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Abstract

The current work assessed the corrosion inhibitory efficacy of three ligands, namely
methyl 2-((2-hydroxynaphthalen-1-yl)diazenyl)benzoate(MDN), 1-((3,4-dimethyl-
phenyl)diazenyl)naphthalen-2-ol (DDN), and 3-((2-hydroxynaphthalen-1-yl)diaze-
nyl)benzonitrile (HDN). Electrochemical and quantum methodologies, along with
UV-Vis, SEM, and EDX, were employed. The anticorrosion process was com-
prehensively investigated. Potentiodynamic polarization validated the mixed type
nature of inhibitors by demonstrating a drop in the cathodic hydrogen evolution
reaction and the anodic metal dissolution, resulting to a significant decrease in cor-
rosion current densities. Enhanced rates of effectiveness are achieved with higher
inhibitor doses. Electrochemical impedance spectroscopy investigations confirmed
the formation of a protective layer at the metal/solution interface, demonstrating that
charge transfer was the primary cause of mild steel corrosion. The inhibitory poten-
cies of the studied inhibitors at 107> M were 94.65, 94.56, and 93.63% for MDN,
DDN, and HDN, respectively. The presence of several attributes in the molecular
skeleton, such as nitrogen heteroatoms, aromatic rings, and the ester substituent
group (CO,CHj,), enhanced the availability of non-bonded and n-electrons and cre-
ated stable covalent bonds by donating electrons to the iron surface. The inhibitory
efficiency was better than 89% across all temperature ranges, suggesting the poten-
tial benefits of inhibitors at elevated temperatures. Adsorption trials revealed high
effectiveness in corrosion control on mild steel, with Langmuir-based physisorption
and chemisorption. The impact of electronegative O and N atoms, along with aro-
matic rings, in forming protective coatings was demonstrated by quantum chemistry
computations which linked molecular structure and charge density patterns to the
inhibition potency of MDN, DDN, and HDN, highlighting MDN’s strong adsorption
capacity.
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Introduction

In the industry, corrosion is a fatal problem which is due to the fact that corrosion
problems account for a significant amount of the industry’s annual budget, fatali-
ties, and other detrimental social effects [1]. For instance, the oil and gas industry
have numerous corrosion challenges which has increased dramatically in recent
years. Rust is an inherent hazard in this refining sector, because of the impurities
in crude oil that include a high sulfur content, hydrogen sulfide H,S and CO, can
harm dramatically pipelines and machine components causing pipe obstructions or
mechanical damage to pumps and valves. Furthermore, corrosion caused by hydro-
chloric acid HCI and H,0 poses significant issues to equipment in atmospheric dis-
tillation operation. Corrosion is also a costly issue for many other industries that
use metal, including manufacturing, chemical plants, aerospace, automotive, marine
industry, etc. [2]. In this aspect, implementing effective corrosion control techniques
can reduce the probability of these disasters. Copper corrosion inhibition is a topic
of a great relevance due to its extensive application in numerous industrial process
[3-5]. Due to its inexpensive cost and exceptional mechanical qualities, carbon
steel is frequently used in industrial process [6]. However, in the presence of the
acid corrosive medium, MS’s resistance is significantly decreased. As these acidic
ions are so corrosive, incorporating organic inhibitors into the cleaning solution are
essential for reducing the rate of the steel corrosion [7]. Hydrochloric acid is the
most common medium used in the industry; numerous studies have been performed
included its application to steel [8]. Corrosion inhibitors were the most important
anti-corrosion approach due to their ease of use and low cost. Thus, it is becoming
crucial to generate organic molecules and research their potential as corrosion inhib-
itors. The application efficiently prevents mild steel from corroding in acidic solu-
tions [9]. It significantly increases supply stability and has significant economic and
social implications. Many chemical and inorganic corrosion inhibitors have been
assessed [10]; nevertheless, the vast majority of these compounds are hazardous.
Consequently, the use of inorganic corrosive agent became eventually curtailed [11].
Organic molecules with high electron density including heteroatoms such as (nitro-
gen, oxygen and sulfur), and aromatic rings double or triple bonds in their struc-
tures are more efficient [12], in fact the non-bonded electrons of the electronegative
atoms and/or the & electrons of the cyclic ring interact with the d-orbital electrons
of the iron atoms on the steel surface [13]. According to the literature, Inhibitors
perform through adsorption via electron exchange to block the active sites on the
metal surface and develop a layer covering the metal surface [14]. Moreover, organic
molecule that are substituted by donor groups are better adsorbed on the considered
surface resulting to the optimal preservation of the steel [15]. Recently, diazenyl
naphthalen-based compounds have become a significant topic of chemical science
research and development. Many studies have been conducted to investigate their
performance as corrosion inhibitors. Amoko et al. [16] reported that steel subjected
to hydrochloric acid environment demonstrated promising inhibition properties
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using (E)-2-((2,5-dichlorophenyl) diazenyl) naphthalen-1-ol (DPD), in fact the pres-
ence of nitrogen atoms of the azo group, the oxygen atom of the substitute hydroxyl
group, and the conjugated system were the primary active sites of DPD molecules
that improved its adhesion on the steel surface. Akinyele et al. [17] confirmed that
(E)-3-(2-(4-chloro-2-nitrophenyl)diazenyl)- I -nitrosonaphthalen-2-ol (CNN) exhib-
ited a good inhibitory effect against 0.5 M HCI solution when applied, especially
at large dosages. Akroujai et al. [18] conducted several tests to examine the anti-
corrosion properties of (E)-1-((4-fluorophenyl) diazenyl) naphthalen-20l (E4FN), a
maximum inhibitory efficiency of 94.8% was observed after inclusion of 10~ M of
(E4FN) to the solution. Obaid et al. [19] have discussed the possibility of mitigat-
ing corrosion in carbon steel. The results evinced excellent anticorrosion properties
were displayed by the naphthalene compound. Fouda et al. [20] compared the inhib-
itory potency of [(5-mercapto-1H-1,2,4-triazole-3-yl)diazenyl] naphthalene-2-ol
(HL) and its Mn complex, according to their findings, at 18 x 10~ M the inhibition
efficiency surpassed 90 and 85% for Mn complex and HL, respectively, concluding
that the Mn complex is the most potent at avoiding steel corrosion.

The present research was carried out on mild steel specimen in the aim to inves-
tigate the inhibitory performance of three corrosion inhibitors, namely methyl
2-((2-hydroxynaphthalen-1-yl)diazinyl)benzoate (MDN), 1-((3,4-dimethylphenyl)
diazinyl) naphthalen-2-ol (DDN), 3-((2-hydroxynaphthalen-1-yl)diazinyl)benzo-
nitrile (HDN), By assessing the adsorption effect of ester, cyanide, and dimethyl
groups on iron, comparing the anticorrosive properties of various organic ligands,
and investigating the ligands’ effectiveness as inhibitors for steel preservation.
The peculiarity of this study is that it gives the current level of information on the
excellent efficacy of naphthalene diazinyl compounds in inhibiting mild steel cor-
rosion. The usage of these ligands has been decided according to a number of fac-
tors, including their high potential for corrosion inhibition, ease of synthesis from
generally accessible raw materials, safety, and cost-effectiveness. The potency of
these ligands was evaluated using both transient electrochemical techniques, such
as electrochemical impedance spectroscopy (EIS), and stationary electrochemical
techniques, such as potentiodynamic polarization (PDP). Theoretical framework and
analytic surface approaches were used in supporting this finding.

Outlines of the investigation
Computational studies

Quantum chemical methods, and more specifically DFT, are increasingly used to
describe molecular properties, comprehend the mechanism of action and forecast
the effectiveness of inhibitors [21]. All quantum chemistry calculations and visuali-
zation of results were performed utilizing the software’s Biovia Materials studio’s
Dmol3 module. Global optimizations are distinguished by the computation of vibra-
tion frequencies employing the DFT method are used to produce the researched
compounds’ geometric structure (using Dmol3, which included the SCAN/ DNP /
COSMO (water) model) [22]. We conducted MC and MD simulations with the aid
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of Materials Studio 8.0 software [23]. We apply the Fe (110) surface to simulate the
adsorption mechanisms of the examined compounds on the Fe surface in this study.
The simulation box used to carry out the molecular dynamics simulations has the
dimensions (24.823752x24.823752 % 53.24658 A). The iron slice and the number
of water molecules comprising the studied compound associated with the simula-
tion box. Before starting the simulation, the surface of Fe (110) and the molecu-
lar geometry of the compounds studied were optimized by minimizing the energies.
Also, using the COMPASS III (Version 1.0) force field, MD simulations were run
at 298 K with the NVT set, a time step of 1 fs, and simulation duration of 700 ps.
This model comprised a Fe layer, 5 hydroniums, 5 chlorides, 730 H,O molecules, 1
inhibitor molecule, and 40 vacuum layers in the simulation box.

Carbon steel and the aggressive medium

The chemical composition in % of the MS elements are distributed as follows: 99.6
iron, 0.16 carbon, 0.09 phosphorus, 0.05 sulfur, 0.02 manganese, chrome 0.05 and
0.03 aluminum, the coupon specimens were grinded using emery papers of different
grit sizes going from 200 grade till 2000 grade then washed with distilled water after
being degreased in acetone and finally left to dry in the air few minutes prior to use
right after in the weight loss tests [24]. The corrosive medium was prepared by add-
ing the commercially HC1 with purity of 37% to the appropriate volume of distilled
water. The three-diazenyl naphthalen analogues are presented in Fig. 1.

Electrochemical measurements

A potentiostat PGZ 402 programmed with Volta-Master 4 programming was used
to conduct electrochemical experiments in a typical cylindrical Pyrex glass cell with
three electrodes. Using saturated calomel electrodes (SCE) as reference electrodes
and a platinum wire as a counter electrode, respectively. The steel samples were
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Fig.1 MDN, DDN and HDN molecules
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utilized as working electrode. The C-steel electrode was submerged in the corrosive
electrolyte before measurements began. Following an immersion time of 1800s, the
experiments were carried out in aerated solutions to allow the OCP values to stabi-
lize. With a 10 mV perturbation, the frequency was shifted between 100,000 (high
frequency) and 0.01 Hz (low frequency). Zview 2 was used to fit the EIS findings.
The following expression provides the inhibitory potency (IEg;g) generated from

EIS.
R, - R)
I, = (%) x 100 (1)
"

where the terms R,” and R refer, respectively, to the polarization resistances in
the blank and inhibited electrolytes. Tafel plots are scanned at a speed of 0.5 mV/s
from — 800 to—200 mV. EC-Lab V11.26 software was used to fit the polarization
findings. The following equation provides the inhibitory capacity (IEppp) derived
from polarization testing.

.0 s
(lcorr ICUV”)

corr

IE ,p = x 100 @)

The corrosion current densities in the blank and inhibited electrolytes, respec-
tively, are denoted by the letters i, and i’ respectively.

corr corr?

Surface investigation

The above-described process was followed to prepare the steel specimens, which
were then submerged for 24 h in 1 M HCI with and without the chosen inhibitor at
the optimal dose. The samples were then subjected to SEM analysis coupled with
X-ray EDS micrographs in order to examine the coupon surface photographs, assess
the surface topography, and provide detailed information about its constituents, also
employing a Jasco V-730 spectrophotometer; UV—-visible wavelengths have been
used to reveal more information on complex development (inhibitor-Fe).

Results and discussion
Theoretical analysis
DFT results

The optimized structures of the investigated molecules, HDN, DDN and MDN com-
pounds are examined. These molecules exhibit potential as effective inhibitors for
safeguarding metal surfaces against corrosion, given their abundance of oxygen and
nitrogen atoms, including carbonyl, hydroxyl oxygen’s, and diazine, attributed to the
n-electrons within the aromatic rings. Figure 2 illustrates the optimized structures,
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HDN DDN MDN
(a) Optimized structure

LUMO

Energy (eV)

Fig.2 Optimized structures, HOMO, LUMO and ESP pictures of HDN, DDN and MDN compounds

HOMO and LUMO surfaces, energy gap diagrams, and ESP maps of the investi-
gated inhibitors. The HOMOs and LUMOs are spread throughout the majority of
the skeleton of HDN, DDN, and MDN compounds, according to an examination of
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Fig. 2, which illustrates the distribution of total density mapped with the electro-
static potential, further validates the findings (MEP). The progressive decrease in
electron density is depicted by the gradient of colors, transitioning from red to blue.
Eyomo signifies a molecule’s inclination to donate electrons to an acceptor species,
while E| ;1o characterizes an inhibitor’s predisposition to accept electrons from a
donor molecule [25]. Prior research indicates that higher Eyyqyo values enhance the
adsorption ease of molecules on a metal surface, and lower E| ;o values correlate
with better inhibition potential. Conversely, the energy gap, representing the differ-
ence between E| 0 and Eyoyo, relates to the energy barrier that must be overcome
for inhibition [26]. Furthermore, AE, associated with the molecule’s reactivity, is
inversely proportional; more reactive molecules exhibit lower AE (fundamental gap)
values, and vice versa [27].

Reviewing Table 1 reveals an Ejyq), trend for HDN, DDN, and MDN inhibi-
tors: DDN (—5.371 eV)>MDN (-5.567 e¢V)>HDN (—5.575 eV). This sug-
gests that the DDN molecule has a slightly greater inclination to donate elec-
trons to the vacant d-orbitals of Fe compared to the HDN and MDN molecules.
Conversely, the Ej\o ranking for the investigated inhibitors is as follows:
MDN (—3.681 eV) <HDN (—3.610 eV) < DDN (—3.343 eV). This implies that
the MDN molecule, characterized by a lower E| ;o value, possesses a greater
capacity to accept electrons from the Fe surface, indicating potential back-dona-
tion interactions. The MDN (1.886 eV) exhibits a marginally smaller AE value
than HDN (1.965 eV) and DDN (2.028 eV), suggesting a slightly stronger influ-
ence of the [Fe—MDN] complex in comparison with [Fe—HDN] and [Fe—
DDN]. 5 and ¢ are two crucial characteristics that assess a molecule’s stability
and reactivity. Table 1 also displays the computed values of # and o. The litera-
ture reveals that a soft molecule has a small AE,,, [11], on the one hand, and
on the other, the high corrosion-inhibiting efficiency of a molecule is linked to
a low value of # and a high value of ¢ [28]. According to the # and ¢ parameters
of the inhibitors examined (Table 1), it is quite clear that the MDN inhibitor
has the lowest 5 value (0.943 eV) and the highest ¢ value (1.060 eV), this result
explains its high efficiency compared to HDN and MDN. These observations are

Table 1 The computed quantum

. | Theoretical parameters HDN DDN MDN

chemical descriptors for HDN,

DDN and MDN compounds Eqomo (€V) 5575 5371 5567
E; umo (€V) -3.610 —3.343 —3.681
AE (Egomo—ErLumo) (€V) 1.965 2.028 1.886
1(eV) 5.575 5.371 5.567
A (eV) 3.610 3.343 3.681
x (V) 4.592 4.357 4.624
n (eV) 0.982 0.970 0.943
oV 1.018 1.031 1.060
AN 0.116 0.238 0.104
AEpack-donation —0.245 -0.242 —0.235
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consistent with experimental results. The outcome of AE, .\ gonation SUEEEStS that
when 1> 0 or AE, 4 qonation» Pack-donation from the phytochemical to the metal
surface is energetically favored. The results presented in Table 1 indicate that
AE, ek donation 18 true; consequently, the anticipated inhibition efficiency follows
the sequence MDN > DDN > HDN.

Utilizing MAC allows for a precise and dependable assessment of the inhibiting
sites (atoms) engaged in the metal absorption process. The analysis of these data can
facilitate the generation of the metal absorption prediction. Numerous hypotheses
have been put forward to elucidate the increased likelihood of interaction between a
particular atom on the surface of Fe (110) and various inhibitory compounds. These
hypotheses aim to provide insights into this observed phenomenon [29]. According
to Fig. 3, the most negative charges of the both molecules, and are located on atoms
N, C and O. According to this finding, these atoms are most likely the active adsorp-
tion centers.

MC and MD simulations

Commencing the computation of the adsorption energy for the system with the
Fe(110) surface significantly streamlines the calculation process. Building upon
the previous step, it is now possible to ascertain the adsorption energies of the sys-
tem [30]. For the computation of the adsorption energy (E,,,) of a molecule on the
Fe(110) surface, the following equation is employed:

Eeas = Erei10)) jinnivitor — (EFe(IIO) + Einhibitor) 3)

Following the successful completion of Monte Carlo (MC) computations, as
depicted in Fig. 4, thorough investigations were undertaken on the adsorption geom-
etry of the inhibitor to validate the accuracy of the results [31]. Evaluating the equi-
librium in the Monte Carlo (MC) simulation involves comparing the energy values
at the steady state with those at the simulation’s initiation, thereby discerning the
difference between the two sets of values. This comparison is made by contrasting
the energy values at the steady state with those at the beginning of the simulation.
At this juncture, the simulation had advanced to a stage where the system functioned
with the minimal energy required to sustain its movement[32].

At this point, the system had not only completed the simulation but had also
entered a state where it maintained forward motion with the minimal neces-
sary energy. The active state of the adsorbent inhibitors is illustrated in Fig. 4,
highlighting the specific configuration that defines their condition. Within the
Molecular Dynamics (MD) technique, the inhibitor aligns itself on the surface
of Fe (110) in a manner closely parallel to its optimal positioning, emphasizing
contact with its oxygen and nitrogen atoms. This configuration ensures the most
robust connection with these atoms [33]. Consequently, an optimal level of inter-
action is established between the inhibitor and these atoms. Figure 4 illustrates
an adsorption pattern conceptualized by our group, attributing it to the inclina-
tion of the inhibitor molecule’s backbone to attach to the surface atoms of the
Fe (110) plane. The figure visually represents this pattern. The credibility of this

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



An appropriate approach and computational studies for... 2541

Fig. 3 Mulliken atomic charge distribution for HDN, DDN and MDN compounds

hypothesis is reinforced by accumulated information, given that these specific
molecules exhibit a tendency to bring their heteroatoms (O and N) and electron
rings closer to the surface, facilitating adsorption. The distinctive properties of
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MC simulation | MD simulation |

MDN

Fig.4 MC and MD simulations results: setups and adsorption positions of HDN, DDN and MDN com-
pounds on the Fe(110) surface

these molecules stem from their ability to transport heteroatoms and electron
rings in proximity to the surface, enabling them to absorb other molecules [34].
The adsorption energies observed for the inhibitors on metal surfaces are nota-
bly high, as illustrated in Fig. 5. These elevated adsorption energies indicate a
significant adsorptive interaction between the inhibitor molecules and the metal
surface. The interactions, particularly those involving the HDN, DDN, and MDN
compounds, present a novel approach for establishing a protective layer on the
metal surface. This protective layer serves as a shield, effectively safeguarding the
metal from corrosion. According to these results, the order of inhibitory potency
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Fig.5 Distribution of the E_ 4 of the HDN, DDN and MDN inhibitors onto the Fe surface obtained by
viaMC

of HDN, DDN and MDN compounds is as follows: MDN (E,;,= —210.45 kcal/
mol)>DDN (E,;,= — 118.25 kcal/mol) > HDN (£, 4, = — 103.45 kcal/mol).

The RDF derived from the MD trajectory in corrosion simulations is presented
in a format designed for easy comprehension. This presentation seeks to enhance
understanding of the physisorption and chemisorption processes occurring during
the adsorption of corrosion inhibitors on the Fe(110) surface [35]. The MD trajec-
tory examines the radial distribution function of heteroatoms in HDN, DDN, and
MDN compounds on Fe(110). Peaks observed in the RDF graphs at various dis-
tances from the metal surface indicate the nature of adsorption activity occurring on
the metal surface. The chemisorption technique is utilized when the peak height falls
within the range of 1 to 3.5 A, while the physical adsorption method is employed
when the peak is observed at a distance beyond 3.5 A. The projection of RDF peaks
is consequently anticipated at distances exceeding 3.5 A, as illustrated in Fig. 6. The
peak RDF values for oxygen (O) and nitrogen (N) atoms occur when the distance is
within 3.5 A for HDN, DDN and MDN compounds. This suggests close proximity
between the inhibitors and the Fe(110) surface.

Potentiodynamic polarization (PDP)

The Tafel polarization approach was utilized to further comprehend the kinetics of
cathodic and anodic region in 1.0 M HCI. Figure 7 displays the polarization plots of
C-steel in 1.0 M HCI solution containing and without the introduction of different
doses of MDN, HDN, and DDN inhibitors.
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Fig.6 RDF O and N atoms of the HDN, DDN and MDN inhibitors in the simulated corrosion media

onto Fe surface obtained via MD

It is clear from the (PDP) curve analysis that MS inhibition in 1 M HCI becomes
more pronounced as the concentration of inhibitors increases. Additionally, it is evi-
dent that the presence of the ligands slows down the cathodic hydrogen evolution and
anodic metal dissolution reactions. The current densities are consequently notice-
ably lower, demonstrating that the corrosion reaction has been suppressed follow-

ing the addition of the investigated inhibitor [35]. Table 2 shows that the i

corr Value

reduces noticeably as the concentrations of MDN, HDN, and DDN are increased.

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



An appropriate approach and computational studies for... 2545

MDN DDN

Logi (A cm?)
Logi (A cm?)

. 3
e 10°M 10°M

o 104M e 10tm
- 105M 10°M
10°M 10°M
@ HCl1M #—HCI1M
4 N N L 4 L L L
-800 -600 -400 -200 0 -800 -600 -400 -200 [}
E(V) E (V)
HDN
2
&
£
S
<o
)
o
-
-2
. . |+ HCI1M
-800 -600 -400 -200 0

E (V)

Fig.7 Polarization plots of C-steel in 1.0 M HCl solution

Table 2 Tafel parameters derived from PDP curves

Comp Conc. M) —E_, (mv/SCE) I, (uA/cm?)  —Pc (mv.dec™)  Pa (mv.dec™!) IEppp (%)
Blank 1 456.3 1104.3 112.8 155.4 -
MDN 1073 489.0 59.0 105.8 117.1 94.6
1074 484.5 72.6 96.2 124.7 93.4
107° 468.2 181.0 1121 102.9 83.6
1076 4549 320.9 111.1 85.4 70.9
DDN 107 439.2 59.8 85.5 71.0 94.5
1074 415.0 87.3 123.0 50.8 92.0
1073 4315 181.1 107.0 60.6 83.5
107° 441.0 246.2 91.3 64.6 71.7
HDN 1073 4149 70.3 139.4 50.9 93.6
107 4219 104.4 136.0 59.5 90.5
1073 4295 237.2 105.0 74.0 78.5
1076 436.3 366.3 110.1 82.6 66.8

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



2546 S. Lamghafri et al.

The i, is elevated for 1.0 M HCI solution (1104.3 pA /cm?), but it is lower for
MDN (59.008 A /cm?), DDN (59.884 pA /cm?), and HDN (70.327 pA /cm?) at the
amount 107> M of inhibitors. Additionally, the fluctuation of the corrosion potential
is strictly inferior to 85 mV for all inhibitors, confirming the mixed type nature of
the examined inhibitors [36]. The presence of inhibitors has also resulted in a minor
alteration of the cathodic and anodic Tafel slopes. The slopes of the anodic Tafel
lines show that the inhibitors under study was initially adsorbed into the iron inter-
face and hindered the reactivity sites without modifying the anodic reaction mech-
anism [37]. Additionally, the inclusion of organic molecules slightly modifies the
ligands’ fc values, showing that the reaction involving hydrogen evolution is slowed
down [38], this outcome can be explained by the covering of active sites brought on
by the adhesion of the inhibitor molecules [39]. In addition, it is evident that dia-
zenyl naphthalen analogues increase the inhibitory effectiveness, reflecting the fact
that the metallic surface coating expands as concentration rises [40]. The inhibitory
potency of the investigated inhibitors at 107> M was 94.65, 94.56, and 93.63% for
MDN, DDN, and HDN, respectively. The MDN inhibitor value was found to be the
highest, the presence of several attributes in the molecular skeleton, namely nitrogen
heteroatoms, aromatic rings, and the ester substituent group (CO,CHj;), enhance the
availability of non-bonded and m-electrons and can create stable covalent bonds by
donating electrons to the iron surface [41], improving the organic molecule’s abil-
ity to adhere to the metallic surface. As a result, MDN molecule exhibit the highest
potent inhibitor efficacy of steel corrosion [42].

Electrochemical impedance studies

The metal/solution interface processes were described using the electrochemical
impedance (EIS) technique, which highlights the fundamental and complicated
mechanisms. This approach is specifically designed to identify the inhibitory com-
pounds’ mode of action, allowing evaluation of the produced film’s dielectric prop-
erties [43]. Mild steel experiments (EIS) in molar hydrochloric acid were assessed
in the existence and without various inhibitor doses varying from 107> to 107 M,
Bode and Nyquist plots are displayed in Figs. 8, 9, respectively.

Visual analysis of Nyquist curves showed a single capacitive loop with identi-
cal shape. This indicated that the charge transfer is mainly responsible for the
carbon steel’s resistance to dissolve in 1 M HCI solution [44]. Additionally, as the
concentration of the organic chemicals increased, the semi-circle’s diameter grew.
According to this, the inclusion of inhibitor molecules did not result in any signif-
icant changes to the corrosion mechanism [45]. According to the Bod and phase
plots, it is evident that when ligands concentration rise, the values of the phase
angle also rise and are higher in the presence of the chosen inhibitors than the
blank results. These findings show the protective effect of MDN, DDN and HDN
in the oxidation process of mild steel [46]. the phase angles are also less than 90°,
emphasizing even more the non-ideal performance of these systems (CPE) result-
ing of the interfacial impedance’s frequency dispersion caused by the MS sur-
face’s heterogeneity and roughness [47]. A single phase angle maximum indicates
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Fig. 8 Nyquist plots of C-steel in 1.0 M HCI solution

that there is only one time constant, and as a result, only one relaxation process
has occurred during the charge transfer process [48]. Using the suitable circuit
shown in Fig. 10, the experimental impedance and Bode curves were adjusted
for the three components. The electrolytic resistance (Rs), the polarization resist-
ance (R), and the constant phase element (CPE/ny;) derived from the non-ideal
capacitive conduct of the electronic double layer are the three fundamental com-
ponents of this electrical circuit [49]. Table 3 includes the retrieved and com-
puted parameter values. The information presented in the table shows that, when
MDN, DDN, and HDN are added, the value of Rp raised in comparison with the
blank solution, this rise in R, value is ascribed to the development of a protective
coating at the metal/solution interface [50], also a lowering in C,, values may be
brought on by a drop in the local dielectric constant or a thickening of the electri-
cal double layer [51], indicating that inhibitory molecules are adsorbing at the
metal/solution interface favoring the generation of adsorptive films on metallic
interfaces enhancing the effectiveness of inhibition [52]. The percentage of the
C-steel that was inhibited in the presence of substantial amounts of MDN, DDN
and HDN was 94.7, 94.3, and 93%, respectively. The higher sorption of MDN
may be attributed to the molecule’s high reactivity at the metal/solution interfaces
of the group, including functional ester (CO,CHj3) [53].
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Fig. 9 Bode and phase plots of C-steel in 1.0 M HCI solution

Fig. 10 Suitable electrical
circuit describing the evaluated
system

Temperature effect and activation parameters

Temperature may affect the procedure of interaction between C-steel and inhibitors
in an acidic medium [54]. In order to determine the effect of temperature impact
on the corrosion rate and metal deterioration PDP measurements were carried out
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Table 3 Electrochemical parameters derived from EIS curves

Comp Conc. R (Qcm®) R,(Qcm?)  Cy@F Q (uFem- ny, [Egs 421077
™) em™) 8" (%)
HCl 1 0.85+0.01 21.59+0.01 1203 309.38+0.01 0.841+0.006 — 22

MDN 107 2.12+0.05 407.11+0.31 46.6 75.01+0.01 0.880+0.001 94.7 8.9
107 1.72+0.05 322.99+0.03 744 129.85+0.01 0.850+0.001 93.3 1.03
107 329+0.04 127.01+0.02 792 21445+0.01 0.783+0.002 83 1.24
107 2.14+0.01 72.72+0.04 875 222.14+0.02 0.815+0.001 70.2 0.04

DDN 107 1.03+£0.03 381.51+0.21 279 76.26+0.03 0.779+0.002 94.3 2.12
10 2.05+0.02 246.69+0.28 519 11435+0.03 0.818+0.005 91.2 7.4
107 1.62+0.01 132.51+0.09 63.6 151.38+0.02 0.818+0.002 83.6 2.99
107 236+0.02 9436+0.01 848 203.95+0.02 0.818+0.003 77.1 2.81

HDN 107 241+0.01 322.80+0.06 37.7 81.56+0.02 0.824+0.004 93.3 291
10 331+£0.02 209.01+0.04 443 109.77+0.01 0.806+0.027 89.6 1.56
107 299+0.02 101.81+0.03 65.1 164.11+0.06 0.815+0.011 78.7 8.13
107 1.82+0.02  62.19+0.02 81.0 229.69+0.04 0.803+0.063 65.2 242

between 303 and 333 K before and after adding 107> M of the investigated inhibitors
as shown in Fig. 11.

The findings demonstrated that, in the presence of inhibitors, corrosion rate
increased very marginally as temperature intensified. This demonstrates that chemi-
cal adsorption of the ligands entails powerful interactions between the investigated
inhibiting compounds and metal surface, is mainly responsible for controlling the
dissolution of metal [55]. Referring to the Table 4, it is clear that the rise of tem-
perature leads to an increase in the corrosion rate for both the inhibited and uninhib-
ited acidic solution, consequently the inhibitory efficiency decreases, it goes from
94.65 to 91.2% for MDN, 94.5 to 91.1% for DDN and from 93.6-90.3% for HDN
in the studied temperature range. This observation implies that MDN, DDN, and
HDN molecules demonstrate modest separation from the metal surface as the tem-
perature exceeds 333 K, indicating that the temperature has a minor impact on the
carbon steel corrosion in the aggressive solution causing the dissolution of the metal
[56]. It can also be noticed that the inhibitory efficacy values for the MDN inhibi-
tor diminishes gradually as temperature increases. This behavior can be explained
by the lowered desorption of MDN molecules from the surface of mild steel com-
pared to HDN and DDN [48]. On the contrary, Elppp (%) values for the HDN com-
pound decrease with increasing temperature, indicating a significant degree of mild
steel dissolving. These findings suggest that MDN is more robust to temperature rise
than HDN and DDN. This validates earlier findings that the ester (CO,CH;) group
in the MDN structure favorably impacts inhibitory behavior by boosting its inhibi-
tory efficacy. Moreover, the inhibitory power for the three inhibitors (from 303 to
333 K) remains higher than 90% indicating that the examined inhibitors are efficient
for applications involving high temperatures [57]. As a result, it is possible to con-
clude that the adsorption process is predominantly controlled by chemical interac-
tions between the reactive sites of the diazinyl-naphthalen molecules and the metal
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Fig. 11 Tafel temperature plots of C-steel in 1.0 M HCI solution

Table 4 Temperature parameters derived from PDP curves

icore (WAfem?)  — P, (mV/dec) B, (mV/dec) IEppyp (%)

Compounds Temperature (K) —E

‘corr

(mVvs
CSE)
MDN 303 489.0 59.0 105.8 117.1 94.6
313 467.2 96.4 28.1 315 934
323 473.4 195.9 30.1 26.6 91.3
333 4717.5 422.4 68.4 46.6 91.2
DDN 303 439.2 59.8 85.5 71.0 94.5
313 446.7 96.8 108.0 72.1 93.4
323 439.1 162.4 94.1 54.9 92.7
333 442.1 350.1 85.5 47.7 91.1
HDN 303 414.9 70.3 139.4 50.9 93.6
313 449.3 111.8 96.8 81.4 92.4
323 448.2 190.9 72.1 65.7 91.5
333 441.7 380.4 116.2 60.0 90.3
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Fig. 12 Arrhenius lines of C-steel in 1.0 M HCI solution
Table 5 Activation parameters derived from Arrhenius lines
Compounds R? E,* (KJ/mol) AH,* (KJ/mol) AS,* (J/mol.K) E *—AH*
(kJ/mol)
Blank 0.97177 35.42 32.78 -79.23 2.64
MDN 0.97708 55.30 52.66 -38.11 2.64
DDN 0.96966 48.60 45.96 -59.96 2.64
HDN 0.97889 46.82 44.18 -64.39 2.64

substrate [9]. Activation parameters are influenced by temperature, in fact numerous
investigations have demonstrated that the expansion of the metal surface that the
inhibitor molecules are covering following their addition to the acidic solution is
the reason causing diminution of the activation energy (E,*) as shown in Arrhenius
equation [58] (Fig. 12).

#

= In(A) — = “

ln(icorr) RT

where A is the Arrhenius constant and R is the universal perfect gas constant. The
plot of In(i,) versus 10*/T shows straight line of which —(E,*)/R is the slope that
enables us to determine the activation energy.

According to Table 5, the activation energy value of the blank solution is of the
order of 35.42 (KJ/mol) indicating the energy hurdle that inhibitor must overcome in
order to adsorb onto the surface of the substrate [59]. Straight line obtained from the
plot In(i,,,/T) versus 10.3/T allowed us to determine the enthalpy (AHa*) and the
entropy (ASa*)using the Arrhenius transition state relation: [60]

icorr _ R ASZ AHZ
l"(T) _[l”(ﬁ>+( RN R )

where & is the Planck constant and N is the number of Avogadro. According to the
table we can notice that the (Ea*) value of MDN is the highest compared with DDN
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and HDN inhibitors indicating the greatest inhibitory effectiveness [61]. The endo-
thermic aspect of the steel corrosion is indicated by the positive sign of the enthalpy
(AH,*) while the negative sign of the entropy(AS,*) reveals the growth of an inhibi-
tor layer on the surface of the steel [62].

Adsorption parameters

The displacement of the original adsorbed water molecules occurs during the
adsorption of the investigated diazenyl naphthalen compounds on the carbon steel
surface [63]. The substitution happened because the energy occurring between
organic compounds and metal surfaces was higher than the energy of interaction
between water molecules and interfaces [64]. Additionally, to decide which adsorp-
tion isotherm type fits the best, a number of isotherms have been investigated to
describe the interaction between molecules and the metallic surface such as Lang-
muir [65], TemKin [66], Frumkin [67], and Freundlich [68].

According to the calculated linear regression coefficients (R?) in Fig. 13, the
Langmuir adsorption isotherm model accurately predicted the adsorption of organic
molecules on carbon steel’s surface, allowing us to determine the equilibrium con-
stant for adsorption (K,4) of the ligands on the surface of carbon steel utilizing the
following formula [69].

AG,q, = —RTin(kyg, X 55.5) (6)

The absolute temperature is denoted by 7, whereas R stands for the universal gas
constant while 55.5 M is the concentration of water in solution [70]. The thermody-
namic parameters are gathered in Table 6.
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o
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Fig. 13 Langmuir lines of the concerned system
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;:‘r’;fn Ztel;:f;%‘gl'l‘;‘sc‘:z:(“i Molecules R’ K x10°  Slope  AG,u(KJ/mol)

system MDN 1 849.062 1.05453  —44.508
DDN 099999 583012  1.05859  —43.561
HDN 099998 441920  1.06977  —42.863

The negative values of AG,, explain the spontaneous adsorption of MDN, DDN
and HDN molecules on the surface of carbon steel, the fact that for the three inhibi-
tors AG,, values are greater than 40 kJ mol~! indicates that there are strong con-
tacts between the steel surface and inhibitors [71], which are adsorbable by strong
coordinate covalent bonds (chemisorption) [72].

UV-Vis investigation

To find out more about complex formation (inhibitor-Fe), UV—Visible has been
used. Figure 14 displays the UV-visible absorption spectra before and following
24-h of dipping mild steel in the studied medium including the three inhibitors. The
pre-dipping spectra shows that the entire UV-visible wavelengths range between
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T
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Fig. 14 UV-Vis plots of the concerned system
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Amax =208 nm and A, =223 nm, this behavior is possibly consistent with aromatic
electrons transition n-n* of the under-study inhibitors. However, as can be evident
from Fig. 14, the wavelength of absorption shifted to less intense values after 24 h
of immersing. More precisely, at subsequent bands at 224.4 nm, 272.2 nm and
327.7 nm for MDN, DDN and HDN probably corresponding to the n-n* pertain-
ing to the heterocyclic ring transition of the investigated species [73]. Typically,
according to the literature the change in absorbance (A) value and/or shift of the
wavelength (max) indicate the development of a complex between the two chemical
compounds in the electrolyte [74]. Our findings verify this attribute, revealing that
the investigated inhibitors’ heterocyclic rings and aromatic electrons interacted with
Fe** to generate complexes [75].

SEM/EDX investigation

Surface analysis which is a valuable supplement was used to test the pitting endur-
ance of the metal interacting with chloride ions H" +Cl~ in the absence and pres-
ence of the selected molecules. The results of the precedent study are powerfully
supported by the investigation of mild steel’s surface morphology. The SEM images
tend to convincingly illustrate the inhibitory efficiency in forming a protective cov-
ering. SEM images and related EDX spectra of MS in in the corrosive medium with-
out and with inclusion of 0.1 mM of MDN, DDN, and HDN are displayed in Fig. 15
following 24 h of submersion. It appears that the MS surface plunged in the cor-
rosive media has been severely damaged in the absence of the organic molecules,
indicating a potent metal degradation [63]. The presence of the ligands under tough
circumstances results in their adherence to the alloy’s surface, coating the exposed
part and minimizing the amount of rust on the samples. [76]. The elements (C, N,
O, and Fe) can be observed in peak form the EDS spectra of the MS samples. All
the species contained in the inhibitor molecules are represented as peaks in the MS
spectrum when diazenyl naphthalen analogues are present, indicating that the mol-
ecules under examination have adhered to the steel surface. These results are con-
sistent with the fact that MDN, DDN, and HDN derivatives prevented corrosion in
steel through the development of a layer that minimized electrolyte contact with the
steel surface [77]. The occurrence of nitrogen atoms, aromatic rings in the molecu-
lar skeleton, and functional groups alcohol (OH) and ester (CO,CH,) are thought to
be involved to the adhesion of the compounds under investigation on the surface of
steel [78].

Proposed adsorption process

The primary factor determining the resistance to corrosion exhibited by an inhibi-
tor was its adsorptive affinity at the steel/solution interface, which results in the
creation of a protective coating on the metal which prevents its surface exposure
to the corrosive media [79]. In fact, the inhibitor compounds were totally ionized
by HCI solutions, which produced a number of cations and anion. The original
water molecules were subsequently replaced by these ions, which were adsorbed
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Fig. 15 SEM and EDX graphs of the concerned system

onto the mild steel surface, preventing the corrosive medium from attacking the
metal surface [22]. The comparison of adsorption process of the studied diazenyl
naphthalen molecules MDN, DDN and HDN was considered to have many phys-
icochemical aspects, such as steric, aromaticity, geometry, functional groups with
donor atoms, w-orbital of the donating group, and the molecular weight [20]. The
presence of unshared electron pairs on hetero atoms and « -electrons of aromatic
rings may be argued to be responsible for the adsorption of DDN on the C-steel
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surface. Beyond that, it is demonstrated that the MDN ligand has a significantly
higher capacity to prevent corrosion than HDN and DDN, considering the exist-
ence of an ester functional group in MDN molecular structure which enhances
chemical adsorption. In fact, this privilege is owed to the presence of CO,CH;
exhibiting mesomeric effect—M in ortho position in the molecular structure,
this imparts the molecule the character of electron donor, which may facilitate
further interaction with the metallic surface [80]. Consequently, the adsorption
ability of MDN is influenced positively. However, the cyanide group in the HDN
compound are positioned in para position, which reduces slightly the possibil-
ity of efficient interaction with the metal surface at low concentrations compared
to MDN. Considering the outcomes, we suggest the adsorption mechanism illus-
trated in Fig. 16. Around anodic sites, Cl1™ ions were first adsorbed. After then,
physical adsorption occurred because of the cations getting attracted to the anions
by electrostatic contact. The cations and anions produced an adsorptive layer by
replacing the initial water molecules. On the other hand, in the cathodic sites,
the cations may compete with hydrogen ions for spots to adsorb and available
electrons, which would prevent the hydrogen evolution reaction from occurring.
Furthermore, following the assimilation of an electron, the cations may change
into their neutral state and favoring the chemisorption due to the existence of het-
eroatoms’ free electron pair and the = electron on the heterocyclic ring. In addi-
tion, the cation form can chemically be incorporated onto the surface of the MS
by interacting as a donor and acceptor between heteroatoms’ free electron pairs
(N, O) and the accessible d-orbital on the MS surface. Also, the donor/accep-
tor interaction between the surface’s iron atoms’ d-orbitals and the anti-bonding
molecular orbitals of the ligands engaged in this adsorption process [28].
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Fig. 16 Inhibition mechanism of the concerned system

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



An appropriate approach and computational studies for... 2557

Conclusion

The anti-corrosive performance and inhibition process of diazenyl naphthalen
analogues toward CS corrosion in an acidic medium has been evaluated employ-
ing a systemic approach and analytical means, the ligands demonstrated very high
corrosion inhibition efficacy. Potentiodynamic polarization confirms the mixed
type nature of inhibitors by showing a drop in the cathodic hydrogen evolution
reaction and the anodic metal dissolution, leading to a considerable decrease in
corrosion current densities. The creation of a protective layer at the metal/solu-
tion interface is confirmed by electrochemical impedance spectroscopy, which
further demonstrates that the transfer of charge is mainly the cause of mild
steel corrosion. The inhibitory efficiency is greater than 89% for all tempera-
ture ranges, demonstrating the usefulness of inhibitors at elevated temperatures.
Strong chemical sorption that conforms to the Langmuir isotherm model ensures
the investigated inhibitor’s surface adhesion. The quantum chemistry computation
links molecular structures and charge density distributions to the corrosion inhi-
bition efficiency of inhibitors MDN, DDN, and HDN and further establishes that
inhibitor MDN’s strong inhibition performance results from its strong adsorption
capacity.
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