.

Conc., Rs, Rets Ca (WF cm™2) CPE 0 % IE
M Q cm? Q cm?
e em Yo x 1074, n
Q 'sem2

0.00 (Blank) 1.3982 + 0.0013 43.747 1.63 x 1074 5.431 0.75674 =+ 0.007 0.00 0.00
1x10°° 1.6342 + 0.0016 217.01 1.73 x 1074 3.2717 0.80558 = 0.008 0.798 79.8
5x107° 1.6487 + 0.0016 224.42 1.72 x 1074 3.2717 0.80205 =+ 0.008 0.805 80.5
1x107° 2.3712 + 0.0023 255.23 3.99 x 1074 4.9616 0.90469 =+ 0.009 0.829 82.9
5x107° 1.9234 + 0.0019 369.44 1.68 x 1074 3.3471 0.75271 =+ 0.007 0.882 88.2
1x107* 1.8535 + 0.0018 485.56 1.58 x 1074 2.7375 0.78572 =+ 0.007 0.91 91.0

2033; Amoko et al., 2018; Nagiub et al., 2013; Devika et al., 2020). Its efficiency is corresponding to that designated in Shalabi et al.,
2024; Mabrouk et al., 2017; and Yusoff et al., 2020. It is evident that as the concentration of MPTHP increases, the rate of corrosion
decreases and the inhibitive efficiency improves. This improvement is expected due to the increased adsorption coverage of the in-
hibitor on mild steel surfaces as the MPTHP concentration rises.

3.3. DFT calculations

DFT simulations were done to examine the contact between the steel exterior and the active centers of the MPTHP particles. HOMO
and LUMO orbitals for the MPTHP derivative’s optimized structures are exposed in Fig. 6, and Table 5 tilts the related quantum
chemical variables. As stated by the FMO hypothesis, HOMO and LUMO energies determine whether an inhibitor component at the
inhibitor/metal contact is a donor or an acceptor [56]. According to surveys, corrosion inhibitors with large Eyonmo and small Ejymo
values are supposed to be incredibly effective. According to Table 5, MPTHP exhibits Egopmo values of (—4.33 eV) and Eponmo (—2.60
eV), respectively.

As shown in Fig. 6, the inhibitor molecule’s HOMO level was clearly placed on the p-tolyldiazenyl, pyrrol, and phenyl moieties,
indicating that the nitrogen and oxygen atoms on the steel surface are the favorite positions for electrophilic attack. These explanations
suggest that inhibitor molecules have the capacity to adhere to steel surface, growing the proficiency of inhibition in accordance with
experimental evidence. Similar to this, the energy gap (AE) is a crucial sign of a molecule’s capacity to suppress corrosion [57]. As
shown in Table 5, MPTHP has a low E value (1.73 eV), which supports a higher propensity for being adsorbed on tested steel.
Furthermore, the low electronegativity values () similarly, suggest a possibility for increased responsiveness of the inhibitor particles
to give electrons to the examined surface [58].

Additionally, the softness (c) and hardness () of the compound may be used to figure out how reactive and stable it is. Soft
particles, e.g., have higher defensive capabilities than hard particles because of the advantage of effectively delivering electrons to the
tested surface by the adsorption progression, and are therefore presumed to be active corrosion inhibitors [59]. According to Table 5,
MPTHP exhibits lower and higher values, which clearly denotes a greater inhibitor capacity for supplying electrons to the steel exterior
as well as a large inhibition efficiency.

The larger the AN value, the further capable the tested inhibitor is of doing this [60]. The probability of the tested inhibitor to
donate electrons to the steel surface is measured by the AN values. A back-donation from the inhibitor examined the electron as it went
to a target molecule, will be 0 when n > 0 as well, and this is actively favored [61]. According to Table 5, the MPTHP’s calculated AE
back-donation Value is negative (—0.22), representing that back-donation is preferable for the MPTHP to form a long-lasting assembly
with the steel surface [61].

Another important sign that helps with the analytical process of corrosion prevention is the dipole moment [62,63]. The improved
molecule adsorption on the tested surface is a consequence of the rise in dipole moment, which also rises the deformation energy.
Consequently, an increase in dipole moment values in an enhancement in corrosion inhibition [64,65].

Additionally, there is a connection between the inhibitor molecules’ propensity for shielding the outside of steel in corrosive
conditions and their molecular surface area. The efficacy of inhibition grows linearly with increasing inhibitor surface area, as shown
by this equation. This is because there is more surface area amid the inhibitor molecues and the surface under test. In the analytical
assessment of corrosion inhibition, the dipole moment serves as a significant signal, The electron-donating properties of the electron-
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Table 5
MPTHP inhibitory efficiency was compared quantitatively to that of other azo dyes recently examined.
Inhibitor Method Corrosive Medium Inhibitor, Conc IE% Ref
2,6-di-tert-butyl-4-(4-iodophenylazo)phenol. PP 1 MHCI 1x107*M 71.65 [49]
EIS 89.40

I‘ONZNi >

(E)-2-((2,5-dichlorophenyl)diazenyl)naphthalen-1-ol PP 0.5 M HCl 0.075 g 72.20 [50]

cl
L j@\
N,
Sy <l

Mordant Green 17 PP 1.0 M HC1 1x107°%M 69.64 [51]

NaO,S,

OH
N
4 C
N SO0;Na
HO
ON HN

Mordant Orange 37 PP 1.0 M HCI 1x107°M 60.25 [51]

Woodstain Scarlet PP 1.0 M HCl 1x1073M 76.15 [51]

SOiNa

L) PP 1.0 M HCI 25 mg/L 78.82 [52]
. EIS 77.54
HyC, CcN
He”
CHs HO' 'CHs
-(4-phenoxyphenylazo)-1-naphthol (AZN-2) PP 3.5 % sodium chloride solution 1x107*M 89.7 [53]
Ho. EIS 90.1
,/“\Q\ /@
o
4-(4-pyridylazo)-1-naphthol (AZN-3) PP 3.5 % sodium chloride solution 1x107*M 85.2 [53]
HO. EIS 88.3
O N%N Z |
\ N
4-(2- pyridylazo)-1-naphthol (AZN-4) PP 3.5 % sodium chloride solution 1x10*M 79.3 [53]
HO. EIS 87.9
' N X
(1
PP 0.5M sulfuric acid 2x1072M 73.1 [54]

OH  OH
i i N=NOOH
NaO;s' I l SO,Na

Azo dye
PP 1.0 M HCl 1x1073M 89 [55]

OH
inw@ IS %

(¢} (e}

oH PP 1.0 M HCI 1x1073M 83 [55]
@51N=N4®75r EIS 89

(e} [e]

(continued on next page)
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Table 5 (continued)

Inhibitor Method Corrosive Medium Inhibitor, Conc 1E% Ref
OH PP 1.0 M HCI 1x10°M 86 [55]
EIS 89
N=—N c
O o]
Inhibitor MPTHP
Optimized
Structure
HOMO
LUMO

Fig. 6. The HOMO and LUMO molecular structures of the MPTHP derivative that were optimized using the DMol®> module.

rich groups appear to be the source of the charge redistributions between the inhibitor molecules and iron atoms of steel [62-64]. The
increased dipole moment, which simultaneously raises the deformation energy, leads to better compound adsorption on the tested
metal. Therefore, an improvement in corrosion prevention consequences from a growth in dipole moment values [65,66].

Additionally, a correlation exists between a molecule’s molecular surface area and an inhibitor molecule’s propensity for main-
taining the steel exterior in corrosive mediums. Because the interaction range among the inhibitor particles and the tested surface
widens, the efficiency of the inhibition improves as the surface area grows.

Additionally, molecular electrostatic potential mapping (MEP) might investigate the MPTHP molecule’s more active locations and
could be quantified by via the Dmol® module. A 3D visual descriptor called MEP mapping is suggested for classifying the overall
electrostatic effect according to a constituent of the general charge release [63]. In the MEP maps displayed in Fig. 7, the greatest
electron density zone is indicated by the red colours, and the MEP is consistently negative (because of a nucleophilic reaction). On the
other hand, the blue colours indicate the uppermost positive zone (electrophilic reaction) [66]. The p-tolyldiazenyl and phenyl
moieties of the investigated component often have wider negative zones than the 1H-pyrrol-2-ol moiety, which has a lower electron
density, consistent with an ocular study of Fig. 7. Instead, MEP in MPTHP inhibitor showed the most positive sites over hydrogen
atoms. The investigated inhibitor’s red areas, which have a high electron density, may be the best places for interactions with steel to
provide a protective barrier that is certainly adsorbed.
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Molecular Electrostatic Potential (MEP)

MPTHP

+Ve

Fig. 7. Using DMol® module, graphical presentation of the MEP of MPTHP compound.
3.4. MC simulations

The objective of the Monte Carlo (MC) simulations was twofold: first, to identify the relations among the inhibitor particles and the
tested steel exterior and second, to provide a visual representation of the adsorption process. Fig. 8 illustrates the most optimal
configurations for the adsorption of MPTHP particles on steel exterior, as determined by the adsorption locator module. These con-
figurations appear to be well-established and exhibit a relatively smooth character, suggesting an efficient adsorption process and
maximum exposure of the inhibitor particles to the surface. This visual representation helps in understanding the adsorption mech-
anism and the favorable orientations of MPTHP on the examined metal [67]. Furthermore, Table 6 presents the outcomes of adsorption
energy calculations derived from Monte Carlo (MC) simulations. As per the table, MPTHP exhibits a remarkably low adsorption energy
value of —4327.86 kcal mol-1, indicative of its robust affinity for the test surface. These results, which correspond to a strongly
adsorbed coating, are consistent with the experimental observations and support the notion that MPTHP effectively prevents corrosion
and safeguards the steel surface [68]. Furthermore, Table 7 demonstrations that the MPTHP adsorption energies values for the

Final Equilibrium Configurations

MPTHP

Fig. 8. The adsorption locator module’s determination of the optimal configuration for MPTHP adsorption on Fe (1 1 0) substrate.
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Table 6
The considered quantum chemical variables for the MPTHP
derivatives.
Inhibitor MPTHP
Enomo, eV —4.33
Erumo, eV —2.60
AE, eV 1.73
I 4.33
A 2.60
X 3.47
n 0.86
c 1.16
AN 2.05
AEpack-donations €V —0.22
Dipole moment value, debye 2.68
Molecular surface area, A 336.88

Table 7

Data and descriptors calculated by the Mont Carlo simulation for adsorption of tested MPTHP on Fe (1 1 0).
Structure Adsorption energy Rigid adsorption energy Deformation energy MPTHP: dE,qs/dN; Chloride: dE,qs/dNi Water: dE,qs/dN;
Fe(110) —4327.86 —3357.89 —969.97 —292.84 —98.85 —18.13

unrelaxed pre-geometry optimization stage (—3357.89 kcalmol™) and relaxed post-geometry optimization step (—969.97 kcalmol ™,
respectively) indicate a better level of MPTHP proficiency.

The energy configuration of the metal-adsorbate system becomes evident through the dE,qs/dN; values, particularly when an
adsorbed inhibitor or water molecule is no longer present [69]. Table 6 displays the dE,qs/dN; values for MPTHP, revealing a
remarkable adsorption energy of (—292.84 kcal mol™). In contrast, the dE,qs/dN;j values for water are much lower at nearly (—18.13
keal mol™'). This significant disparity between MPTHP and water values indicates a stronger affinity of inhibitor molecules for
adsorption compared to water molecules. This preference for inhibitor molecules suggests that they effectively displace water particles
on the surface. Consequently, MPTHP derivatives unequivocally adhere to the steel surface, establishing a persistent protecting
coating that poses a corrosion challenge for the steel specimen in corrosive solutions. This conclusion is corroborated by a combination
of investigative and theoretical analyses.

3.5. Inhibition mechanism of MPTHP compound

Overall, the data from the various electrochemical techniques that were retrieved confirm that MPTHP compound did indeed
prevent corrosion on N80 carbon steel exterior in 10 % HCI acidic solutions. The analyzed chemicals’ adsorption on the investigated
metal, which condensed the revealed surface area with the corrosive solutions, may be in authority for the proficiency of MPTHP
inhibitors.

These explanations increase the adsorption of the tested MPTHP inhibitor since the designated MPTHP inhibitor has more than
active sites for n-electron as aromatic benzene moieties and the incidence of certain heteroatoms as nitrogen. The 10 % HCI solution
medium contains a protonated version of the MPTHP inhibitor [70]. The adsorption process may start with -Cl” anions being initially
adsorbed on protonated steel surfaces to generate a negatively charged barrier because it is well recognized that N80 steel surfaces are
(+ve) charged in hydrochloric acid solutions [71].

The concentration of anions on the outside of N80 would then regulate the adsorption of the protonated MPTHP component.

To process a coordinate bond with the unoccupied d-orbitals of N80 carbon steel (i.e., Fe) and create a protective chemisorbed wall,
MPTHP compound can be adsorbed in a manner similar to Lewis’ acid by forming donor-acceptor associations amid the free electron
pairs of (N) heteroatoms and the = -electron of each double bond [72-74]. As shown in Fig. 9, the MPTHP compound of N80 carbon
steel’s chemisorption adsorption in acidified 10 % HCI solution was authorized using AG°,q4s values that were computed and were
greater than —40 kJ mol~!. Last but not least, the existence of extra phenyl moiety active sites that are exposed to electrophilic attack
with minimal HOMO energy, low AE, and modest hardness is what accounts for the efficiency of MPTHP’s inhibition [75].

According to DFT calculations, the tested inhibitor’s nitrogen-containing hydrophilic groups serve as the primary sites for elec-
trophilic attack. To increase their adsorption capacity, additional reactive sites and activities are provided by the inclusion of benzene
rings and a C=C double bond. The inhibitor molecules’ adsorption conformation on the steel surface indicates that the inhibitor’s N-
atoms and iron atoms are bonded. The MPTHP inhibitor was shown to adsorb on the steel surface in a parallel configuration by the
molecular dynamics’ simulation study, and the associated adsorption energies showed a good correlation with the inhibition effi-
ciencies that were obtained experimentally [76].

12
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Chemisorption

Fig. 9. Diagram of the mechanism of MPTHP adsorption on N80 steel surface.

4. Conclusions

The tested inhibitor, 4-methyl-1-phenyl-3-(p-tolyldiazenyl)-2,3-dihydro-1H-pyrrol-2-ol (MPTHP) is a reliable molecule for pro-
tecting N80 steel against corrosion in a 10 % HCI environment, functioning as a mixed-type inhibitor. Its effectiveness increases with
higher concentrations, as shown by comprehensive electrochemical data as PP technique (90.6 %). Before introducing the MPTHP
inhibitor, double-layer capacitances significantly decrease compared to a control 10 % HCI solution and inhibition efficiency reach to
(91 %), likely due to the adsorption mechanism of MPTHP on the N80 steel surface, explained using the Langmuir adsorption isotherm.
The negative sign of AGags indicates the spontaneity of the adsorption process. The consistency of inhibition efficiency values from
various electrochemical techniques (PP and EIS) accepts with DFT calculations and MC simulations, correctness and integrity of the
results and computational data.
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