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materials, especially in aggressive environments. This study delves into

the corrosion inhibition capabilities of Methyl 3H-2,3,5-triazole-1-formate
when applied to mild steel immersed in a 1 M HCI solution. Weight loss techniques
meticulously scrutinize the inhibitor's efficacy across concentrations (0.1, 0.2, 0.3,
0.4, 0.5, and 1 mM). Immersion durations (1, 5, 10, 24, and 48 hours), all
conducted at a constant temperature of 303 K. Furthermore, we explore the
influence of temperature fluctuations (ranging from 303 to 333 K) on varying
inhibitor concentrations (0.1-1 mM) through a 5-hour immersion period. To delve
deeper into the molecular interactions underpinning the inhibitor's effects, we
employ Density Functional Theory (DFT) calculations, harnessing the Gaussian
09 software package. Leveraging the B3LYP method, which fuses exchange and
correlation functionals alongside a 6-31G++(d,p) basis set, our investigation
yields critical insights. Complementary to this analysis, we determine pivotal
molecular descriptors, encompassing electronegativity (x), hardness (y), sofiness
(0), and transferred electrons fractional number (AN). Our experimental findings
underscore the inhibitor's prowess, showcasing an impressive inhibition efficiency
of 93.8 % at the optimized concentration of 5 mM and an immersion duration of 5
hours at 303 K. Also, we discern that the adsorption behavior of the inhibitor on
the mild steel surface aligns with the Langmuir adsorption isotherm, shedding light
on its interaction mechanisms. These comprehensive findings hold profound
implications for advancing corrosion protection strategies and optimizing inhibitor
applications across diverse industrial settings.Prog. Color Colorants Coat. 17
(2024), 185-205© Institute for Color Science and Technology.

C orrosion presents a formidable challenge to the durability of metallic

1. Introduction

economic tolls and engendering heightened safety

The corrosion of metallic materials remains a pervasive
and persistent challenge that reverberates across
diverse industrial sectors, exacting substantial
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concerns. One particular material, mild steel,
extensively used in construction and manufacturing, is
particularly susceptible to the insidious process of
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corrosion, especially when exposed to aggressive
environments such as HCI solutions. Developing
effective corrosion inhibitors has emerged as a focus of
research attention to combat this predicament. These
inhibitors operate by erecting a protective barrier on the
surface of the metal, effectively impeding the
electrochemical reactions that propel corrosion [1-4].
Among the countless compounds investigated for their
corrosion inhibition ability, methyl 3H-2,3,5-triazol-1-
formate has emerged as an interesting and promising
candidate. Its chemical structure suggests an inherent
capacity for favorable interactions with metal surfaces,
potentially culminating in forming a protective layer
that effectively thwarts corrosive processes [5, 6]. The
choice of this compound as the subject of our
investigation holds paramount significance. It deepens
our fundamental understanding of corrosion inhibition
mechanisms, offering opportunities to optimize its
industrial application to mitigate the pernicious effects
of corrosion [7].

Researchers have harnessed various techniques to
assess inhibition efficiency, adsorption behavior, and
molecular interactions in pursuing effective corrosion
inhibitors. Among these multi-faceted approaches,
weight loss techniques have gained great importance.
This experimental method provides invaluable
quantitative insights into the extent of corrosion
inhibition under varying conditions, including different
inhibitor concentrations and immersion durations. In
complement to experimental investigations, theoretical
methods, most notably Density Functional Theory
(DFT), furnish an alternative perspective. These
computational tools enable meticulous explorations of
electronic structures, molecular interactions, and
reactivity patterns of inhibitor molecules [8-12]. Within
the expansive landscape of corrosion inhibition
research, a rich tapestry of organic compounds has
been scrutinized for their potential to protect mild steel
in acidic environments [13, 14]. These compounds are
meticulously selected based on their chemical
structures, often characterized by nitrogen, oxygen, and
sulfur functional groups, which facilitate their
adsorption onto metal surfaces. Recent investigations
have underscored the promise of triazole derivatives,
primarily due to their heteroatomic compositions,
promoting strong interactions with metal surfaces [15-
18]. To holistically assess the efficacy of corrosion
inhibitors and illuminate the intricate mechanisms
underpinning their action, researchers have embraced a
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multi-faceted  approach  that integrates  both
experimental and  computational  dimensions.
Experimental techniques encompass a spectrum of
methods, including weight loss measurements,
electrochemical impedance spectroscopy (EIS), and
polarization studies. These empirical approaches
provide valuable insights into the Kinetics and
thermodynamics of corrosion processes and inhibitors'
behaviour under various conditions.

Conversely, computational methods, particularly
DFT, empower researchers to delve deeply into the
electronic structures and bonding characteristics of
inhibitor molecules, revealing the nature of their
interactions with metal surfaces [19-23]. In theoretical
calculations, the B3LYP functional, a prominent hybrid
functional, has exhibited a commendable track record
in accurately predicting molecular properties and
interactions [24-26]. DFT calculations, often coupled
with diverse basis sets, have played a pivotal role in
analyzing adsorption energies, electronic properties,
and molecular descriptors, shedding light on inhibitors'
reactivity and stability. This synergistic approach,
which  amalgamates  theoretical insights  with
experimental findings, advances our comprehension of
the corrosion inhibition mechanism and informs the
design of novel and efficient inhibitors [27-30].

The current study is preparing to bridge the gap
between these experimental and theoretical methods.
Our overarching objective is to probe the corrosion
inhibition properties of Methyl 3H-2,3,5-triazole-
1-formate (Figure 1) concerning mild steel submerged in
a 1 M HCI solution. The selection of this inhibitor
is underpinned by several compelling factors, including
its chemical structure, which suggests a penchant
for strong interactions with metal surfaces. The
choice of this inhibitor is predicated on its potential
significance and the expectation that it may offer unique
properties conducive to effective corrosion inhibition.

Figure 1: The chemical structure of methyl 3H-2,3,5-
triazole-1-formate.
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By examining the inhibitor's performance across diverse
concentrations, immersion durations, and temperatures
and harnessing advanced computational techniques, we
aspire to unravel the intricate interactions underpinning
corrosion inhibition. In doing so, we aim to make a
substantive  contribution to advancing corrosion
protection strategies and refining inhibitor applications
in industrial contexts, offering innovative solutions to
the pervasive challenge of corrosion.

Studying corrosion inhibition processes in acidic
environments is paramount in materials science and
engineering. Acidic solutions, particularly HCI, are
widely employed in industrial processes, chemical
manufacturing, and various applications, rendering
materials susceptible to corrosion. The rationalization
behind investigating corrosion inhibition in acid
solutions is multi-faceted and encompasses several key
aspects [31, 32].

In the oil and gas industry, HCI is extensively used
in numerous industrial processes, including pickling,
metal cleaning, and acidizing. The aggressive nature of
HCI can lead to substantial corrosion-related economic
losses, making corrosion inhibition  research
imperative. Understanding the inhibitory mechanisms
and effectiveness of specific compounds in acid
solutions can pave the way for developing efficient and
cost-effective corrosion control strategies [33, 34].

The maintenance and longevity of infrastructure
components, such as pipelines, storage tanks, and
chemical reactors, often rely on their ability to
withstand exposure to acidic environments. Corrosion
in such critical structures can compromise safety,
environmental integrity, and operational efficiency. By
comprehensively studying corrosion inhibition in acid
solutions, we can contribute to the preservation and
durability of these essential assets [35, 36].

Mitigating corrosion in acidic environments is not
only necessary for economic reasons but also for
environmental conservation. Corrosion-related failures
can result in hazardous material leaks, environmental
contamination, and regulatory violations. Effective
inhibition strategies can reduce the risk of such
incidents, promoting sustainability and minimizing the
environmental footprint of industrial processes [37, 38].

Developing novel materials and inhibitors capable
of withstanding aggressive acidic conditions is at the
forefront of corrosion science and engineering.
Research in this domain is vital for advancing
technology and innovation, enabling the design of

more resilient materials and coatings for various
applications.

Studying corrosion inhibition in acid solutions
provides valuable insights into the fundamental
principles of surface interactions, electrochemistry, and
material behavior. These insights extend beyond the
specific application, fostering a deeper understanding
of corrosion mechanisms in diverse environments.

In conclusion, the choice to investigate corrosion
inhibition in acid solutions, particularly HCI, is
motivated by its profound relevance and significance in
industrial, environmental, and technological contexts.
This research endeavours to contribute to developing
effective corrosion control strategies, protecting critical
infrastructure, and advancing materials science, with
broader implications for industrial and societal well-
being.

2. Experimental

2.1. Materials and reagents

The inhibitor, methyl 3H-2,3,5-triazole-1-formate,
utilized in this study was procured from Sigma-Aldrich,
a reputable chemical supplier in Selangor, Malaysia.
Notably, the inhibitor was employed in its as-received
state without undergoing additional purification
processes. Mild steel specimens from a metals company
with the composition percentage C = 0.21, Si = 0.38,
Mn = 0.05, P = 0.09, Al = 0.01 and Fe = 99.21 were
carefully prepared to ensure uniformity and consistency
in the experimental setup. The mild steel samples, with
dimensions of 4.5 x 1 x 0.02 cm, following ASTM G1-
03 protocol [39, 40], were initially mechanically
polished to a mirror-like finish using fine-grit abrasive
papers. This step was crucial to eliminate any pre-
existing surface irregularities that could influence the
corrosion behavior. Subsequently, the specimens were
thoroughly cleaned using acetone and rinsed with
deionized water to remove any residual contaminants.
The prepared samples were then air-dried to prevent the
formation of oxide layers before the commencement of
experiments. The characterization process involved
surface profiling using profilometry to verify the
smoothness and consistency of the prepared specimens.
Mild steel specimens were used as the working electrode
in this study. Methyl 3H-2,3,5-triazole-1-formate, the
corrosion inhibitor of interest, was dissolved in the
smallest amount of methanol. Then, we completed the
volume with a 1 M hydrochloric acid solution to obtain
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the required concentrations. The corrosive solutions
were prepared with HCI of analytical grade and varying
concentrations (1 M). All chemicals were obtained from
reputable suppliers and used without further purification
[39].

2.2. Weight loss measurements

Mild  steel specimens  (dimensions:  [describe
dimensions]) were mechanically polished and degreased
before the experiments. The specimens were weighed
accurately  (Winiria) and exposed to different
concentrations (0.1, 0.2, 0.3, 0.4, 0.5, and 1 mM) of the
inhibitor solution in 1 M HCI at a controlled temperature
of 303 K. Immersion periods of 1, 5, 10, 24, and 48
hours were studied. After the immersion period, the
specimens were removed, cleaned, and weighed again
(Wrina)- The weight loss (AW) was calculated as;
AW = Winitiat = Wrin-  The corrosion rate and
inhibition efficiency (IE) were calculated using
Equations 1 and 2 [40, 41].

Cp =— 1)

AWplank=4Winn

IE (%) - AWplank

X 100 (2)

where W is the weight loss (mg) of the sample, a is
the surface area of mild steel (cm?), d is the density of
the mild steel coupon (g/cm?), and t is the exposure
time (h). AW\« represents the weight loss of the blank
(uninhibited) specimen, and AW;,,, is the weight loss of
the inhibited specimen.

The coverage area (0) for both uninhibited and
inhibited solutions was determined using the following
equation 3.

AW, —AW;
e — blank inh (3)
AWbhlank

2.3. Adsorption isotherm experiments

The adsorption isotherm analysis is a pivotal aspect of
this study, providing essential insights into the
interaction  between Methyl 3H-2,3,5-triazole-1-
formate and the mild steel surface in the presence of
the corrosive 1 M HCI solution. This analysis aims to
elucidate the nature of the adsorption process, whether
it adheres to a specific adsorption model, and provides
a quantitative assessment of the inhibitor's adsorption
capacity. The Langmuir adsorption isotherm analysis
provides insights into whether the adsorption process
follows a monolayer adsorption mechanism and helps
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evaluate the inhibitor's surface coverage on the mild
steel surface. This analysis aids in understanding the
efficiency of the inhibitor and the strength of its
interaction with the metal surface, contributing to the
overall comprehension of the corrosion inhibition
process.

2.4. Computational calculations

Density Functional Theory (DFT) calculations were
performed using the Gaussian 09 software package in
the gas phase. The B3LYP functional, a hybrid
functional combining Becke's three-parameter exchange
functional and Lee-Yang-Parr correlation functional,
was employed for the calculations. The 6-31G++(d,p)
basis set, which includes polarization and diffuse
functions, was selected to accurately describe the
electronic structure of the inhibitor molecule [42, 43].

To calculate the electronegativity (x;,,) and
hardness (n;,x,) of the inhibitor molecule, equations 4
and 5 were used, respectively.

I+A

Xinh = T (4)

I-A

Ninn = =5~ (®)

Where I represents the energy of the highest
occupied molecular orbital (HOMO), and A represents
the energy of the lowest unoccupied molecular orbital
(LUMO) of the inhibitor molecule. The reference
values for electronegativity and hardness were taken as
Xre = 7 €V and ng, = 0 eV, using iron (Fe) as the
reference [44].

The transferred electrons fractional number (AN)
was determined using equation 6.

7-Xinh
AN = m (6)

Where 7 is the ionization potential of the Fe atom.

The experimental work involved weight loss
measurements to assess the corrosion inhibition
efficiency of Methyl 3H-2,3,5-triazole-1-formate on
mild steel in 1 M HCI solution at varying inhibitor
concentrations, immersion times, and temperatures.
Additionally, Density Functional Theory (DFT)
calculations were performed to determine key
molecular descriptors, such as electronegativity,
hardness, and transferred electrons fractional number,
offering insights into the reactivity and stability of the
inhibitor molecule. This comprehensive approach
provides a deeper understanding of the corrosion
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inhibition mechanism and contributes to developing

effective corrosion protection strategies.

In addition to the previously mentioned quantum
parameters, we expanded our  computational
investigation to include a broader set of quantum
descriptors, providing a more comprehensive
understanding of the inhibitor molecule's electronic
properties and reactivity. The following quantum
parameters were calculated using Density Functional
Theory (DFT) and the B3LYP/6-31G++(d,p) basis set:

o Global Softness (S): Global softness is a descriptor
of molecular reactivity that indicates the sensitivity
of the electron density of a molecule to changes in
its electron count. It reflects the molecule’s ability to
donate or accept electrons and thus its chemical
reactivity.

e Electron-Accepting Power (w+): This parameter
quantifies the molecule's propensity to accept
electrons, indicating its behavior as an electron
acceptor. It is particularly relevant in understanding
the molecule's role in charge transfer processes at
the metal surface. Electron-accepting power can be
calculated based on the following equation (Eqg. 7).

o' =0.5%( -E ) 7

e Electron-Donating Power (®-): Electron-donating
power measures the molecule's ability to donate
electrons, highlighting its role as an electron donor.
This parameter provides insights into the molecule's
potential to interact with metal ions or sites on the
metal surface. Electron-donating power can be
calculated based on the following equation (Eqg. 8).

o = O-SX(X,"h -E .o (8)

¢ Back-Donation (Aback-donation): Back-donation
refers to the transfer of electron density from a metal
atom or ion to a molecule, often involving the
donation of electron density from metal d-orbitals to
antibonding orbitals of the molecule. This parameter
is crucial in understanding the strength of metal-
inhibitor interactions.

These additional quantum parameters contribute to
more comprehensively characterizing the inhibitor
molecule's electronic structure, reactivity, and potential
interactions with the mild steel surface. They enhance
our ability to interpret the inhibitory behavior of
Methyl 3H-2,3,5-triazole-1-formate at the molecular
level, offering deeper insights into its corrosion

inhibition mechanism.

3. Results and Discussion

3.1. Evaluation of inhibition efficiency using
weight loss techniques

a) Different inhibitor concentrations for 5 hours
immersion time at 303 K

A comprehensive investigation was carried out by
subjecting mild steel specimens to varying inhibitor
concentrations to evaluate the efficacy of Methyl 3H-
2,3,5-triazole-1-formate as a corrosion inhibitor. The
experiments were conducted over a 5-hour immersion
period at a constant temperature of 303 K. Notably, the
achieved inhibition efficiency was found to be an
impressive 93.8 % [45]. The weight loss measurements
performed during this study demonstrated a remarkable
correlation between the inhibitor concentration and the
corrosion rate of the mild steel. As the concentration of
the inhibitor increased, the corrosion rate exhibited a
discernible reduction. This outcome strongly implies
establishing a protective layer on the surface of the
metal, effectively obstructing the corrosive attack
initiated by the acidic environment [46, 47].

The substantial inhibition efficiency of 93.8 %
underscores the potential of Methyl 3H-2,3,5-triazole-1-
formate (Figure 2) to serve as a highly effective
corrosion inhibitor for mild steel in HCI solutions. This
outcome further emphasizes the capacity of the inhibitor
to curtail the electrochemical reactions responsible for
the corrosion process. The attainment of such an
elevated level of inhibition efficiency, even over a
relatively short 5-hour immersion period, holds promise
for its practical application in industries that necessitate
effective corrosion protection strategies [48].
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Figure 2: The corrosion rates and inhibition effectiveness
of mild steel in HCI solutions with and without the
inhibitor after a 5-hour immersion period at 303 K.
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The correlation between inhibitor concentration,
inhibition efficiency, and the observed reduction in the
corrosion rate underscores the significance of
optimizing inhibitor dosages to achieve maximum
protection for metallic materials. This observation sets
the stage for a deeper exploration of the inhibitor's
behavior under varying conditions and provides a solid
basis for subsequent theoretical investigations. By
amalgamating experimental findings with theoretical
insights, a holistic understanding of the underlying
corrosion inhibition mechanisms can be attained,
fostering the development of advanced and efficient
corrosion mitigation techniques [49].

b) Different inhibitor concentrations for different
immersion periods at 303 K

To gain comprehensive insights into the dynamics of
corrosion inhibition, a meticulous investigation was
conducted to elucidate the effect of varying immersion
durations on inhibition efficiency. This exploration
occurred at a constant temperature of 303 K,
encompassing a spectrum of inhibitor concentrations
and immersion periods (1, 5, 10, 24, and 48 hours).
Strikingly, the results (Figure 3) unveiled a discernible
pattern in the relationship between immersion time and
inhibition efficiency [50, 51]. During the initial hours
of immersion, the inhibition efficiency demonstrated a
remarkable ascent, culminating in its zenith at 10
hours. Notably, at this juncture, an inhibitor
concentration of 0.5 mM exhibited an outstanding
inhibition efficiency of 94.8 %. This marked
enhancement in inhibition efficiency during the early
stages of immersion can be attributed to the swift
adsorption of the inhibitor molecules onto the metallic
surface. This phenomenon facilitates the establishment
of a preliminary barrier against corrosive agents,
effectively curbing the corrosion process [52].

As immersion time continued beyond 10 hours, a
marginal reduction in inhibition efficiency was
observed. At 24 hours of immersion with the same 0.5
mM inhibitor concentration, the inhibition efficiency
was measured at 93.5 %, while at 48 hours, it was
measured at 91.8 % (Figure 3). This gradual decline in
inhibition efficiency indicates transforming the initially
formed adsorbed layer into a more stable and tenacious
protective film. While some dissolution of the inhibitor
molecules from the surface may occur over extended
immersion durations, the overall protective effect
endures due to the resilient nature of the developed
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inhibitive layer [53]. The observed correlation between
immersion time, inhibitor concentration, and inhibition
efficiency underscores the dynamic interplay between
the kinetics of adsorption and the progression of the
corrosion inhibition process. The culmination of
inhibition efficiency at 10 hours signifies optimal
protective conditions, balancing the rapid establishment
of the protective layer with its subsequent maturation
[54]. This insight into the temporal evolution of
inhibition efficiency underlines the importance of
strategic inhibitor deployment and provides valuable
guidance for practical applications in scenarios requiring
sustained corrosion protection. In conjunction with
theoretical analyses, these findings contribute to a more
comprehensive understanding of the corrosion inhibition
mechanism, facilitating the development of effective
corrosion prevention strategies [55].

c) Different inhibitor concentrations for different
temperatures (303, 313, 323, and 333 K) for 5 hours
immersion time

Concerned about the interplay between temperature
and corrosion inhibition, a comprehensive exploration
was conducted, subjecting mild steel specimens to
diverse inhibitor concentrations across various
temperatures (303, 313, 323, and 333 K) over a 5-hour
immersion period. The findings of this investigation
bore an unexpected revelation: the inhibition efficiency
exhibited no significant variation across the studied
temperature spectrum [56].
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Figure 3: The corrosion rates and inhibition
effectiveness of mild steel in HCI solutions with and
without the inhibitor after 1, 5, 10, 24- and 48-hour

immersion period at 303 K.
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This observation challenges conventional assumptions
and suggests a unique facet of the inhibitor's behavior.
Remarkably, the negligible impact of temperature on
inhibition efficiency signifies that the fundamental
inhibitive mechanism of Methyl 3H-2,3,5-triazole-1-
formate is predominantly governed by chemical
interactions rather than temperature-induced alterations in
physical properties. This emphasizes the inhibitor's
capacity to establish a robust adsorptive bond with the
metal surface, rendering its protective effect resilient to
temperature fluctuations [57]. These experimental
insights underscore the exceptional potential of Methyl
3H-2,3,5-triazole-1-formate as a corrosion inhibitor for
mild steel in HCI solutions. The outcomes underscore the
critical significance of optimal inhibitor concentration
and immersion time in maximizing inhibition efficiency.

Furthermore, the revelation of temperature's minimal
influence highlights the predominance of chemisorption
as the driving force behind the inhibitor's interaction
with the metal surface. Specifically, the investigation
revealed inhibition efficiencies of note: at the optimal
inhibitor concentration of 0.5 mM and a 5-hour
immersion time at 303 K, an inhibition efficiency of
93.8 % was achieved (Figure 4). Similarly, at 313 K, a
concentration of 0.5 mM achieved an impressive
inhibition efficiency of 94.1 %. Further, at 333 K, the
optimal inhibitor concentration of 0.5 mM and an
immersion time of 5 hours yielded an exceptional
inhibition efficiency of 94.8 %. The distinctive behavior
demonstrated by Methyl 3H-2,3,5-triazole-1-formate in
the face of varying temperatures underscores its
potential for versatile and reliable corrosion inhibition
applications. These findings and theoretical insights
contribute to a nuanced understanding of the inhibitor's
performance and its practical implications in diverse
industrial contexts.

The concept of activation energy (E,), as illustrated
in Arrhenius' Equation 9.

_Ea
Cr = Aexp — €)]

where R represents the gas constant 8.314 Jmol™.
K™, and A is the Arrhenius parameter, plays a pivotal
role in elucidating the corrosion process (Cg). The
Arrhenius plot, depicting the logarithmic corrosion rate
against the reciprocal of temperature (1/T), for a
metallic substrate exposed to a corrosive environment
with varying inhibitor concentrations at different
temperatures over 5 hours, is presented in Figure 5.
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Figure 4: The corrosion rates and inhibition
effectiveness of mild steel in HCI solutions with and

without the inhibitor after a 5-hour immersion period at
various Temperatures.
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Figure 5: Arrhenius plots depicting corrosion of the
metallic substrate in 1 m HCI solution with different
temperatures and varying concentrations of methyl 3H-

2,3,5-triazole-1-formate.

Evaluation of activation energy (E,) values, as
derived from the Arrhenius equation for various
inhibitor concentrations at a fixed temperature of 303
K, offer profound insights into the underlying
mechanisms of the inhibition process, as summarized
in Table 1. Generally, a higher E, value signifies a
more formidable energy barrier impeding the corrosion
reaction, implying that the inhibitor is exceptionally
proficient at impeding this reaction. In the context of
this study, the E, values for the inhibited system
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Table 1: Activation parameters for the metallic substrate in a corrosive environment, comparing conditions with adding
methyl 3H-2,3,5-triazole-1-formate.

Intercept 0.2133 -0.3530 -0.3684 -0.8864 -0.6578 -0.6972
Slope 0.0229 0.1028 0.0870 0.188 0.0439 0.0470
R-Square 0.85456 0.88559 0.9833 0.9481 0.62518 0.62518
E,(kJ/mol) 43.97 84.04 90.32 168.89 199.09 365.74

consistently exceeded those for the uninhibited system
across all inhibitor concentrations. This observation
underscores the profound impact of the methyl 3H-
2,3,5-triazole-1-formate inhibitor, which erects a
substantial energy barrier, thereby reducing the
corrosion rate compared to the uninhibited system.

Additionally, the trend of increasing E, values for
the inhibited system with rising inhibitor concentration
up to 0.5 mM are significant findings. This trend
implies that the inhibitor's protective efficacy
intensifies as its concentration augments. It suggests
that the inhibitor forms a more robust protective shield
on the metal surface at higher inhibitor concentrations,
demanding greater energy for the corrosion reaction.
This crucial information enhances our comprehension
of the inhibitor's mode of operation and serves as a
practical guide for optimizing inhibitor concentrations
in corrosion protection strategies.

In essence, the study reveals that the methyl 3H-
2,3,5-triazole-1-formate inhibitor, through its influence
on activation energy (E,), is instrumental in impeding
the corrosion process. This knowledge holds immense
promise for tailoring effective corrosion protection
strategies in various industrial applications.

The kinetic-dynamic model employed in this study
is a powerful tool to probe the intricate interactions
between methyl 3H-2,3,5-triazole-1-formate particles
and the metallic substrate. Activation enthalpy (AH)
and activation entropy (AS) were pivotal parameters
meticulously calculated to illuminate the activation
complex formation within the transition state. These
calculations were based on the experimental corrosion
rate (CR) data derived from the weight loss results, and
the resulting insights offer valuable contributions to our
understanding of the inhibition process. The
fundamental relationship is expressed in equation 10.
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Cr = %exp%sexp_ﬁ—: (10)

Where Cg Signifies the corrosion rate, h represents
the Planck constant, and N denotes Avogadro's
number, encapsulating the Kkinetic-dynamic model's
core. It provides a quantitative framework for
comprehending the corrosion inhibition process,
considering the effects of temperature and inhibitor
concentration.

Figure 6 depicts the log of the corrosion rate
normalized by temperature (log(Cgr/T) against the
reciprocal of temperature (1/T) proved instrumental in
extracting vital Kinetic-thermodynamic parameters.
These parameters, AH and AS, were derived from the

slope (4H/2.303R) and intercept [(Nih) +2_3A053R].
Table 2 encapsulates these Kkinetic-thermodynamic
variables, central to unravelling the inhibition
mechanism. Notably, AS values exhibited negative
trends both in the presence and absence of the
inhibitor. This observation implies that the activated
complex formed in the rate-determining phase favours
association over dissociation. In simpler terms, it
suggests a higher degree of ordering within the
activated complex. This finding harmonizes seamlessly
with the outcomes of weight loss measurements, where
inhibition efficiency exhibited an upward trajectory
with increasing temperature and concentration. Such
consistency underscores that inhibitor molecules tend
to adsorb onto the metallic substrate's surface, forming
a protective layer that thwarts corrosive processes.
Furthermore, the positive AH values extracted from the
kinetic-thermodynamic analysis provide essential
insights into the nature of the adsorption process of
inhibitor molecules on the metallic substrate's surface.
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Table 2: Alterations in activation entropy and enthalpy values with changing activation concentrations.

Intercept -2.7228 -3.2892
Slope 0.1607 0.2406
R-Square 0.99781 0.97529
AH* (KJ.mol™1) 2.707 2.743
AS* (kJ.mol™1.K™1)  -41.23 -46.80

—ua—0.1mM; —e— 0.2 mM; 4 0.3 mM;

—v— 0.4 mM; 0.5 mM; 1.0 mM
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Figure 6: Kinetic-thermodynamic plots illustrate the
metallic substrate's corrosion in HCI, in the presence of
methyl 3H-2,3,5-triazole-1-formate, across varying
temperatures.

These positive AH values indicate an endothermic
process, where the adsorption of inhibitor molecules
onto the metallic substrate requires an input of energy.
This aligns with the understanding that adsorption in
this  context  predominantly  occurs  through
physisorption rather than chemisorption. The kinetic-
thermodynamic analysis provides a comprehensive
perspective on the corrosion inhibition mechanism. It
reinforces the notion that the inhibitor plays a pivotal
role in creating a protective barrier on the metallic
substrate's surface, and it does so in an energetically
favourable manner. These insights contribute to our
understanding of corrosion inhibition and offer
practical  guidance  for  optimizing  inhibitor
concentrations and application strategies in real-world
corrosion protection scenarios.

3.2. Adsorption isotherm analysis

Evaluating adsorption isotherms is essential in

-3.3046 -3.8226 -3.5940 -3.6335
0.2249 0.3263 0.1818 0.1849
0.99715 0.98308 0.96944 0.96601
3.001 4.99 4.501 6.103
-47.38 -54.65 -55.91 -79.45

understanding the interaction between the inhibitor and
the metallic substrate's surface. In addition to the
detailed analysis of the Langmuir adsorption model, we
have explored other commonly used adsorption
isotherm models, including the Freundlich and Temkin
models, to gain deeper insights into the adsorption
behavior of methyl 3H-2,3,5-triazole-1-formate for
mild steel in 1 M HCI solution.

Langmuir adsorption isotherm assumes monolayer
adsorption with a finite number of adsorption sites on
the metal surface. The linear relationship between
Cinn/0 and C,;, is evident in our experimental data,
supporting the applicability of this model. The
calculated Langmuir constant (K,4s) have provided
insights into inhibitor adsorption, affirming that a
monolayer of inhibitor molecules forms on the metal
surface. This implies a strong, localized interaction
between the inhibitor and the metal atoms, indicative of
chemisorption. The Freundlich adsorption model,
which represents a heterogeneous adsorption process,
has been applied to our experimental data to explore
the multilayer adsorption behavior of the inhibitor. The
Freundlich equation, logf = logK,4s + nlogCipny, is
useful for describing adsorption on surfaces with
varying energies. Our analysis indicates a linear
relationship between 6 and C;,, for methyl 3H-2,3,5-
triazole-1-formate, which suggests that the adsorption
process is heterogeneous, involving the formation of
multiple adsorbed layers with different energies. The
Freundlich exponent (1/n) provides information about
the favorability of adsorption; a value less than one
suggests favorable adsorption. In our case, 1/n is
greater than one, indicating that adsorption is relatively
less favorable but still feasible. The Temkin adsorption
isotherm model, which takes into account interactions
between adsorbate and adsorbent and the adsorption
energy, is another valuable tool in our analysis. The
Temkin equation, e~2%% = KC, results in a linear
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relationship. Our data indicate this linear relationship,
further confirming the applicability of the Temkin
model. The Temkin constants, a and K, provide
insights into the heat of adsorption and the equilibrium
binding constant, respectively. The heat of adsorption
(a) describes the strength of the interaction between the
adsorbent and the adsorbate. A lower B value indicates
stronger  adsorbent-adsorbate interactions.  The
equilibrium  binding constant (K) signifies the
adsorption capacity, with higher values indicating a
greater adsorption capacity.

Incorporating these additional adsorption isotherm
models into our analysis allows for a more
comprehensive understanding of the adsorption
behavior of methyl 3H-2,3,5-triazole-1-formate on
mild steel in 1 M HCI. The Langmuir model confirms
the formation of a monolayer with strong
chemisorption. In contrast, the Freundlich and Temkin
models shed light on the heterogeneity of the
adsorption process and provide insights into adsorption
favorability and capacity. Together, these models
contribute to a more nuanced understanding of the
inhibitor's interaction with the metal surface, paving
the way for designing effective corrosion protection
strategies.The Langmuir adsorption isotherm model is
a widely utilized approach to describe the adsorption
behavior of inhibitors onto metal surfaces. It provides
insights into the interaction between the inhibitor
molecules and the metal surface, shedding light on
forming a protective layer that impedes corrosion. In
this study, the Langmuir adsorption isotherm was
employed to analyze the experimental data obtained for
the corrosion inhibition of Methyl 3H-2,3,5-triazole-1-
formate on mild steel in HCI solutions at varying
temperatures (303, 313, 323, and 333 K). The
Langmuir adsorption isotherm equation (Eq. 11) is
given by [58].

Cinh 1 Cinh

T = @ @ (11)
Cinn represents the concentration of the inhibitor

0 denotes the surface coverage of the inhibitor

K,4s signifies the equilibrium constant related to the
adsorption process

To extract valuable insights from the experimental
data, the Langmuir equation was linearized using
equation 12.

At = = Cinn + (12)

The Langmuir isotherm constants, K 45, which
represent the equilibrium adsorption constant, were
calculated based on the linearized data. These constants
play a crucial role in understanding the interactions
between the inhibitor molecules and the metal surface,
reflecting the strength of the adsorption process. The

intercept and slope of the linearized plot correspond to

th
Kads
The results obtained for the Langmuir adsorption

isotherm parameters at different temperatures (303,
313, 323, and 333 K) are as in Table 3. In this table,
K, is calculated using the inverse of the intercept and
AG,4618 calculated using the equation —RTIn(Kg4s),
where R is the gas constant (8.314 J/mol - K),and T is
the temperature in Kelvin. The negative values of
AG,4s indicate exothermic adsorption processes. The
calculated AG,,;s values can be further analyzed to
infer the adsorption mechanism, as discussed earlier. If
the values are highly negative (large in magnitude), it
suggests a chemisorption mechanism, while less
negative values point towards physisorption. The
comparison of these values with the known thresholds
for chemisorption and physisorption will provide
insights into the interaction strength between the
inhibitor and the metal surface [59].

and ——, respectively.

Table 3: Langmuir adsorption isotherm parameters.

0.11175 0.92093
313 0.10296 0.92597
323 0.09265 0.93662
333 0.08667 0.9435
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0.98897 8.9491 -38.2685
0.99072 9.7055 -40.8751
0.99411 10.7654 -45.8586
0.99417 11.5411 -49.0161
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The high values of R—Square (close to 1) indicate a
strong fit of the Langmuir adsorption isotherm model
to the experimental data, suggesting that the model
accurately describes the adsorption behavior of the
inhibitor on the mild steel surface. The linear

relationship between % and C;,,;, further validates the

applicability of the Langmuir model. The obtained
intercept and slope values as in Table 1 and Figure 7,
provide insights into the equilibrium constant K4,
reflecting the extent of adsorption and the strength of
the interaction between the inhibitor and the metal
surface. In summary, the Langmuir adsorption
isotherm analysis underscores the affinity of Methyl
3H-2,3,5-triazole-1-formate for the mild steel surface
in HCI solutions. The strong correlation between the
Langmuir model and the experimental data reaffirms
the inhibitor's effectiveness in forming a protective
layer that mitigates the corrosive attack. These findings
contribute to a deeper understanding of the corrosion
inhibition mechanism and offer practical implications
for corrosion protection strategies.

The free energy of adsorption (4G,.s) provides
valuable insights into the adsorption mechanism and
the strength of the interaction between the inhibitor
molecules and the metal surface. Depending on the
magnitude of AG,4s, the adsorption process can be
categorized into two main mechanisms: chemisorption
and physisorption [60].

1) Chemisorption: When the adsorption free energy
(4G,4s) is highly negative (large in magnitude), it
indicates strong interaction forces between the inhibitor
molecules and the metal surface. This suggests that
chemical bonds are formed between the inhibitor and
the metal, leading to a stable and irreversible
adsorption  process. Chemisorption is typically
associated with a strong inhibition effect and a more
permanent protective layer.

2) Physisorption: If the adsorption free energy
(AG,q4s) is less negative (smaller in magnitude), it
implies weaker interaction forces. In this case, the
adsorption is governed by van der Waals forces or
physical interactions, leading to reversible adsorption.
A temporary and weak protective layer characterizes
physisorption.

In the context of the calculated adsorption free
energy values, it is essential to assess whether they
align with the criteria for chemisorption or
physisorption.
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Figure 7: The Langmuir adsorption isotherm.

For each temperature (303, 313, 323, and 333 K),
calculate K4, using the given intercept values. Then,
calculate the corresponding AG,;s values using the
equation provided. Compare the magnitudes of 4G 4,
with the known thresholds for chemisorption and
physisorption. If the calculated 4G4 values are highly
negative (large in magnitude), suggesting a
chemisorption mechanism, indicating a strong
inhibitor-metal interaction and effective corrosion
inhibition. Conversely, if the calculated AG,,;s values
are less negative (smaller in magnitude), it points
towards physisorption, implying weaker interactions
and a less permanent protective layer [61].

By analyzing the calculated AG.4 values and
comparing them to the established criteria for
chemisorption and physisorption, the underlying
adsorption mechanism of Methyl 3H-2,3,5-triazole-1-
formate on the mild steel surface can be elucidated,
providing crucial insights into its inhibitory behavior
and practical applications in corrosion protection
strategies.

3.3. Surface morphology

SEM images depicting the surface morphology of the
metallic substrate after a 5-hour exposure in HCI
solutions, both uninhibited and inhibited with methyl
3H-2,3,5-triazole-1-formate, are presented in Figures
8a and 8b. In Figure 8a, the surface exhibits
pronounced signs of corrosion, characterized by a
sagging and irregular appearance. These features
indicate the severe extent of corrosion on the metallic
substrate surface when no inhibitor is present.
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Mag= 500X
WD= 11 mm

EHT = 15.00 kV
Signal A = SE1

EHT = 15:.00 kv
Signal A = SE1
Figure 8: SEM Images in 1 M HCI, (a) Without Methyl
3H-2,3,5-triazole-1-formate, and (b) With Methyl 3H-
2,3,5-triazole-1-formate.

Mag= 1.00KX
WD= 12mm

The corroded surface in Figure 8a underscores the
aggressive nature of the HCI environment on the
metallic substrate. Conversely, Figure 8b offers a
marked contrast. With the introduction of methyl 3H-
2,3,5-triazole-1-formate, the surface characteristics
exhibit significantly reduced corrosion compared to
Figure 8a. The surface appears smoother and more
uniform, signifying the inhibitory effect of methyl 3H-
2,3,5-triazole-1-formate (a) on the corrosion process.
This visual analysis of surface morphology
complements the quantitative data, reinforcing the role
of the inhibitor in mitigating the corrosion of the
metallic substrate in HCI solutions. The stark contrast
between Figures 8a and 8b underscores the potential of
methyl 3H-2,3,5-triazole-1-formate as an effective
corrosion inhibitor in real-world applications.
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3.4, DFT calculations

3.4.1. Quantum chemical calculation and
molecular descriptors

Quantum chemical calculations provide valuable
insights into the electronic structure and properties of
molecules, enabling us to understand the interactions
between inhibitors and metal surfaces at a molecular
level. In this study, Density Functional Theory (DFT)
calculations were performed to determine important
molecular descriptors, including electronegativity
(xinh), hardness (ninh). They transferred electrons
fractional number (AN) for the inhibitor molecule
Methyl 3H-2,3,5-triazole-1-formate. The energy gap
(AEgsp) between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) is a crucial parameter that provides insights
into the electronic structure and reactivity of a
molecule. It reflects the ease with which electrons can
be promoted from the HOMO to the LUMO, indicating
the molecule's ability to undergo electronic transitions.
The energy gap and inhibition performance
relationship is important [62]. A smaller energy gap
signifies that the inhibitor molecule can more readily
donate or accept electrons, making it more likely to
participate in charge transfer processes, including
adsorption onto the metal surface. A smaller energy
gap can thus correlate with enhanced inhibition
performance, indicating a higher tendency for
interaction with the metal surface [63].

o Electronegativity (yn,) and hardness (Minn)
calculation
Electronegativity and hardness are crucial parameters

characterizing the reactivity and stability of molecules.
Electronegativity represents the tendency of an atom to
attract electrons, while hardness reflects the resistance
to electron transfer. They are calculated using
equations 4 and 5 as provided earlier.

e Transferred electrons fractional number (AN)
calculation
The transferred electrons fractional number (AN)

provides insights into the charge transfer and
interaction between the inhibitor and the metal surface.
It is calculated using equation 6 as provided earlier.
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The calculated energy gap (AEg,) of 8.428 eV
(Table 4) suggests a relatively large difference between
the HOMO and LUMO energy levels of the inhibitor
molecule (Figure 9). This signifies that the inhibitor may
have a reduced tendency for electronic transitions or
charge transfer processes. While a smaller energy gap
often correlates with enhanced inhibition performance
due to increased electronic interactions, the large energy
gap observed here could imply that the inhibitor's
interaction with the metal surface may involve a
different mechanism. The inhibitor's geometry, ability to
form coordination bonds, and the nature of its electronic
structure may all contribute to its corrosion inhibition
behavior. It's worth noting that while the energy gap can
offer valuable insights, the relationship between the
energy gap and inhibition performance is not solely
deterministic. Corrosion inhibition is a complex process
influenced by multiple factors, including molecular
adsorption, electronic interactions, and the formation of
protective layers.

Table 4: Calculated molecular descriptors.

Molecular Descriptor Value (eV)

AEgap 8.428
Electronegativity (yinh) -6.358
Hardness (7inh) -4.214

Transferred Electrons Fractional
! 0.751

Number (AN)

Electron-Accepting Power (w+) 2.107
Electron-Donating Power (®-) -2.107

b
Figure 9: The optimized structure (a), HOMO (b), and LUMO (c) for the tested inhibitor molecule.

In summary, the calculated energy gap provides
information about the inhibitor's electronic structure
and potential for charge transfer. Still, its direct
relationship with inhibition performance can vary
based on the specific interactions at the inhibitor-metal
interface. A comprehensive understanding of inhibition
mechanisms  requires  consideration of various
molecular and environmental factors. The calculated
molecular descriptors provide valuable insights into the
reactivity and interaction of the inhibitor molecule with
the metal surface. A negative electronegativity (¥inn)
indicates that the inhibitor tends to donate electrons,
which is beneficial for forming stable bonds with the
metal surface. The negative value of hardness (ninh)
implies a relatively soft molecule which can adapt to
different electronic environments during interactions.
The positive transferred electrons fractional number
(AN) suggests a net electron transfer from the inhibitor
to the metal surface, indicating the formation of a
stable adsorbed layer.

Overall, the quantum chemical calculations and
calculated molecular descriptors provide a deeper
understanding of the inhibitor's reactivity and potential
interactions with the metal surface, contributing to the
interpretation of its corrosion inhibition behavior.

The values of Electron-Accepting Power (o+) and
Electron-Donating Power (w-) provide important
insights into the electron transfer capabilities and
chemical reactivity of the inhibitor molecule, Methyl
3H-2,3,5-triazole-1-formate, in the context of corrosion
inhibition. The positive value of w+ (approximately
2.107 eV) indicates that the inhibitor molecule tends to
accept electrons, which implies that the inhibitor can
act as an electron acceptor in chemical reactions, which
is significant in corrosion inhibition. In the corrosion
process, the metal surface loses electrons (oxidation),

c
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and the inhibitor, acting as an electron acceptor, can
facilitate the reduction reaction by accepting these
electrons. This electron acceptance capability is
essential for forming a protective layer on the metal
surface, as it enables the inhibitor to participate in the
electrochemical reactions that inhibit corrosion. The
negative value of - (approximately -2.107 eV)
suggests that the inhibitor molecule can also donate
electrons. This electron-donating ability can be
advantageous in forming coordination bonds with
metal ions or the metal surface. In the context of
corrosion inhibition, the inhibitor's electron-donating
power may enable it to interact with metal cations or
vacant orbitals on the metal surface, enhancing its
adsorption and the formation of a protective barrier.
This electron donation can stabilize the inhibitor's
attachment to the metal and reduce the corrosion rate.

In summary, the calculated values of o+ and -
highlight the inhibitor molecule's dual role in corrosion
inhibition. It can act as an electron acceptor and donor,
making it a potentially effective candidate for mitigating
corrosion. The electron transfer capabilities of the
inhibitor contribute to its ability to form stable
adsorption layers on the metal surface, thereby reducing
the corrosion rate. These findings provide valuable
insights into the underlying mechanisms of corrosion
inhibition by Methyl 3H-2,3,5-triazole-1-formate and
underscore its potential as a corrosion inhibitor for mild
steel in acidic environments. Further experimental
investigations and theoretical studies can build upon
these insights to develop more efficient corrosion
protection strategies.

Back-donation (Aback-donation) is a crucial
quantum parameter that sheds light on the electron-
sharing interactions between the inhibitor molecule,
Methyl 3H-2,3,5-triazole-1-formate, and the metal
surface in the context of corrosion inhibition. The
negative value of Aback-donation (approximately
-3.219 eV) indicates that the inhibitor molecule has a
propensity to donate electrons back to the metal
surface. This electron back-donation mechanism is of
paramount importance in the context of corrosion
inhibition. When the inhibitor molecules adsorb onto
the metal surface, they can interact with vacant orbitals
on the metal or metal cations. In this interaction,
electrons from the inhibitor can be shared with the
metal, forming coordination bonds or complexes. This
back-donation of electrons stabilizes the adsorption of
the inhibitor and enhances its protective properties. The
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negative value of Aback-donation suggests that this
process is energetically favourable. In essence, the
inhibitor molecule donates its electrons to the metal
surface, reinforcing the inhibitor's attachment to the
metal. This interaction can lead to the formation of a
robust protective layer, which hinders the
electrochemical reactions responsible for corrosion.

In summary, Aback-donation signifies the inhibitor
molecule's ability to interact with the metal surface in
electron-sharing. This back-donation of electrons
strengthens the adsorption of the inhibitor, enhances its
stability on the metal surface, and contributes to the
formation of an effective corrosion-inhibiting barrier. It
is a key factor in the overall corrosion inhibition
mechanism by Methyl 3H-2,3,5-triazole-1-formate.
These insights from quantum chemical calculations
provide valuable information for understanding the
inhibitory behavior of the inhibitor at the molecular
level and offer guidance for designing more efficient
corrosion inhibitors for industrial applications. Further
experimental studies can validate and expand upon
these theoretical findings.

3.4.2. Atomic charges in methyl 3H-2,3,5-
triazole-1-formate

The negative charges on certain atoms in methyl 3H-
2,3,5-triazole-1-formate, particularly nitrogen (N) and
oxygen (O), indeed play a crucial role in forming
coordination bonds with metal surfaces, particularly
iron (Fe) atoms with available d-orbitals. These
coordination bonds are a key factor in the inhibitor's
interaction with the metal surface and its corrosion
inhibition behavior. As in Figure 10, the presence of
negative charges on certain atoms, such as N(3), N(5),
O(7), and O(8), creates a favourable environment for

—0.098

Figure 10: The calculated atomic charges within the
inhibitor molecule.
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coordination with metal atoms, particularly iron (Fe) in
the case of mild steel. The negative charges on these
atoms can interact with the available d-orbitals of iron,
forming coordination bonds. These coordination bonds
are a form of chemisorption, where the inhibitor
molecule forms stable chemical bonds with the metal
surface. The negative charges on the inhibitor's
nitrogen and oxygen atoms act as electron-rich centres
that can donate electron density to the metal's d-
orbitals, thereby establishing a strong interaction
between the inhibitor and the metal surface. The
coordinated bonds create a protective adsorbed layer on
the metal surface, shielding the metal from corrosive
attack. This coordination interaction helps explain the
high inhibition efficiency observed in the experimental
results and the proposed inhibition mechanism. In
conclusion, the discussion of atomic charges in Methyl
3H-2,3,5-triazole-1-formate aligns with the concept of
coordination bonds formed between the inhibitor's
negatively charged atoms and the available d-orbitals
of iron in the metal surface. These coordination bonds
are crucial components of the suggested inhibition
mechanism, contributing to the inhibitor's remarkable
corrosion inhibition behavior.

4. Suggested inhibition mechanism

The comprehensive investigation into the corrosion
inhibition behavior of Methyl 3H-2,3,5-triazole-1-
formate for mild steel in a 1 M HCI solution has
unveiled a multifaceted understanding of the
underlying inhibition mechanisms. The combination of
experimental data, quantum chemical calculations, and
molecular descriptors has paved the way for a
suggested inhibition mechanism that elucidates the
intricate interactions between the inhibitor and the
metal surface.

4.1. Experimental findings

The experimental results, encompassing weight loss
measurements, adsorption isotherm analysis, and
evaluation of inhibition efficiency, collectively
demonstrate the inhibitor's robust capability to impede
corrosive attacks on mild steel. Particularly noteworthy
is the achieved inhibition efficiency of 93.8 % at an
optimal inhibitor concentration of 5 mM and a 5-hour
immersion time at 303 K, underscoring the inhibitor's
remarkable potential for corrosion protection [64, 65].

4.2. Quantum chemical insights

Quantum chemical calculations have further enriched
our understanding by revealing key molecular
descriptors. The electronegativity (yin) Of -6.358 eV
indicates the inhibitor's propensity to donate electrons,
facilitating strong interactions with the metal surface.
The calculated hardness () 0f -4.214 eV suggests the
inhibitor's  adaptability in  different electronic
environments. Additionally, the transferred electrons
fractional number (AN) of 0.751 signifies the net
electron transfer from the inhibitor to the metal surface,
indicating the formation of a stable adsorbed layer. The
energy gap (AEg,,) of 8.428 eV, while relatively large,
highlights the inhibitor's electronic structure and its
potential for charge transfer processes [66-69].

4.3. Proposed inhibition mechanism

Based on these collective insights, a plausible
inhibition mechanism emerges. When exposed to a
corrosive environment, Methyl 3H-2,3,5-triazole-1-
formate interacts with the metal surface through
chemisorption. This interaction is facilitated by the
inhibitor's electron-donating nature (xinh) and its
adaptability (ninh). The formation of a protective
adsorbed layer is corroborated by the transferred
electrons fractional number (AN), indicating net
electron transfer and stabilizing the inhibitor-metal
interface. While the relatively large energy gap
challenges conventional expectations, it serves as a
reminder that corrosion inhibition is a multi-faceted
process influenced by a spectrum of factors beyond the
energy gap alone. It underscores the importance of
considering the inhibitor's geometry, bonding
capabilities, and electronic interactions when
elucidating the inhibition mechanism.

In conclusion, the suggested inhibition mechanism
of Methyl 3H-2,3,5-triazole-1-formate revolves around
its propensity for chemisorption, underpinned by a
unique interplay of molecular descriptors and
electronic properties. This multifunctional approach to
understanding inhibition mechanisms offers a stepping
stone for designing and optimizing effective corrosion
protection strategies in various industrial contexts. The
proposed inhibition mechanism is visually represented
in Figure 11 for clarity and reference.
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Mild Steel (Iron d-orbital)
Figure 11: Suggested inhibition mechanism.

5. Comparison with recent corrosion inhibitors

The inhibition efficiency of methyl 3h-2,3,5-triazole-1-
formate was compared with recently reported corrosion
inhibitors. In this section, we evaluate the performance
of methyl 3H-2,3,5-triazole-1-formate as a corrosion
inhibitor by comparing it with other inhibitors reported
in similar corrosive environments, specifically focusing
on the context of 1 M HCI. This comparative analysis
provides valuable insights into the effectiveness of
methyl 3H-2,3,5-triazole-1-formate and its suitability
for corrosion protection under these conditions.

5.1. Methyl 3H-2,3,5-triazole-1-formate

Our tested inhibitor, methyl 3H-2,3,5-triazole-1-
formate, has exhibited a significant inhibitory
efficiency. It achieved an impressive inhibition
efficiency of 93.8 % at an optimized concentration of 5
mM when tested at 303 K. This result underscores the
remarkable potential of methyl 3H-2,3,5-triazole-1-
formate as a corrosion inhibitor in 1 M HCI.

5.2. DBPBT: 1,1’-dibenzyl-5-phenyl-1H,1'H-
4,4'-bi(1,2,3-triazole)

One notable inhibitor, 1,1'-dibenzyl-5-phenyl-1H,1'H-
4,4'-bi(1,2,3-triazole) (DBPBT), has demonstrated
remarkable inhibitory efficiency. DBPBT exhibited an
inhibitory efficiency (IE %) of 96.32 % at 100 ppm
when tested at 302 K. However, it's essential to consider
the temperature sensitivity of DBPBT, as its efficiency
dropped to 87.91 % at a higher temperature of 332 K.
This observation emphasizes the significance of
assessing  corrosion  inhibitors  under  varying
environmental ~ conditions, as temperature can
significantly impact their performance [70].
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5.3. PCBPE: 1H-pyrazole-3,5-dicarboxylic acid
5-benzyl ester 3-phenyl ester

Another  corrosion inhibitor,  1H-pyrazole-3,5-
dicarboxylic acid 5-benzyl ester 3-phenyl ester
(PCBPE), has shown promise as a protector against
steel deterioration in 1 M HCI. At a concentration of
100 ppm, PCBPE achieved an inhibitory efficiency of
up to 90.02 % in this corrosive medium. Interestingly,
beyond 100 ppm concentration of PCBPE, there was
no remarkable variation in its inhibitory performance.
This observation suggests an optimal concentration
range for corrosion inhibition with PCBPE [71].

5.4. APCE: 5-acetyl-2H-pyrazole-3-carboxylic
acid ethyl ester

Furthermore, we investigated 5-Acetyl-2H-pyrazole-3-
carboxylic acid ethyl ester (APCE) as an anti-corrosive
agent for mild steel exposed to 1 M HCI at various
temperatures. APCE exhibited a corrosion inhibition
efficiency of 90.75 % at a concentration of 100 ppm.
This finding indicates that APCE possesses substantial
inhibitory properties, making it an effective inhibitor in
this aggressive acid solution [72].

In addition to the previously mentioned inhibitors,
several other corrosion inhibitors have been
investigated in recent studies, including 4-
Aminoantipyrine  derivatives [73], schiff base-
quinazoline [74,75], 1-amino-2-mercapto-5-(4-(pyrrole
-1-yl)phenyl)-1,3,4-triazole [76], 3-nitrobenzaldehyde-
4-phenylthiosemicarbazone [77], and N-MEH [78].
However, a comparative analysis reveals that our
corrosion  inhibitor, methyl  3H-2,3,5-triazole-1-
Formate, offers several distinct advantages. Firstly, one
notable advantage of our inhibitor is its cost-
effectiveness and ease of synthesis. Methyl 3H-2,3,5-
triazole-1-formate  can be  synthesized  using
straightforward and economical methods, making it an
attractive choice for industrial applications where cost
considerations are paramount. Furthermore, our
inhibitor exhibits a unique response to temperature
variations. Unlike some of the inhibitors above
that experienced a reduction in inhibition efficiency
at  higher  temperatures, methyl 3H-2,3,5-
triazole-1-formate  demonstrated an increase in
inhibition efficiency with rising temperatures. This
temperature-dependent ~ behavior  enhances  its
versatility, effectively protecting corrosion even in
elevated-temperature environments [79, 80]. Another
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advantageous characteristic of our inhibitor is its
response to immersion time. As demonstrated in our
study, the inhibition efficiency of methyl 3H-2,3,5-
triazole-1-formate increased with longer immersion
times. This property is particularly valuable for
applications with expected exposure to corrosive
conditions.

In summary, while various inhibitors have been
explored in recent research, methyl 3H-2,3,5-triazole-
1-Formate stands out as a promising candidate due to
its cost-effectiveness, ease of synthesis, and unique
ability to enhance inhibition efficiency with increasing
temperature and immersion time. These distinctive
features make it a valuable contender for industrial
corrosion  protection  strategies  across  various
challenging environments.

In this comparison, it is crucial to emphasize that all
these inhibitors were evaluated within the same
corrosive medium, 1 M HCI. This common test
environment allows for a direct assessment of their
relative performances. However, each inhibitor exhibits
unique characteristics and performance variations under
different  conditions, including temperature and
concentration. The choice of a corrosion inhibitor should
be tailored to the industrial application's specific
environmental parameters and corrosion protection
requirements. Factors such as temperature sensitivity,
optimal concentration range, and inhibitory efficiency
under varying conditions must be considered. Further
investigations and comparative studies are essential for
refining the selection of corrosion inhibitors to ensure
optimal performance in diverse scenarios. These
findings contribute to the ongoing development of
effective corrosion protection strategies in various
industrial contexts.

6. Conclusion

This study has embarked on a thorough investigation
into the corrosion inhibition potential of methyl 3H-
2,3,5-triazole-1-formate for mild steel in a 1 M HCI
solution, employing a multi-faceted approach combining
experimental assessments, quantum  chemical
calculations, and molecular descriptor analyses. The
amalgamation of these methodologies has furnished a
comprehensive  understanding of the inhibitor's
performance and the underlying mechanisms governing

its inhibitory effects. The experimental findings have
illuminated the exceptional corrosion inhibition
efficiency of methyl 3H-2,3,5-triazole-1-formate, with
the highest inhibition rate of 93.8% achieved at an
optimal inhibitor concentration of 5 mM and a 5-hour
immersion time at 303 K. The subsequent evaluation of
adsorption isotherms, particularly the fitting of
Langmuir adsorption, has offered critical insights into
the robust interaction between the inhibitor and the metal
surface. This interaction strongly suggests the formation
of a protective adsorbed layer on the metal surface, a
pivotal aspect of corrosion inhibition. Quantum chemical
calculations have unveiled key molecular descriptors:
the electronegativity (yn,) highlighted the inhibitor's
propensity for electron donation, while the hardness
(Minn) indicated its adaptability to varying electronic
environments. The transferred electrons fractional
number (AN) provided compelling evidence of net
electron transfer, further supporting the formation of a
stable adsorbed layer. The calculated energy gap (AEgsp)
has enriched our comprehension of the inhibitor's
electronic structure, although its direct correlation with
inhibition performance has demonstrated complexity.
Synthesizing these molecular insights with experimental
results has facilitated the formulating of a plausible
inhibition mechanism. This mechanism predominantly
revolves around chemisorption, a phenomenon made
possible by the inhibitor's distinctive electronic
characteristics and molecular adaptability. Considering
the relatively substantial energy gap within the system,
considering the relatively substantial energy gap within
the system, the inte.

This study comprehensively explores the corrosion
inhibition behavior of methyl 3H-2,3,5-triazole-1-
formate, emphasizing the intricate interplay of
experimental observations and quantum chemical
analyses. The insights gained from this study have the
potential to provide invaluable guidance for the
development of corrosion protection strategies in
diverse industrial applications. Future research
endeavours and collaborative efforts in this field
promise to uncover novel and highly efficient corrosion
inhibition solutions capable of addressing the
challenges posed by a wide array of environmental
conditions.
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