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ARTICLE INFO ABSTRACT

Keywords: Corrosion of mild steel, particularly in acidic environments such as hydrochloric acid (HCl), remains a critical
Mild St_eel o issue due to its impact on material durability, economic costs, and safety concerns. This study introduces 14-(p-
g‘(’:rlmswn inhibition tolyD)-14H-dibenzo[a,jlxanthene (ZM5), a novel and highly effective organic corrosion inhibitor, to mitigate this

challenge. Employing advanced electrochemical techniques: electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization (PDP), we evaluated ZM5’s performance in a 1 M HCI solution, revealing an
impressive inhibition efficiency of 94.7 %. Surface characterization using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX) further confirmed the formation of a robust protective film on
the steel surface, shedding light on ZM5’s adsorption mechanisms. Complementing the experimental findings,
Density Functional Theory (DFT) simulations provided theoretical insights into the anti-corrosion mechanism of
ZM5, aligning well with observed results. These findings underscore ZM5’s potential as a highly promising
corrosion inhibitor for industrial applications, effectively enhancing the corrosion resistance of mild steel in
aggressive environments.

Density functional theory

1. Introduction

Metals are integral to numerous industries due to their exceptional
mechanical properties and ease of processing [1]. Their superior per-
formance makes them essential in applications ranging from structural
components to advanced technology [2-4]. Despite their advantages,
metals are susceptible to environmental degradation, which can lead to
significant economic losses and reduced material lifespan [5].

Among these metals, mild steel (MS), characterized by a carbon
content below 0.25 %, is widely utilized due to its favorable properties,
including high strength, good ductility, and cost-effectiveness[6]. Its
machinability and robust performance make it a material of choice for
applications such as pipelines, plates, and structural beams in sectors
including construction, automotive manufacturing, and petrochemicals

* Corresponding author.

[7-9].

However, mild steel is particularly vulnerable to corrosion, espe-
cially when exposed to acidic environments such as hydrochloric acid
used in cleaning and pickling processes. This susceptibility is further
exacerbated in humid or chlorinated environments, presenting both
safety hazards and increased costs [6,10]. It is estimated that approxi-
mately 30 % of metallic equipment and materials are discarded annually
due to corrosion, leading to significant resource waste and elevated risk
factors [7,11,12].

The investigation of mild steel corrosion in acidic environments has
become a focal point for research due to the increasing use of acidic
solutions in industrial processes such as acid cleaning, oil well acidifi-
cation, and petrochemical operations [1].

To mitigate corrosion, various strategies are employed, including
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electroplating, electrochemical protection, coatings, and the application
of corrosion inhibitors [13-15]. Among these methods, the use of
corrosion inhibitors is particularly advantageous due to its
cost-effectiveness, high efficacy, and practicality [16-19].

Recent research has focused on identifying organic compounds that
can effectively inhibit corrosion in highly acidic environments [20,21].
The most effective inhibitors often feature aromatic rings and atoms of
nitrogen, sulfur, and oxygen [22-27]. Research shows that organic
heterocyclic compounds with conjugated double bonds, polar functional
groups, and electronegative atoms are particularly promising as syn-
thetic corrosion inhibitors [7,28-31]. For instance, inhibitors incorpo-
rating heterocyclic structures and functional groups, such as nitrogen,
sulfur, and oxygen, have demonstrated substantial protection against
corrosion in acidic environments, as evidenced by recent studies
[32-35]. These compounds often exhibit high adsorption efficiency on
metal surfaces, leading to the formation of protective films that signif-
icantly reduce corrosion rates [36,37]. The studies highlighted earlier
showcase the effectiveness of various synthesized inhibitors, confirming
their ability to inhibit steel corrosion in hydrochloric acid through
mechanisms consistent with the Langmuir adsorption isotherm [38,39].
This underscores the potential for further exploration and development
of organic corrosion inhibitors in industrial applications.

In this context, ZM5 is introduced as a novel corrosion inhibitor for
mild steel in a 1 M HCI solution, aiming to address limitations observed
with existing inhibitors. The choice of ZM5 is based on its unique mo-
lecular structure, which includes polar functional groups and large
electronegative atoms known to enhance adsorption on the steel surface
and promote protective film formation. Unlike conventional inhibitors,
ZMS5 is designed to provide stronger adsorption and improved inhibition
efficiency, even in challenging acidic conditions. This study will eval-
uate the efficacy of ZM5 using advanced electrochemical techniques,
including electrochemical impedance spectroscopy (EIS) and potentio-
dynamic polarization (PD). Detailed surface characterization will be
conducted using scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) to analyze adsorption mecha-
nisms and the formation of protective films.Table 1.

This table shows that ZM5 achieves a high inhibition efficiency of
94.7 %, which is competitive or superior to other commonly studied
inhibitors. Its high efficiency, even at relatively low concentrations,
highlights its potential as an effective corrosion inhibitor for mild steel
in acidic environments. The presence of nitrogen and sulfur in ZM5’s
structure appears to enhance adsorption on the steel surface, forming a
protective layer that inhibits corrosion effectively.

2. Experimentation
2.1. Materials and sample preparation

The corrosive environment for the study was created by preparing a
1.0 M HCI solution from a 37 % hydrochloric acid, which was diluted

Tablel

Comparison of corrosion inhibition efficiency of various organic compounds.
Compound Concentration  Inhibition Efficiency Ref.

(%)
M5 10°M 94.7 This
study

Imidazole derivative 107°M 92.5 [40]
Thiazole derivative 5x107*M 92.11 [41]
Benzotriazole derivative 100 PPM 80 [42]
Pyridine-based 1072 85.4 [43]
compound
Quinoline derivative 2% 84.23 [44]
Thiourea-based 2x107*M 87.0 [45]
compound
Schiff base 200 ppm 91.06 [46]
Piperidine derivative 1078 84.5 [47]
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with distilled water. The mild steel samples used for this investigation
were meticulously prepared to ensure accurate results. Their composi-
tion is carbon (C) 0.11 %, silicon (Si) 0.24 %, manganese (Mn) 0.47 %,
chromium (Cr) 0.12 %, molybdenum (Mo) 0.02 %, nickel (Ni) 0.1 %,
aluminum (Al) 0.03 %, copper (Cu) 0.14 %, cobalt (Co) <0.0012 %,
vanadium (V) <0.003 %, tungsten (W) 0.06 %, with the balance being
iron (Fe). To prepare the specimens, they were subjected to mechanical
abrasion using progressively finer grades of emery paper (From
80-2000), followed by thorough washing, degreasing, and drying in
ambient air. This preparation ensured that the samples were in optimal
condition for evaluating the corrosion inhibition performance of the
ZMS5 inhibitor. The inhibitor solutions were tested across a concentra-
tion range from 103 M to 10™® M, and a control solution was also
prepared for comparative analysis. Our inhibitor ZM5 was dissolved in
dimethyl sulfoxide (DMSO) to ensure complete solubility and optimal
availability for interaction with the metal surface. DMSO was chosen
due to its effectiveness in dissolving organic compounds, which aids in
achieving uniform distribution of the inhibitor in solution. Scheme 1
presents the molecular structures of ZM5.

2.2. General procedure for preparation of 14-(4-methyl phenyl)-14H-
dibenzo [a,j] xanthene derivatives

A mixture of 2-naphtol (2.0 mmol), 4-methyl phenyl (1.0 mmol),
and SnP507 catalyst (2.5 mol%) in 3 mL of ethanol was refluxed. The
progress of reactions was monitored by TLC. After completing the re-
action (as confirmed by TLC), the reaction mixture was mixed with 3 mL
of hot ethanol for dilution. The catalyst, which was insoluble in this
solvent, was then separated from the reaction mixture using filtration
through fritted glass. The separated catalyst underwent two washes with
3 mL portions of ethanol each. It was subsequently dried under vacuum
at 100 oC and made ready for use in the next run. Following the catalyst
separation, the solvent obtained from the separation process was evap-
orated, resulting in a precipitate. This precipitate was subjected to
recrystallization from hot ethanol to obtain the pure compound. The
structure of this layer was confirmed by appropriate spectroscopic and
physical methods (Melting point, 'H NMR and '3C NMR), the spectral
data given below [48].

'H NMR (CDCl3, 300 MHz) & ppm: 8.38-7.78 (m, 6 H), 7.58-7.55
(m, 2H), 7.46 (d, J =8.7 Hz, 2 H), 7.42-7.39 (m, 4 H), 6.93 (d, J
=8.0 Hz, 2 H), 6.46 (s, 1 H), 2.12 (s, 3 H). 13 C NMR (CDCl3, 75 MHz) §
ppm: 148.73, 142.12, 135.85, 131.47, 131.02, 129.11, 128.78, 128.70,
128.08, 126.75, 124.22, 125.20, 122.60, 118.06, 117.44, 37.61, 20.72.

2.3. Electrochemical analysis

The electrochemical analysis was conducted using Voltamaster
software in conjunction with a PGZ 100 potentiostat, focusing on two
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Scheme 1. molecular structures of

thene (ZM5).

14-(p-tolyl)-14H-dibenzo[a,j]xan-
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key methodologies: Electrochemical Impedance Spectroscopy (EIS) and
Potentiodynamic Polarization (PP). These methods were employed to
evaluate the corrosion behavior of mild steel in 1 M hydrochloric acid
(HCI) solutions, both with and without corrosion inhibitors. The steel
samples were first rinsed with distilled water to eliminate any loose
debris. They were then polished using different grades of abrasive paper,
ranging from 180 to 1200 grit, to achieve a clean, smooth surface. After
polishing, the samples were rinsed again with distilled water to remove
any residues from the polishing process,in addition,the working elec-
trode was immersed in the test solution for 30 minutes to allow the
establishment of a stable open circuit potential (OCP), after which the
electrochemical measurements were initiated.

For EIS measurements, an alternating current (AC) signal with an
amplitude of 10 mV was used, covering a frequency range from 100 kHz
to 100 mHz. Concurrently, potentiodynamic polarization curves were
obtained over a potential range from —900 mV to —100 mV/SCE with a
scan rate of 1 mV/s. All experiments, except for those investigating
temperature effects, were performed under standard atmospheric con-
ditions, with the mild steel sample’s exposed surface area consistently
set at 1 cm? Data analysis and curve fitting were carried out using EC-
Lab software, which models the data with an analog electrical circuit.
Temperature effects were studied over a range from 298 K to 328 K.

2.4. Surface characterization

To elucidate the surface alterations of steel subjected to hydrochloric
acid, both with and without the studied inhibitors, a detailed exami-
nation was performed using scanning electron microscopy (SEM) com-
bined with energy dispersive X-ray (EDX) analysis. Steel specimens were
exposed to 1 M HCI solutions for 6 hours, under conditions with and
without the inhibitors.

2.5. Computational methods and definitions

2.5.1. Gaussian calculations

Gaussian 09 package program was used to the study of the isolated
compounds using density functional theory (DFT), with the B3LYP
functional [49] under the 6-31 G (d, p) basis sets. GaussView 6.0 pro-
gram was employed to prepare the correlative calculation parameters
for the compounds under probe. As we all know, electrochemical
corrosion generally happens in liquid environment. One of the most
popular approaches to research solvent effect is to consider hydrogen
bonded clusters of solvent molecules surrounding the solute molecules.
Thus self-consistent reaction field (SCRF) theory, with Tomas’s polar-
ized continuum model (PCM) [50] was used to describe the solvent ef-
fect of water. This method describes the solvent as a structureless
continuum with uniform dielectric permittivity, in which a
molecular-shaped empty cavity is dug to host the solute [51]. The reli-
ability of PCM method to explore the solvent effect in the field of
corrosion inhibitors has been validated by many researchers [52-54].

2.5.2. Quantum global chemical reactivity

We also calculated various structural indices, such as the load dis-
tribution, molecular orbital energies Egomo and Eruvmo, and the
dipole moment(p). These parameters were then utilized to estimate key
electronic properties, including the energy gap (AEgap), total
hardness (1), softness (o), electronegativity (y), and the number of
electrons transferred (AN) from the inhibiting molecule to the metal
atom. Additionally, we computed the electrophilicity (), nucle-
ophilicity (e), electronic back-donation energy (4E,_4), the elec-
tronic charge-accepting capability, and the initial molecule-metal
interaction energy (Ay). These quantities were determined using
global hardness () and electronegativity (y) as outlined in Eqs. (6-8)
[55,56].

AEgq, = Erymo —  Enomo (@)
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Where ¢ is the work function used as a measure of the electronegativity
of iron. The value of ¢ = 4.82 eV for the Fe (110) surface, which is re-
ported to have higher stabilization energy [57]. We adopted a theoret-
ical value of yg = 7.0eV andng, = 0 based on the assumption that for
metallic bulk, [ = A (ionization potential equals electron affinity), since
metallic bulk is softer than neutral metallic atoms [55].

2.5.3. Fukui indices and dual Fukui descriptors

Nucleophilic/electrophilic sites for ZM5 molecular structures were
estimated by Fukui functions. The equations used to identify electro-
philic attack sites (f; ), nucleophilic attack sites (ff ), free radical attack
sites (fy), local softness (6¢) and local electrophilicity (of) were pre-
sented in Eqs. 10-14 [58,59].

fi =a(N+1)—  ¢g,(N) Q)
fe =a(N)—- q(N-1) 10
Jf4’i:t1k(N+1)72 a(N-1) an
oy = ofy (12)
wi = ofy a3

In which g (N),qx(N +1)andqx(N —1) are the electron population of
atom k in the neutral, anionic, and cationic molecules, respectively. The
values of a = —, Oand + represent the local softness values describing,
electrophilic, radical, and nucleophilic attacks, respectively. Specif-
ically, the double Fukui descriptor or second order Fukui functions f;‘i,
the related dual local softness Ao, and the dual local philicity Awy are
employed to provide a simple and instinctive insight into local chemical
reactivity. These double descriptors are defined in the following way:

Af k= .ﬂ: - f k 14
Aok = o5 — o} (15)
Aok = of — o (16
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3. Results and discussions
3.1. Concentration effect

3.1.1. Open circuit potential (OCP)

Fig. 1 shows the evolution of the open circuit potential (OCP) of mild
steel in 1 M HCI solution with different concentrations of the inhibitor
ZM5

The curves show that the addition of ZM5 results in a shift towards
more positive potentials, indicating a reduction in corrosion. As ZM5
concentration increases, this shift becomes more pronounced, indicating
better protection. At low concentrations of 10-6 M and 10-5 M, the
effect is less pronounced but remains higher than the control without
inhibitor[60]. After 1800s, the potential stabilizes, suggesting an
equilibrium between the metal surface and the corrosive medium. These
results confirm that ZM5 improves the corrosion resistance of mild steel
in acidic environments, with greater effectiveness at higher
concentrations.

3.1.2. PDP test

In the context of potentiodynamic polarization (PDP) analysis, the
polarization curves provide critical insights into the corrosion behavior
of mild steel in the presence and absence of the inhibitor ZM5 ina 1 M
HCI solution.

From the polarization curves shown in Fig. 2, it is evident that the
addition of ZM5 affects both anodic and cathodic branches of the po-
larization plots. The anodic curve demonstrates a notable reduction in
current density when ZM5 is present, indicating that the inhibitor
significantly impedes the anodic dissolution of iron, which is primarily
associated with the oxidation process. This suggests that ZM5 exerts a
strong inhibitory effect on the anodic reaction, thereby reducing the
overall corrosion rate. Moreover, the cathodic curve is shifted toward
lower current densities, albeit less pronounced than the anodic shift.
This shift implies that ZM5 also hinders the hydrogen evolution reaction
to some extent, albeit its primary action appears to be on the anodic
process. The fact that both anodic and cathodic currents are reduced
suggests that ZM5 acts as a mixed-type inhibitor, affecting both anodic
and cathodic reactions to a certain degree, though its primary influence
is on the anodic mechanism.

The electrochemical parameters summarized in Table 2 provide a
clear view of how the ZM5 inhibitor affects mild steel corrosion at
different concentrations. As shown, the corrosion current density (icorr)
decreases markedly with increasing ZM5 concentration. Specifically,
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Fig. 1. Variation of Open Circuit Potential (OCP) Over Time for Mild Steel in
1.0 M HCI with ZM5 at Different Concentrations.
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Fig. 2. Polarization curves for mild steel immersed in 1 M HCI solution, in the
absence and presence of different concentrations of ZM5, at a temperature
of 298 K.

Table 2
corrosion parameters determined by PDP of mild steel in 1.0 M HCI without and
with ZM5 at 298 K.

C (mol/ “Ecorr mV/ icorr HA. -Be Ba Tpp
L) SCE cm ™2 mV mV %
dec™! dec™!
Blank - 515 1045 133 134 -
ZM5 10°° 469 190 127 121 81.8
10°° 469 118 124 133 88.8
1074 461 80 119 128 92.3
1073 460 55 131 125 94.7

icorr drops from 515 pA/cm? in the uninhibited solution to 55 pA/cm? at
a concentration of 10~ mol/L, indicating a substantial inhibition of
corrosion. This trend suggests that higher concentrations of ZM5
enhance its adsorption onto the steel surface, forming a protective
barrier that effectively limits both iron dissolution and hydrogen ion
reduction. The interaction likely involves the electron-rich heteroatoms
(N and O) and the n-electrons in the benzene rings of ZM5, which creates
a stable complex on the metal surface, blocking active sites responsible
for corrosion. En ce qui concerne la variation du potentiel de corrosion
(Ecorr), on observe une légere déviation vers des valeurs plus positives
avec l'ajout de ZM5, mais le décalage reste inférieur a 85 mV par rapport
a I'échantillon sans inhibiteur. Cela suggere queue ZM5 agit comme un
inhibiteur mixte sans effet de polarisation préférentiel, affectant a la fois
les processus anodiques et cathodiques. Cependant, la 1égere augmen-
tation de Ecorr pourrait indiquer une inhibition plus marquée du proc-
essus anodique.

The anodic (fa) and cathodic (Bc) Tafel slopes also show significant
variations with the addition of ZM5. The decrease in pc with increasing
ZM5 concentration indicates a reduction in the cathodic hydrogen
reduction reaction, although less pronounced than the anodic inhibition.
Similarly, the slight variation in pa suggests that the inhibitor also affects
the anodic dissolution process. These variations in pa and pc confirm
that ZM5 influences both reactions but has a greater affinity for sup-
pressing iron dissolution, supporting its role as a mixed-type inhibitor
with an anodic tendency. The inhibition efficiency (nPP) reaches 94.7 %
at the highest concentration of 10~ mol/L, confirming the increasing
effectiveness of ZM5 as a corrosion inhibitor through adsorption on the
metal surface.

3.1.3. EIS test
EIS (Electrochemical Impedance Spectroscopy) is a crucial tool in
corrosion studies, providing valuable insights into inhibition
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mechanisms, particularly through the analysis of Nyquist and Bode
plots, which represent impedance and phase angle over a broad fre-
quency range, respectively. Fig. 3 shows that in a 1 M HCI solution at
298 K, whether inhibited or not, the Nyquist plots display a single,
distorted capacitive arc, indicative of the double layer capacitance at the
metal/solution interface [7,61].

As the concentration of ZM5 increases, both the size of this capacitive
arc and the impedance values rise, indicating enhanced resistance to
electrochemical reactions and thus a more effective corrosion inhibition
[21]. The addition of the ZM5 inhibitor significantly reduces the
corrosion rate of mild steel, as evidenced by changes in the phase angle
and impedance spectra [25,62]. These changes are attributed to the
formation of a protective layer at the metal/solution interface, con-
firming that the ZMS5 inhibitor plays a crucial role in establishing this
protective barrier against corrosion [17,23].

Additionally, the phase angle spectra (Fig. 5) consistently display a
single peak across all experimental conditions, suggesting the presence
of a single time constant for the corrosion process at the interface[63].
The phase angle peaks, consistently below 90°, are likely attributed to
surface roughness and metal non-uniformity in a real system [63,64]. As
the concentration of ZM5 increases, both the phase angle peak and its
half-width also increase, reflecting an expansion of the interfacial layer,
a decrease in the double layer capacitance, and an extension of the
frequency response time [65,66].

This behavior can be attributed to the gradual replacement of water
molecules adsorbed on the metal surface by organic inhibitor molecules.
At higher concentrations of ZM5, the adsorption of these molecules
becomes more pronounced, reducing the exposed surface area to
corrosion, increasing the thickness of the double layer, and lowering the
local dielectric constant [67]. Furthermore, the increase in the
low-frequency impedance modulus, as shown in Fig. 3, indicates a rise in
charge transfer resistance, thereby enhancing the effectiveness of ZM5
in corrosion protection [18,21,28].

The electrochemical parameters obtained through the modeling of
spectra using an electrical circuit are illustrated in Fig. 6.

The results in Table 3 confirm a strong correlation between the
effectiveness of the inhibitors and the findings obtained using the PDP
method.

The addition of the ZMS5 inhibitor results in a significant increase in
charge transfer resistance (Ry), as evidenced by the rise in R values and
the decrease in double layer capacitance (Cqp) with increasing doses of
ZMS5 [68,69]. These data support the conclusion that the ZM5 molecule
induces changes at the metal/corrosive medium interface through
adsorption [70].

450
= 1.0 MHCI
400 - 10°%M
ZM5 * 10*M
350 |- A 10°M
* 10°M
300 F — Fitting curves
—
£ -
G 250
&}
£ 200 |
N
' ————
__— T -
T 2 5.56 H ™
z \
A‘ ‘/‘ .y,
\ 0.2 Hz
7 28 Y 3
@\ \ 0.2 Hz {
100 150 450
Z, (Q.cm?)

Fig. 3. Effect of ZM5 concentrations on Nyquist diagrams of mild steel in 1.0 M
HCI solution.
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The electrochemical behavior observed in the EIS measurements
indicates that the ZM5 inhibitor enhances corrosion protection primarily
by modifying the charge transfer resistance (Re) and double layer
capacitance (Cqp) at the metal interface. The single capacitive arc in the
Nyquist plots suggests a predominantly charge-transfer-controlled pro-
cess at the mild steel surface. As the concentration of ZM5 increases, the
larger Rt values, along with the lower Cq; values, imply an effective
barrier against charge transfer, indicative of a stable inhibitor layer.
Additionally, the Bode plots show a rise in the impedance modulus at
low frequencies, which points to the inhibitor’s efficiency in enhancing
resistance to corrosive reactions. The consistent single-time-constant
behavior in phase angle spectra supports the formation of a homoge-
nous protective layer that limits the diffusion of corrosive species to the
metal surface.

Specifically, the decrease in the values of the proportional constant
(Q) in the presence of inhibitors, compared to the uninhibited medium,
suggests the formation of an insulating layer on the surface of the mild
steel [71]. In parallel, the increase in the CPE (n) exponent observed for
the inhibitor reflects an increased surface inhomogeneity due to
adsorption, which reduces the active surface area exposed to corrosion
[12].

3.2. Temperature effect

Temperature has a significant influence on the behavior of materials
in corrosive environments, as shown in previous research. To further
investigate this influence, a potentiodynamic study was carried out to
evaluate the effect of temperature variation on inhibition efficiency. The
study examined the system both with and without the ZM5 inhibitor,
across a temperature range from 298 K to 328 K. The results, presented
in Fig. 7, were analyzed to extract key electrochemical parameters,
which are summarized in Table 3.

The data shown in Fig. 7 and Table 4 clearly demonstrate that
increasing temperature results in higher current densities across all
scenarios, irrespective of whether inhibitors are present. This indicates
that temperature influences corrosion rates by diminishing the effec-
tiveness of inhibition. For instance, the inhibition efficiency decreases
by 91.1 %. Notably, the polarization curves with and without ZM5
remain parallel, suggesting that temperature does not affect the under-
lying protection mechanism, as previously discussed [9]. This finding
supports the idea that higher temperatures enhance the desorption of
adsorbed molecules.

Despite this, Table 4 reveals a consistent decrease in inhibition ef-
ficiency with rising temperatures, indicating that the inhibitor remains
strongly adsorbed on the metal surface even at elevated temperatures.
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Fig. 5. Bode diagrams for mild steel with and without variation of ZM5 concentrations in 1.0 M HCI solution.
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Fig. 6. Equivalent circuits compatible with experimental impedance data.

This suggests a physisorption mechanism for the molecules on the metal
surface, corroborating results from earlier studies [72-74].
To further substantiate these observations, activation parameters are

-60
0}
1 1 1 1 -80
10" 10° 10' 102 10° 10*
f (Hz)
analyzed and calculated using the following equations [75]:
. E,
Lnigo, = LnA — R—“T 19)
Icmr _ R ASa AHa
Ln( T) = (Ln(Nh) + R ) RT (20)

Table 5 provides a summary of these activation parameters.

Analysis of the data (Table 5) reveals a significant increase in acti-
vation energy E,, rising from 28.7 kJ/mol in the absence of ZM5 to
34.1 kJ/mol with its presence. This elevation in activation energy in-
dicates that the inhibitor contributes to creating an additional energy

Table 3
Electrochemical parameter values for mild steel in 1.0 M HCl solution with varying concentrations of ZM5.
C (mol/L) R (Q.cm?) Q (uF.S" 1) n Cal (UF em™2) Ret (Q.cm?) X2 (1079 0 SD (Q.cm®) Nimp %
Blank - 0.8 211 0.9 133.0 22.7 2.2 - 1.2 -
ZM5 107 1.66 3125 0.77 115.1 123.3 4.2 0.816 5.1 81.6
10°° 1.76 303.2 0.79 106.9 207.1 5.9 0.890 7.2 89.0
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Fig. 7. Potentiodynamic polarization plots for MS in 1.0 M HCI with 102 M ZMS5 at different temperatures.



A. Belkheiri et al.

Table 4
The electrochemical factors of mild steel at the optimum concentration of ZM5
in the temperature range of 298-328 K.

T “Ecorr icorr -pc (mV/dec) Pa (mV/dec) Npp
(mVscp)  (nA/cm?) (%)
Blank 298 515 1045 133 134 -
308 487 1644 186 110 -
318 491 2069 162 118 -
328 486 3150 153 114 -
ZM5 298 460 55 131 125 94.7
308 468 110 179 103 93.3
318 469 166 158 117 92.0
328 468 281 143 110 91.1

Table 5
Thermodynamic parameters of the inhibition study in the presence and absence
of ZM5.

E, (kJ/mol) AH, (kJ/mol) AS, (J/mol.K)

—99.2
—75.2

Blank 28.7 26.2
ZM5 34.1 40.5

barrier for the corrosion reaction [62]. In other words, the presence of
ZMS5 appears to promote the formation of a protective interface on the
mild steel surface, making metal dissolution more difficult. This result
also suggests that the inhibitor modifies the corrosion mechanism,
requiring greater energy input to initiate the reaction [76]. In addition,
the positive values observed for activation enthalpy (AH,), increasing
from 26.2 kJ/mol without the inhibitor to 40.5 kJ/mol with ZMS5,
indicate an endothermic process during metal dissolution [77,78]. This
suggests that the corrosion reaction, in the presence of the inhibitor,
necessitates additional energy input. A higher activation enthalpy in-
dicates that the interactions between the metal and ZM5 are sufficiently
strong to significantly influence the corrosion mechanism, thereby
reinforcing the idea that the inhibitor acts to stabilize the metal surface.
Regarding activation entropy, the observed values show a significant
increase, changing from —99.2 J/mol-K without the inhibitor to
—75.2 J/mol-K in the presence of ZM5. This variation indicates a greater
disorder in the system during the adsorption of the inhibitor. This
change in entropy may be attributed to the displacement of water
molecules adsorbed on the metal surface during interaction with ZM5
[79,80]. The increased order of the adsorbed inhibitor molecules on the
metal surface also contributes to enhanced stability of the formed
inhibitive interface, which is essential for protection against corrosion.

Blank
ZM5

3,5 1 1 1 1 1 1 1 1 1

3,00 3,05 3,10 3,15 3,20 3,25 3,30 3,35 3,40
1000/T (K™
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3.3. Adsorption isotherms

Understanding the adsorption process is essential for evaluating the
performance of corrosion inhibitors, as it sheds light on their mecha-
nisms of action. To characterize these interactions, adsorption isotherms
such as Langmuir, Temkin, and Freundlich are frequently employed
[81]. In this study, we utilized the Langmuir isotherm model to analyze
the adsorption behavior of the ZM5 molecule.

Fig. 9 demonstrates a perfect linear relationship (R* = 1) between the
concentration C and C/6, which validates the suitability of the Langmuir
model for accurately depicting the adsorption process [27]. This finding
is significant as it validates the use of Langmuir isotherms to charac-
terize the interactions between the inhibitor and the metal surface. The
physical significance of the Langmuir isotherm lies in its representation
of the adsorption process as a dynamic equilibrium between the
adsorption and desorption of molecules on a solid surface. It assumes
that the surface consists of a finite number of identical sites, where each
site can only hold one adsorbate molecule, leading to monolayer
coverage. This model highlights that the rate of adsorption is propor-
tional to the concentration of the adsorbate in the solution and reflects
the saturation point at which no further adsorption can occur once all
sites are occupied. Additionally, the Langmuir isotherm implies that the
interactions between adsorbate molecules do not affect one another,
simplifying the understanding of surface coverage dynamics. Overall,
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Fig. 9. Langmuir adsorption isotherm for mild steel in 1.0 M HCI with ZMS5.
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Fig. 8. Arrhenius and Transition State Plots for mild steel corrosion in 1.0 M HCl with and without 10 M ZM5.
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this model provides crucial insights into the efficiency and mechanisms
of corrosion inhibitors, such as ZM5, in forming protective layers on
metal surfaces.

The corresponding adsorption isotherm can be expressed using the
following formula[20,60]:

[

T-¢= Kais x C (21)

In these formulas, C represents the concentration of the corrosion
inhibitor, 6 indicates the surface coverage, and K,qs is the adsorption
equilibrium constant. These parameters are detailed in Table 6.

The standard Gibbs free energy of adsorption AGads is an important
thermodynamic parameter that can be derived from the adsorption
constant K,qs using the equation provided Eq. 22.

AGeg = — RTIN(55.5K ;) (22)

For the ZM5 molecule, the Gibbs free energy of adsorption AGads is
calculated to be —44.1 kJ/mol. This value, being below —40 kJ/mol,
indicates that the adsorption is likely chemical in nature, as such low
values typically denote strong, specific interactions characteristic of
chemical adsorption [82].

Furthermore, the high adsorption equilibrium constant Kyqs un-
derscores the strong affinity of ZM5 for the metal surface. This signifi-
cant K,gs value reflects the efficient adsorption of ZM5, forming a highly
stable protective layer[83]. The consistency between the Gibbs free
energy and K,qs values supports the conclusion that ZM5 inhibits
corrosion effectively through robust chemical bonding.

3.4. Scanning electron microscopy with energy dispersive spectroscopy

The surfaces of metal specimens soaked in 1 M HCI for 6 h were
examined using SEM-EDS analysis. Fig. 10 shows the SEM images and
corresponding EDS spectra in both the presence and absence of ZM5.
The SEM images reveal that the metal surface immersed in the blank
solution suffers from extensive damage and corrosion, with an unstable
layer of corrosion products forming. After the introduction of ZM5, the
mild steel surface shows significantly less deterioration, displaying a
smoother surface with no corrosion around small defects. This suggests
that ZM5 forms a protective layer on the steel surface, providing strong
inhibition by effectively shielding the metal from the corrosive effects of
the acidic environment.

The EDS analysis of the polished mild steel surfaces highlights peaks
corresponding to the main elements on the metal. The detection of ni-
trogen in the blank solution could be attributed to exposure to air. When
ZMS5 is present, the nitrogen content on the surface increases noticeably,
suggesting that ZM5 molecules, which contain nitrogen, adsorb onto the
metal surface. At the same time, the oxygen content is significantly
reduced, indicating that ZM5 blocks active adsorption sites, thereby
hindering the corrosion process.

3.5. Computational methods and definitions

3.5.1. Global reactivity descriptors

The optimized electronic structures correspond to energy minima
without imaginary frequencies. According to frontier molecular orbital
theory and in agreement with Fukui theory, a high Egopmo value in-
dicates a molecule’s ability to donate electrons to a designated acceptor
(in this case, the metal surface) with an empty molecular orbital, facil-
itating the adsorption process and thus reflecting good inhibitory per-
formance [84]. In contrast,E;ymo is associated with electron affinity,

Table 6

Adsorption parameters from studied isotherm.
Inhibitor Kads (L/mol) -AGygs (kJ/mol) R?
ZM5 972006.2 44.1 1
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reflecting a tendency to accept electrons. Therefore, the molecular en-
ergy gap is a key descriptor to calculate. It demonstrates the inherent
ability to donate electrons and evaluates the interaction between in-
hibitor molecules and the substrate surface. The optimized molecular
structures, HOMO, LUMO, and the molecular electrostatic potential of
the studied molecules are shown in Fig. 11.

Several studies [85,86] have reported that the inhibition efficiency
of inhibitors is correlated with various quantum chemical parameters
such as 1,0,y and dipole moment (DM). Additionally, descriptors like @
(electrophilicity index), € (energy), AN (fraction of electrons trans-
ferred), AE, 4 (binding energy), and Ay (interaction energy), calculated
based on 7 and y, are also highly useful in corrosion inhibition studies of
organic molecules[87]. The quantum chemical parameters we calcu-
lated for the inhibitor molecule in both the gas phase and aqueous phase
are presented in Tables 7and 8.

The quantum chemical analysis of the ZM5 compound reveals its
significant potential as an effective corrosion inhibitor in both gas and
aqueous environments. The HOMO energy values of —5.472 eV (gas
phase) and —5.665 eV (aqueous phase) indicate that ZM5 is a strong
electron donor, capable of transferring electrons to the metal surface
during adsorption, which is essential for the inhibition process. The
LUMO energy values (-1.106 eV in gas, —1.289 eV in aqueous) further
highlight ZM5’s ability to accept electrons, making it versatile in its
interactions with the metal surface. A critical parameter, the HOMO-
LUMO energy gap is relatively small in both environments (4.366 eV
in gas, 4.376 eV in aqueous), demonstrating that ZMS5 is a soft molecule.
This small energy gap suggests that the compound has high reactivity,
facilitating efficient electron transfer between the inhibitor and the
metal, which plays a vital role in mitigating corrosion [88]. A molecule
with a small energy gap is more easily polarizable, enabling it to adapt to
surface interactions, which is crucial for adsorption and protective film
formation. The electronegativity (y) values of 3.289 eV (gas) and
3.477 eV (aqueous) indicate that ZM5 has a moderate tendency to
attract electrons. In combination with its relatively low hardness (5 =
2.183eV in gas and2.188eV in aqueous), ZM5 emerges as a reactive
species with a balanced ability to both donate and accept electrons,
further enhancing its inhibition performance.

The softness (¢ = 0.4581eV~'in gas and0.457 eV~'in aqueous) con-
firms the molecule’s high reactivity and adaptability in various envi-
ronments, making it effective in both gas and aqueous phases [89]. The
electrophilicity index (®) values suggest that ZM5 is also a moderately
good electron acceptor. This enhances its capability to interact with
metal surfaces by accepting electron density from the metal during
adsorption, stabilizing the surface-inhibitor interaction. In contrast, the
nucleophilicity index (e), which is the inverse of electrophilicity, shows
that ZMS5 is also a strong electron donor, especially in the gas phase,
reinforcing its dual role in electron transfer processes during corrosion
inhibition [90].

The total energy values of ZM5 in the gas phase and aqueous phase
indicate that the compound is slightly more stable in the aqueous
environment. This added stability in water, combined with its enhanced
electrophilicity and electron-donating capabilities, suggests that ZM5
will perform particularly well in aqueous environments where corrosion
is typically more aggressive. In conclusion, the quantum chemical pa-
rameters, including a small energy gap, high softness, balanced elec-
trophilicity and nucleophilicity, and low hardness, all point to ZM5
being a highly efficient corrosion inhibitor. Its ability to efficiently
donate and accept electrons ensures strong interactions with the metal
surface, contributing to the formation of a protective layer that prevents
further corrosion. The molecule has enhanced stability and reactivity in
aqueous environments further support its application in environments
where corrosion is a significant concern, making ZM5 a promising
candidate for corrosion inhibition.

Table 7 provides a comprehensive analysis of the quantum chemical
properties of the ZM5 compound in both gas and aqueous phases, crucial
for understanding its corrosion inhibition potential. The calculated
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Fig. 10. SEM microscopy and EDX spectra obtained for mild steel surface pre and post 6 hour immersion in 1.0 M HCI solution, with and without ZM5, at 298 K.
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Fig. 11. Frontier Molecular Orbitals (FMO) of the ZM5 molecule and its Molecular Electrostatic Potential (MEP).

Table 7
Quantum chemical parameters calculated for the ZM5 inhibitor in gas and aqueous phases.
Neutral
B3LYP Enomo Erumo AEgap n c ® € Energy
Gas —5.472 —1.106 4.366 3.289 2.183 0.4581 2.478 0.4036 —1154.315
Aqueous —5.665 —1.289 4.376 3.477 2.188 0.457 2.763 0.362 —1154.324
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Table 8

Computed values for AEp_4, AN, Ay and dipole moment (DM) for the ZM5 compound analyzed in both gas and aqueous phases.
Gas phase Aqueous phase
ANip10 Ay AEp.q u (Debye) ANi19 Ay AEp.q u (Debye)
0.3507 —0.2684 —0.5458 0.698 0.3069 —0.2061 —0.547 1.047184
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Fig. 12. Graphical representation of local dual descriptors (Afi, AcandAw) derived from fukui functions (i, fi ) for the ZM5 inhibitor.
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oge

Fig. 13. Optimized geometry, charge distribution, and frontier molecular orbitals (HOMO and LUMO) of the studied inhibitor.

values for back-donation energy (AEp_4), electron transfer fraction (AN), evaluate its stability and effectiveness in preventing corrosion. By
initial molecule-metal interaction energy (Ay), and dipole moment comparing these parameters across both phases, we can assess ZM5’s
(DM) reveal how ZMS5 interacts with the metal surface, helping to adaptability and efficiency in different environmental conditions,
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providing a deeper understanding of its molecular behavior as a corro-
sion inhibitor.

The ZM5 compound emerges as a highly promising corrosion in-
hibitor, demonstrating robust performance in both gas and aqueous
environments. The key to its effectiveness lies in its ability to donate
electrons, as reflected in the number of electrons transferred (AN 110).
In the gas phase, ZM5 excels, with a higher electron transfer rate
(0.3507), signaling its capacity to form a strong protective barrier on
metal surfaces [90,91]. This heightened electron donation enhances its
adsorption, making it a powerful shield against corrosion. The interac-
tion energy (Awy) supports this, with a more negative value in the gas
phase (-0.2684 eV), further highlighting the strong bond formation be-
tween ZM5 and the metal surface, ensuring durable protection. What
makes ZM5 even more compelling is its performance in aqueous envi-
ronments, where corrosion is often more severe. Here, ZM5’s dipole
moment shines, increasing significantly to 1.047 Debye, a testament to
its heightened polarity and improved interaction with water molecules.
This increased polarity suggests that ZM5 can better anchor itself to
metal surfaces in polar environments, enhancing its protective layer
even in the face of aggressive aqueous corrosion. Despite these envi-
ronmental differences, ZM5 remains consistently stable, as evidenced by
the nearly identical back-donation energy values in both phases. This
stability ensures that ZM5 can accept electrons from the metal surface,
reinforcing its role as a versatile inhibitor that adapts to different con-
ditions [92]. Whether in the gas phase with its superior
electron-donating ability or in the aqueous phase with its enhanced
polarity, ZM5 demonstrates a remarkable balance of properties, making
it a top-tier candidate for comprehensive corrosion protection.

3.5.2. Fukui Functions

The Fukui function analysis provides valuable insights into the
reactivity of different atoms within the studied molecule, particularly in
terms of their susceptibility to nucleophilic, electrophilic, and radical
attacks [93].

The Fukui function analysis of the ZM5 molecule reveals key reactive
centers for nucleophilic, electrophilic, and radical attacks. Atoms like C1
and C26 are prone to nucleophilic attack, acting as electron acceptors,
while C2 and C14 are more susceptible to electrophilic attack, donating
electron density. The radical attack susceptibility highlights C1 and C23
as potential sites for radical formation or stabilization [93,94]. Oxygen
atom O8, due to its high electronegativity, shows resistance to electro-
philic attack but moderate involvement in nucleophilic and radical in-
teractions. Overall, the molecule displays a well-distributed reactivity
profile, allowing it to participate in a variety of chemical reactions
depending on conditions.

The ZMS5 inhibitor is a promising corrosion inhibitor that demon-
strates significant potential in protecting metal surfaces from corrosive
environments. By leveraging its molecular structure and quantum
chemical properties, ZM5 interacts strongly with metal surfaces, form-
ing a protective barrier that inhibits corrosion. The molecule’s effec-
tiveness is evident through its HOMO-LUMO energy gap, which
indicates a balance between its electron-donating and electron-
accepting abilities. Key atomic sites within ZM5, particularly oxygen
08, play a crucial role in its reactivity, as demonstrated by its high
values in local dual descriptors such as Af (nucleophilic reactivity), Ac
(electrophilic reactivity), and Aw (overall softness). These values high-
light ZM5’s capacity to interact with metal surfaces both as an electron
donor and acceptor, facilitating the adsorption process that is essential
for corrosion inhibition. In aqueous environments, ZM5’s dipole
moment further enhances its performance, allowing it to form stronger
interactions in polar conditions. Overall, ZM5’s balanced reactivity,
high softness, and strong adsorption capabilities make it an effective and
versatile inhibitor, particularly suited for applications where corrosion
resistance is critical [94].
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3.5.3. Protonated form of ZM5 molecule

To identify the reactive sites and determine the protonated form of
the ZM5 compound, we utilized the Fukui indices calculated in the
neutral state phase, along with the molecule’s charge distribution. The
Fukui indices, which indicate the likelihood of electron gain or loss at
specific atomic sites, allow us to pinpoint regions most susceptible to
protonation. By analyzing these indices in combination with the charge
distribution, we can effectively identify the optimal protonation sites on
the ZM5 molecule, thereby determining its most stable protonated form
[94].

The oxygen atom O8, characterized by high electronegativity,
effectively resists electrophilic attacks, thus limiting its role as an elec-
tron density donor in these interactions. However, this oxygen shows
moderate participation in nucleophilic and radical interactions, thereby
broadening the molecule’s potential reaction spectrum. This ability of
atom O8 to selectively participate in certain types of attacks contributes
to the balanced reactivity profile of the ZM5 molecule.

3.6. Mechanism of the adsorption

The mechanism by which a corrosion inhibitor acts on a metal sur-
face in an acidic environment can be influenced by the inhibitor’s
chemical structure, as well as by the nature and charge of the metal. The
presence of heteroatoms and functional groups enhances the reactivity
of the inhibitory molecule, thereby promoting the formation of a pro-
tective film on the metal. In our case, the inhibitor used is an organic
compound, ZM5, which contains a heteroatom, oxygen. This oxygen
atom imparts high reactivity to the ZM5 molecule, facilitating interac-
tion with the metal surface and contributing to the formation of an
effective protective film against corrosion in an acidic medium. Fig. 14
illustrates the schematic representation of the adsorption of the ZM5
molecule on the iron surface, based on results from experimental and
theoretical studies.

4. Conclusion

This study highlights the remarkable corrosion inhibition properties
of ZMS5 for mild steel in a 1 M HCI solution, as evidenced by potentio-
dynamic polarization (PDP), electrochemical impedance spectroscopy
(EIS), and adsorption analysis. PDP results indicate that ZM5 signifi-
cantly suppresses both anodic and cathodic current densities, confirm-
ing its function as a mixed-type inhibitor. The high inhibition
efficiencies (npp), reaching up to 94.7 %, reflect ZM5’s capability to
effectively mitigate corrosion rates by adsorbing its electron-rich het-
eroatoms onto the steel surface, forming a robust protective barrier. EIS
data further validate the development of this protective layer,

{ .unn Retrodonation

—==mm Chimisorption

Fig. 14. Schematic representation of the adsorption mechanism of the ZM5
compound on the iron surface.
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demonstrated by the rise in charge transfer resistance (R) and the
reduction in double-layer capacitance (Cqy) with increasing ZM5 con-
centration. Temperature studies reveal that ZM5 maintains its inhibitory
effectiveness even at elevated temperatures, although a slight decline
suggests a predominant physical adsorption mechanism. Langmuir
isotherm analysis confirms chemical adsorption, indicating a strong
interaction between ZM5 and the steel surface. Overall, ZM5 shows
significant promise as a highly effective corrosion inhibitor for mild
steel, offering durable protection through strong surface adsorption and
stable inhibitor-metal complex formation. Density Functional Theory
(DFT) calculations of descriptors further reinforce the observed trend in
corrosion inhibition efficiency, emphasizing the role of ZM5.
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