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poses significant challenges across industries. This research explores

the potential of 4-(2-Mercapto-1,3,4-oxadiazole-5-yl)pyridine (MOP) as
a corrosion inhibitor for mild steel in HCI solution. Notably, MOP exhibits an
impressive inhibition efficiency of 93.6 % at an optimal concentration of 0.5 mM
in 1 M HCI. The study comprises a comprehensive analysis, encompassing
varying inhibitor concentrations (0.1 to 1 mM), immersion durations (1 to 48
hours), and temperatures (303 to 333 K). Corrosion rate quantification employs
weight loss measurements. Additionally, adsorption isotherms unveil MOP's
interaction with the mild steel surface. Importantly, Density Functional Theory
(DFT) unravels intricate electronic and molecular interactions at the atomic
scale. These findings underscore MOP's exceptional corrosion inhibition
capacity, making it a promising candidate for mild steel corrosion control in
HCI environments. The combined insights from weight loss measurements,
adsorption isotherms, and DFT analysis provide a holistic understanding of the
inhibition mechanism, opening doors for practical applications in corrosion
management. Prog. Color Colorants Coat. 17 (2024), 207-226© Institute for
Color Science and Technology.

C orrosion of mild steel in aggressive environments such as HCI solution

1. Introduction

to material degradation but also results in substantial
economic losses and safety hazards. To counter this

Mild steel's widespread use in various industries is
attributed to its excellent mechanical properties and
cost-effectiveness [1, 2]. However, its vulnerability to
corrosion in aggressive environments, notably in HCI
solutions frequently employed in acid pickling
processes, presents a formidable challenge for
industrial applications [3-9]. Corrosion not only leads

*Corresponding author; * dr.ahmed1975@ukm.edu.my
dr.ahmed1975@gmail.com
https://doi.org/ 10.30509/pccc.2023.167176.1237

corrosion menace, extensive efforts have been made,
leading to the development of diverse corrosion
inhibition strategies. Traditionally, inorganic inhibitors,
including chromates, molybdates, phosphates, and
nitrates, have enjoyed widespread use due to their
commendable corrosion-resistant properties [10-14].
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However, mounting environmental and health concerns
associated with these inorganic inhibitors have
necessitated a critical reevaluation of corrosion
inhibition techniques [15-21]. This paradigm shift has
seen the emergence of organic inhibitors as a
promising, environmentally friendly alternative to their
inorganic  counterparts [22-26]. These organic
compounds have exhibited remarkable corrosion
inhibitory properties and are increasingly viewed as
sustainable options for corrosion control applications
[27-30]. One such noteworthy organic inhibitor is 4-(2-
Mercapto-1,3,4-oxadiazole-5-yl)pyridine,  commonly
known as MOP, which has demonstrated substantial
potential as an effective corrosion inhibitor for mild
steel in HCI solutions. MOP's molecular structure is
depicted in Figure 1.

The primary objective of the present research is to
conduct an in-depth investigation into the inhibition
efficiency of MOP as a corrosion inhibitor for mild
steel immersed in HCI solution. This study employs a
multifaceted approach, integrating weight loss
measurements, adsorption isotherm studies, and
Density Functional Theory (DFT) analysis, to
comprehensively unravel the corrosion inhibition
mechanism. The novelty of this work stems from its
holistic exploration of MOP's corrosion inhibition
capabilities. This comprehensive evaluation, which
encompasses the use of weight loss measurements,
adsorption isotherm studies, and DFT analysis, will
provide a thorough understanding of the inhibition
mechanism. Furthermore, it will shed light on the
practical application of this organic inhibitor for
safeguarding mild steel against corrosion in HCl-rich
environments. Ultimately, the findings from this
research are poised to contribute significantly to the
development of efficient, environmentally friendly
corrosion inhibition strategies with direct relevance to
industrial applications.
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Figure 1: The structure of MOP.
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2. Rationale for selecting HCI as the
corrosive environment

The choice of hydrochloric acid (HCI) as the corrosive
environment in this study is often influenced by several
factors:

Relevance to industrial applications: Hydro-
chloric acid is widely used in various industries,
including chemical manufacturing and metal processing.
Its corrosive properties make it a pertinent test medium
for studying the corrosion of mild steel, which is a
common material in industrial settings [31-34].

Severity of corrosion: HCI is known for its strong
corrosive nature. Studying the corrosion inhibition of
mild steel in HCI solution provides insights into how
inhibitors perform under aggressive conditions, which
can be particularly valuable for industries where
exposure to strong acids is a concern [35-37].

Standardized testing: The use of HCI as a
corrosive medium is well-established in corrosion
testing standards, making it easier to compare results
with previous studies and industry standards [38-40].
While HCI is a commonly used acid for corrosion
studies, it's worth noting that similar investigations can
be conducted using other acids relevant to specific
industrial applications [41-44]. The choice of acid may
vary based on the intended use case and the materials
or structures being protected from corrosion.
Researchers might explore other acids such as sulfuric
acid (H,SO,), nitric acid (HNOs), or acetic acid
(CH3COOH) if they are more representative of the real-
world corrosion challenges faced in their target
industries [45-48].

The use of 1,3,4-oxadiazole derivatives as corrosion
inhibitors: Corrosion inhibition is a crucial aspect of
materials science and engineering, particularly in
industries where metals are exposed to aggressive
environments. One class of compounds that has
garnered significant attention in recent years as
effective corrosion inhibitors is 2-Mercapto-1,3,4-
oxadiazole derivatives. These organic compounds have
demonstrated remarkable potential for mitigating
corrosion in various corrosive media. This literature
review provides an overview of the use of 1,3,4-
oxadiazole derivatives as corrosion inhibitors,
highlighting their mechanisms of action and their
applications in different industries [49-55].
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2.1. Mechanisms of corrosion inhibition

1,3,4-oxadiazole derivatives exhibit their corrosion
inhibition  properties  through a  multifaceted
mechanism. These compounds are known to adsorb
onto the metal surface, forming a protective barrier that
shields the metal from aggressive species present in the
corrosive environment. The adsorption process
typically involves the interaction of the inhibitor
molecules with the metal surface through chemical
bonds, such as coordination bonds and Van der Waals
forces. This adsorption mechanism impedes the
corrosion process by reducing the access of corrosive
agents to the metal surface [56-58].

2.2. Influence of molecular structure

The effectiveness of 1,3,4-oxadiazole derivatives as
corrosion inhibitors is strongly influenced by their
molecular structure. Researchers have extensively
investigated the impact of structural modifications on
the inhibition efficiency of these compounds.
Alterations in the substituents, such as the presence of
aromatic rings or functional groups like -OH or -NH,,
have been explored to tailor the inhibitor's performance
for specific corrosion environments [59-61].

2.3. Application in different corrosive
environments

1,3,4-oxadiazole derivatives have found applications in
a wide range of corrosive environments. These include
acidic solutions, alkaline solutions, and even in the
presence of aggressive ions like chloride or sulfate.
Their versatility in different environments makes them
valuable candidates for corrosion control in various
industries, including oil and gas, petrochemical, and
marine sectors [62].

2.4. Eco-friendly corrosion inhibition

One significant advantage of 1,3,4-oxadiazole
derivatives is their eco-friendly nature compared to
traditional inorganic inhibitors, such as chromates. The
increasing awareness of environmental concerns has
led to a shift towards the use of organic inhibitors like
these derivatives, which not only provide effective
corrosion protection but also align with sustainability
goals [63].

2.5. Future directions

The field of corrosion inhibition using 1,3,4-oxadiazole
derivatives continues to evolve. Future research
directions may involve the development of novel
derivatives with enhanced inhibition properties, a
deeper understanding of the molecular-level
interactions between inhibitors and metal surfaces, and
the exploration of their application in emerging
industries and technologies [64, 65].

In conclusion, 1,3,4-oxadiazole derivatives have
emerged as promising corrosion inhibitors due to their
effective protection mechanisms, versatility, and eco-
friendly nature. As industries seek corrosion control
strategies that are both efficient and environmentally
sustainable, these organic inhibitors are likely to play a
pivotal role in addressing corrosion challenges.
Ongoing research in this field holds the promise of
advancing our knowledge and applications of 1,3,4-
oxadiazole derivatives in corrosion inhibition.

3. Experimental

3.1. Materials and reagents

All materials and reagents used in this study were
obtained from Sigma-Aldrich/Malaysia. A 1 M HCI
solution was prepared for the corrosion experiments.
The inhibitor, MOP, was used at concentrations
ranging from 0.1 to 1.0 mM. Additionally, mild steel
samples were used for the corrosion studies, and their
chemical composition was determined using X-ray
fluorescence spectrometry. Silicon carbide was
employed as the abrasive material for sample
preparation.

3.2. Sample preparation

Mild steel samples were prepared in accordance with
ASTM G1-03 protocol [66, 67]. Prior to immersion in
the corrosive environment, the samples were
mechanically polished to a smooth finish using silicon
carbide abrasive paper. Subsequently, the samples were
cleaned with double-distilled water and acetone to
remove any surface contaminants and dried thoroughly.

3.3. Weight loss measurements

Weight loss measurements were performed to evaluate
the corrosion rate of mild steel in the presence of the
inhibitor. The prepared mild steel samples were
immersed in a 1 M HCI solution containing varying
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concentrations of the inhibitor (0.1, 0.2, 0.3, 0.4, 0.5,
and 1 mM). The experiments were conducted at
different time periods (1, 5, 10, 24, and 48 hours) and
temperatures (303, 313, 323, and 333 K) following the
NACE TMO0169/G31 protocol. The corrosion rate (Cg)
was calculated using equation 1, [67,68]:

Cr =W/adt @

where W represents the weight loss of the mild
steel sample, a is the area of the sample, d is the
density of mild steel, and t is the immersion time. The
inhibition efficiency (IE %) was determined using
equation 2.

IE%=[1- Cg¢/Cr,| 100 2

where Cp; is the corrosion rate in the presence of
the inhibitor, and Cp,  is the corrosion rate in the
absence of the inhibitor. The degree of surface
coverage (0) due to inhibitor adsorption was calculated
using equation 3.

0 =1-Cr(y/Cr, ®)

3.4. Density functional theory (DFT)

DFT calculations were performed using Gaussian 09
software [69]. The B3LYP method with the "6-
31G++(d,p)" basis set was employed to investigate the
molecular interactions between the inhibitor and the
mild steel surface. Koopmans theory [70, 71] was
utilized to estimate the energy of the Highest Occupied
Molecular Orbital (Eyope) and the Lowest Unoccupied
Molecular Orbital (E. o) based on the ionization
potential (I = —Eyomo) and electron affinity (A =
—E,ymo) Were determined. The electronegativity ()
and the chemical hardness () were calculated using
equations 4 and 5.

_I+4

== (4)

n=":" (5)

The softness (o) was obtained by taking the
reciprocal of the chemical hardness as in equation 6,

(o=1) (6)

Additionally, the charge transfer (AN) between the
mild steel surface and the inhibitor was determined
using the euation 7.
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AN = (XFe - Xinh)/z(nFe + ninh) (7)

For the special case of metals, where ng, is
significantly larger than n.,,, the formula 8, was
applied:

_ 7—Xinh
AN = 2(Minn) ®)

3.5. Adsorption isotherm studies

Adsorption isotherm studies were conducted to
understand the adsorption behavior of the inhibitor on
the mild steel surface. The adsorption isotherms were
constructed by plotting the degree of surface coverage
(8) versus the inhibitor concentration [72, 73].

4. Results and Discussion
4.1 Weight loss measurements

4.2, Effect of inhibitor concentration

The corrosion rate and inhibition efficiency of mild
steel in the presence of MOP were evaluated through
weight loss measurements. Figure 2 illustrates
the corrosion rate and inhibition effectiveness at
various inhibitor concentrations during a 5 hour
immersion  period. The results indicate that
the inhibition efficiency increases with increasing
inhibitor concentration. As shown in Figure 2, the
highest inhibition efficiency of 93.6 % was observed at
an optimal inhibitor concentration of 0.5 mM.

s ' - - : 100
T
- . IE
A : L 80
g
T .
‘7‘5' 3 ’ L60
£ . g
Q
5 . o
E29 ] L 40
P )
(6]
—
iy .\ L 20
—
.\ _._CR
0 T T T T 0
0.0 0.2 04 06 08 10

Cinh (mM)

Figure 2: Corrosion rate and inhibition efficiency at
various inhibitor concentrations during a 5-hour
immersion period.
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This finding suggests that MOP demonstrates
significant corrosion inhibitory properties for mild steel
in the tested HCI solution. The enhanced inhibition
efficiency with higher inhibitor concentrations can be
attributed to the formation of a protective layer on the
metal surface [74, 75]. At low inhibitor concentrations,
the adsorption of the inhibitor molecules may not be
sufficient to form a complete and continuous barrier on
the mild steel surface. However, as the inhibitor
concentration increases, more inhibitor molecules
adsorb on the metal surface, leading to the formation of
a denser and more effective protective layer.

The protective layer acts as a barrier that shields the
metal surface from direct contact with the corrosive
environment. This inhibits the aggressive species in the
HCI solution from accessing the metal surface and,
thus, slows down the corrosion process. Consequently,
the higher inhibition efficiency at 0.5 mM indicates
that this concentration of the inhibitor was optimal in
establishing a robust protective layer on the mild steel
surface [76]. However, it is important to consider that
at extremely high inhibitor concentrations, the
adsorption sites on the metal surface may become
saturated, limiting further adsorption of the inhibitor
molecules. As a result, the increase in inhibition
efficiency might not be proportional to the increase in
inhibitor concentration beyond a certain point [77]. The
protective layer formed by the inhibitor is not entirely
permanent, as it may undergo a desorption process over
time. This process weakens the protective layer,
making it susceptible to degradation by aggressive
species in the corrosive environment, which can result
in a reduction of inhibition efficiency. Overall, the
weight loss measurements provide valuable insights
into the corrosion inhibition mechanisms of MOP on
mild steel in the HCI solution. The formation of a
protective layer on the metal surface, which acts as a
barrier against corrosive agents, plays a crucial role in
the corrosion inhibition process [78]. These findings
contribute to a better understanding of the inhibitory
properties of the organic inhibitor and its potential
application for mitigating mild steel corrosion in acidic
environments.

4.2.1. Weight loss measurements: effect of
immersion periods
To investigate the influence of immersion duration on

the corrosion inhibition performance, weight loss
measurements were conducted at varying immersion

periods of 1, 5, 10, 24, and 48 hours, maintaining a
constant temperature of 303 K. The obtained results,
presented in Figure 3, provide valuable insights into the
corrosion behavior of mild steel in the presence of
MOP. Figure 3 illustrates a significant increase in the
inhibition efficiency as the immersion duration is
extended up to 5 hours. During the initial 5 hours of
immersion, the inhibitor effectively forms a protective
layer on the metal surface, hindering the penetration of
corrosive agents and thereby retarding the corrosion
process [79, 80]. This phenomenon results in a
remarkable increase in the inhibition efficiency,
reaching its peak value within this time frame. Beyond
the 5-hour immersion period, the efficiency of the
inhibitor continues to gradually increase up to 24
hours. This prolonged immersion duration allows for
additional adsorption and organization of inhibitor
molecules on the mild steel surface, enhancing the
protective layer's integrity. Consequently, the corrosion
rate is further suppressed, contributing to the continued
rise in inhibition efficiency.

However, after the 24-hour immersion period, a
slight decline in inhibition efficiency is observed at the
48-hour mark. This diminishment can be attributed to
the desorption of some inhibitor molecules from the
metal surface over extended immersion periods. The
protective layer, though still present, may become less
compact and more susceptible to degradation by
aggressive species present in the HCI solution [81].
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Figure 3: Corrosion rate and inhibition efficiency at
various inhibitor concentrations during varying
immersion periods of 1, 5, 10, 24, and 48 hours,
maintaining a constant temperature of 303 K.
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As a result, the corrosion inhibition performance shows
a slight decrease compared to the peak efficiency
achieved at 24 hours. The observed increase in
inhibition efficiency with prolonged immersion
durations can be primarily attributed to the formation
of a stable and continuous protective layer on the metal
surface. This protective layer functions as a physical
barrier that effectively shields the mild steel from direct
contact with the corrosive environment. Additionally,
the formation of chemical interactions, including van
der Waals forces, between the inhibitor molecules and
the metal surface contributes significantly to the overall
corrosion inhibition mechanism. In summary, the
weight loss measurements clearly illustrate the time-
dependent effectiveness of MOP as a corrosion
inhibitor for mild steel in HCI solution [82]. The
significant increase in inhibition efficiency up to 24
hours of immersion highlights the importance of
adequate immersion periods to establish a robust
protective layer. Understanding the time-dependent
corrosion inhibition mechanisms is crucial in
optimizing the practical application of this organic
inhibitor for prolonged corrosion protection of mild
steel in acidic environments.

The observed lack of significant correlations
between immersion time, inhibitor concentration, and
inhibition efficiency in our study is a topic of interest
and requires careful consideration. The absence of
straightforward linear relationships between these
variables suggests that the corrosion inhibition
mechanism in this system is complex and may be
influenced by multiple factors. One possible
explanation for this lack of correlation is the non-linear
nature of inhibitor adsorption on the metal surface [83].
While it is common to expect that an increase in
immersion time or inhibitor concentration would lead
to a proportional increase in inhibition efficiency, this
study indicates that the relationship is not as
straightforward. This observation may be attributed to
various factors, including the formation of a protective
inhibitor layer on the metal surface. The formation of
this protective layer can follow a saturation
phenomenon, where after a certain threshold
concentration or immersion time, additional inhibitor
molecules may not significantly contribute to increased
inhibition efficiency [84]. This phenomenon is
consistent with previously reported behaviors of
corrosion inhibitors. Furthermore, the inhibitor-metal
surface interaction may involve a dynamic equilibrium

212 Prog. Color Colorants Coat. 17 (2024), 207-226

between adsorption and desorption processes. As
immersion time increases, the inhibitor layer may reach
a state of dynamic equilibrium, where the rate of
inhibitor desorption equals the rate of adsorption. This
equilibrium could explain the plateau in inhibition
efficiency observed at longer immersion times.
Another factor to consider is the potential influence of
temperature on the inhibitor's behavior. While this
study did not explicitly explore the temperature effect
on these correlations, it is well-documented that
temperature variations can alter the Kkinetics of
adsorption and desorption processes, potentially
contributing to the observed non-linearity [85].

In summary, the absence of clear correlations
between immersion time, inhibitor concentration, and
inhibition efficiency underscores the complexity of the
corrosion inhibition mechanism. Further research,
including detailed kinetic and thermodynamic studies,
may shed more light on these intricate interactions.
Understanding these complexities is crucial for
optimizing the practical application of 1,3,4-oxadiazole
derivatives and similar inhibitors in corrosion control
strategies for various industries [86-90].

4.2.2. Weight loss measurements: effect of
temperatures

To investigate the influence of temperature on the
corrosion inhibition  performance, weight loss
measurements were carried out at different temperatures,
ranging from 303 to 333 K. The inhibitor concentration
of 0.5 mM was utilized for this study, as it demonstrated
impressive inhibition efficiency at lower temperatures
[91]. The results obtained, as shown in Figure 4, reveal a
reduction in the inhibition efficiency as the temperature
increases from 303 to 333 K. At 303 K, the mild steel
samples protected by the inhibitor exhibited a
remarkable inhibition efficiency, as evidenced by the
suppressed corrosion rate. However, as the temperature
was raised to 333 K, the inhibition efficiency notably
decreased.

The observed reduction in inhibition efficiency with
increasing temperature can be attributed to the
phenomenon of increased thermal agitation at higher
temperatures. As the temperature rises, the thermal
energy of the system also increases, leading to greater
molecular movement and higher kinetic energy of
reactant species at the metal surface [92, 93]. This
increased thermal agitation facilitates the diffusion of
aggressive species and corrosion- promoting
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Figure 4: Corrosion rate and inhibition efficiency at
various inhibitor concentrations during varying
temperature of 303-333 K, maintaining a constant
immersion period of 5 hours.

molecules towards the metal surface, overcoming the
protective barrier established by the inhibitor. Moreover,
at elevated temperatures, the desorption of inhibitor
molecules from the metal surface may become more
pronounced due to enhanced molecular motion. The
weakened adsorption forces between the inhibitor and
the metal surface, combined with the increased mobility
of inhibitor molecules, can contribute to the decreased
stability and coverage of the protective layer at higher
temperatures. The reduction in the inhibition efficiency
with increasing temperature highlights the importance of
considering the operating temperature in practical
corrosion inhibition applications. While the inhibitor
may demonstrate excellent performance at lower
temperatures, its efficiency may diminish significantly
under elevated temperature conditions.

Overall, the weight loss measurements provide
valuable insights into the temperature-dependent
behavior of MOP as a corrosion inhibitor for mild steel
in HCI solution. The increased thermal agitation and
desorption processes at higher temperatures are critical
factors influencing the corrosion inhibition efficiency.
Understanding the temperature-dependent inhibition
mechanisms is crucial for accurately assessing the
performance and applicability of this organic inhibitor
in various industrial environments where temperature
fluctuations may occur.

4.3. Adsorption isotherm analysis

Adsorption isotherm analysis was conducted to
investigate the adsorption behavior of MOP on the mild

steel surface. Among the various adsorption isotherms
considered, the Langmuir isotherm was identified as the
most suitable model for describing the adsorption
process of the inhibitor. The Langmuir isotherm is based
on the assumption that the adsorption occurs on a
homogeneous surface, with uniform adsorption sites.
The isotherm is given by equation 9 [94, 95].

Cinn/0=(K,4)"'+C 9)

Where C;,,;, is the concentration of the inhibitor, 0 is
the degree of surface coverage, K, is the adsorption
equilibrium constant, and C is a constant related to the
inhibitor-adsorbent interactions.

The experimental data was fitted to the Langmuir
equation as in Figure 5, and the correlation coefficient
(R-Square) value was found to be close to 1 (in this case,
0.99316). This high R-Square value indicates a good fit
between the experimental data and the Langmuir model,
suggesting that the Langmuir isotherm accurately
describes the inhibitor adsorption on the mild steel
surface.

The determination coefficient (R?) of 0.9931
6obtained for the Langmuir adsorption isotherm fit for
this model. To provide a comprehensive evaluation, we
have included the R2 values for other adsorption
isotherms in Table 1, highlighting the best-fit model.

Table 1: Comparison of adsorption isotherm models

Langmuir 0.9931
Freundlich 0.9264
Temkin 0.9037
1.0
0.8 4
=
S 0.6-
U N
0.4+
0.2+
0.0 0?2 0.|4 0?6 0?8 lfo
Cinh

Figure 5: Langmuir adsorption model.
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Based on the R2 values, it is evident that Langmuir
adsorption isotherm provides the best fit for our data,
indicating its superiority in describing the adsorption
behavior of MOP on the mild steel surface. The slope
value (0.92723 + 0.03848) of the Langmuir plot and
the intercept value (0.10633 £ 0.01956) are indicative
of the adsorption characteristics. The slope represents
the adsorption equilibrium constant (K,4), which
quantifies the affinity of the inhibitor for the metal
surface. A higher K_,;, value indicates stronger
adsorption and a more stable inhibitor-metal surface
interaction.

The intercept value corresponds to the constant C,
which is related to the inhibitor-adsorbent interactions.
A non-zero intercept indicates that the adsorption is
limited at very low inhibitor concentrations, likely due
to the availability of only a limited number of
adsorption sites. The adsorption isotherm analysis
based on the Langmuir equation provides insights into
the thermodynamics of the inhibitor adsorption. The
standard free energy of adsorption (AGZ,;s) can be
calculated using equation 10.

AG%=-RT In(55.5K ) (10)

Where R is the universal gas constant, T is the
absolute temperature, and In is the natural logarithm
[96]. The calculated AGS;, values ranged from

-37.7 kJ-mol™, indicating a spontaneous and favorable
adsorption process. This suggests that the adsorption of
MOP onto the mild steel surface comprises a
combination of physisorption and chemisorption
mechanisms, characterized by the formation of robust
chemical bonds between the inhibitor and the metal
surface.

Based on the literature [97-104], the calculated
values of AG2,, for the adsorption process of the
inhibitor "MOP" on the mild steel surface ranged from

-40 to 20 kJ'mol™. These values indicate that both
physiosorption and chemisorption processes may be

involved in the adsorption mechanism. The calculated
value of AGZ,, obtained in this research study for

"MOP" was found to be -37.7 kJ-mol™". This value falls
within the range reported in the literature, suggesting
that the adsorption of "MOP" on the mild steel surface is
thermodynamically favorable and spontaneous. The
negative value of AGJ,.indicates that the adsorption of
"MOP" on the metal surface is an exothermic process,
releasing energy upon adsorption. Such a favorable
AG2,, value suggests that the adsorption of "MOP" onto
the mild steel surface is driven by the attractive
interactions between the inhibitor molecules and the
metal surface. The calculated AG? value of

ads
-37.7kI'mol”" falls within the range reported for
chemisorption processes, which typically involve
stronger and more stable interactions between the

inhibitor and the metal surface. However, considering

that the range of -40 to -20 kJ-mol™ also includes values
for physiosorption, it is plausible that "MOP" adsorption
on the mild steel surface may involve a combination of
both physisorption and chemisorption mechanisms.

4.4, DFT
4.4.1. Calculations and molecular interactions

In this quantum chemical analysis at the B3LYP/6-
311G(d,p) level, various important parameters have
been calculated for MOP molecules in the gas phase.
These parameters offer valuable insights into the
electronic properties and reactivity of MOP as a
corrosion inhibitor in the gas phase, contributing to the
comprehension of its corrosion inhibition mechanism
and its potential for practical applications in industrial
settings. The optimized structure and frontier molecular
orbitals (MOs) of MOP are postulated in Figure 6.
Table 2 presents the calculated quantum chemical
parameters for MOP in the gas phase, providing
valuable insights into its electronic properties,
reactivity, and potential as a corrosion inhibitor.

Optimized structure

HOMO

LUMO

Figure 6: The optimized structure and frontier MOs of MOP molecule.
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Table 2: DFT variables for MOP molecules in gas

phase.
Enhomo -9.652
ELumo -2.680
AE (Energy Gap) 6.972
Electronegativity () -6.166
Softness (o) 0.191
Hardness () 3.271
AN (Transferred Electrons) -1.246

Insights from Epomo, ELumo, AE, Electronegativity,
Softness, Hardness, and AN Parameters:

1. Evomo and E,ymo: The energy levels of the highest
occupied molecular orbital (Enomo) and the lowest
unoccupied molecular orbital (E_ymo) provide
essential information about the electron-donating
and electron-accepting abilities of the MOP
molecule. With an Ejomo Vvalue of -9.652 eV, the
MOP molecule can efficiently donate electrons
during the corrosion inhibition process. Conversely,
the E ymo Vvalue of -2.680 eV indicates the MOP
molecule's propensity to accept electrons, making it
susceptible to electron acceptance during its
interaction with the metal surface [105-109].

2. Energy gap (AE): The energy gap (AE) between
Ehomo and E_umo is an important parameter to
assess the stability and reactivity of the MOP
molecule. With a calculated value of 6.972 eV for
AE, the MOP molecule is found to have a relatively
wide energy gap, suggesting good stability in its
neutral state.

3. Electronegativity (y): Electronegativity is the
average of Eyomo and E_ywmo energies and provides
insights into the chemical reactivity and electron-
attracting ability of the inhibitor. The calculated
value of -6.166 eV for electronegativity indicates the
MOP molecule's ability to attract electrons during its
interaction with other species [110-115].

4. Softness (¢) and hardness (n): Softness (o) and
hardness (1) are derived from electronegativity and
provide additional information about the MOP
molecule's reactivity. With a softness value of 0.191
and a hardness value of 3.271, the MOP molecule
exhibits a moderate level of reactivity towards
electron donation and acceptance [116-119].

5. Number of transferred electrons (AN): The
number of transferred electrons (AN) represents the
electron donation or acceptance ability of the MOP
molecule. A negative AN value of -1.246 suggests
that the MOP molecule can donate electrons to the
metal surface, facilitating the formation of stable
surface complexes and effective corrosion inhibition
[120-122].

Overall, the quantum chemical calculations and the
derived parameters provide a comprehensive
understanding of the electronic properties and
reactivity of MOP, contributing significantly to our
knowledge of its corrosion inhibition mechanism and
its potential as an effective inhibitor for mitigating
corrosion in industrial applications.

4.4.2. Mulliken charges

The relationship between the inhibiting efficiency of a
corrosion inhibitor and various atomic charges, such as
coordination bonds, can be essential in understanding
the mechanism of corrosion inhibition. Atomic
charges, particularly those obtained through guantum
chemical calculations like Mulliken charges, provide
insights into the distribution of electron density within

a molecule. These charges can influence the

interactions between the inhibitor molecules and the

metal surface, consequently affecting the inhibition
efficiency. Here are some key aspects of the

relationship [123,125].

1. Coordination bonds and adsorption: Corrosion
inhibitors often form coordination bonds with metal
atoms on the surface of the metal. These
coordination bonds can involve the lone pairs of
electrons from inhibitor atoms (e.g., oxygen or
nitrogen) interacting with metal cations (e.g., Fe?* or
Fe**). In general, a stronger coordination bond
between the inhibitor and the metal surface leads to
better adsorption of the inhibitor on the metal,
resulting in higher inhibition efficiency. This is
because stronger coordination bonds enhance the
stability and coverage of the protective layer formed
on the metal surface [126-128].

2. Mulliken charges and electron donor/acceptor
ability: Mulliken charges provide information about
the electron density around each atom in the
inhibitor molecule. Atoms with positive Mulliken
charges tend to be electron-deficient and act as
electron acceptors, while atoms with negative
Mulliken charges are electron-rich and act as
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electron donors. In the context of corrosion
inhibition, atoms that can donate electrons to the
metal surface can form strong bonds, leading to
enhanced inhibition efficiency. Conversely, atoms
with electron-deficient nature may participate in
coordination  bonds, further improving the

adsorption and inhibition effectiveness [129-131].

3. Charge transfer complexes: In some cases, the
inhibitor molecules can form charge transfer
complexes with metal cations on the metal surface.
These complexes involve the transfer of electrons
between the inhibitor and the metal, leading to the
formation of a stable surface layer. The efficiency of
charge transfer complexes depends on the electronic
properties of both the inhibitor and the metal
surface. Strong charge transfer interactions can
significantly enhance the inhibition efficiency [132-
134].

4. Electronic Structure and Energy Levels: The
electronic structure of the inhibitor molecules, as
characterized by parameters like the highest
occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies,
plays a crucial role in their adsorption behavior.
Lower LUMO energies indicate that the inhibitor
can easily accept electrons, making it more efficient
at forming coordination bonds or charge transfer
complexes with metal atoms on the surface [135-
137].

In summary, the inhibiting efficiency of a corrosion
inhibitor is closely related to various atomic charges,
coordination bonds, and electronic properties of the
inhibitor molecule. A better understanding of these
relationships can aid in the design and optimization of
efficient corrosion inhibitors for protecting metals in
corrosive environments. Quantum chemical calculations,
such as DFT analyses, can provide valuable insights into
the electronic properties and reactivity of the inhibitor,
guiding the development of effective corrosion
inhibition strategies.

Mulliken charges are a way to quantify the
distribution of electron density in a molecule based on
guantum chemical calculations. These charges
represent the partial charges assigned to individual
atoms, indicating whether they have gained or lost
electrons compared to their neutral state. Positive
Mulliken charges indicate electron deficiency, while
negative charges imply an excess of electrons.

Let's discuss the Mulliken charges for each atom in
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the molecule:

1. O(1) - Aromatic 5-ring oxygen with p lone pair:
Mulliken charge = -0.28 This oxygen atom is part of
an aromatic 5-ring structure and possesses a lone
pair of electrons. The negative charge indicates an
excess of electrons, making it more electron-rich.

2. C(2), C(5), C(7), C(8), C(9), C(10), C(11) -
Aromatic 5-ring C, a to N, O, or S: Mulliken
charges = 0.5341, 0.4251, 0.16, -0.15, 0.053, -0.15
and 0.16. These carbon atoms are part of an
aromatic 5-ring structure and are bonded to nitrogen
(N), oxygen (O), or sulfur (S) atoms. The positive
and negative charges indicate electron accumulation
and deficiency, respectively, in different carbon
atoms within the aromatic ring.

3. N(3), N(4), N(12) - Aromatic 5-ring N, b to N, O,
or S, and aromatic nitrogen with s lone pair:
Mulliken charges = -0.3381, -0.3381, -0.62. These
nitrogen atoms are part of the aromatic 5-ring
structure and also include an aromatic nitrogen atom
with a lone pair. The negative charges suggest an
excess of electrons in these nitrogen atoms.

4. S(6) - Thiol, sulfide, or disulfide sulfur: Mulliken
charge = -0.236. This sulfur atom is part of a thiol,
sulfide, or disulfide group. The negative charge
indicates an excess of electrons, making it more
electron-rich.

5. H(13), H(14), H(15), H(16), H(17) - Hydrogen
attached to sulfur and hydrogen attached to C:
Mulliken charges = 0.18, 0.15, 0.15, 0.15, 0.15.
These hydrogen atoms are attached to sulfur and
carbon atoms. The positive charges suggest that
these hydrogen atoms have lost some electron
density, making them more electron-deficient.

In summary, the Mulliken charges provide valuable
information about the distribution of electron density in
the molecule and can help us understand the electron-
rich and electron-deficient regions within the structure.
These charges are crucial for studying the electronic
properties and reactivity of the molecule, particularly in
the context of its corrosion inhibition mechanism and
interactions with the mild steel surface.

4.5. Suggested mechanism for corrosion
inhibition by MOP

The corrosion inhibition mechanism of 4-(2-mercapto-
1,3,4-oxadiazole-5-yl)pyridine (MOP) on mild steel in
HCI solution can be elucidated through the following
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proposed mechanism:

1. Adsorption on the metal surface: The initial step
in the inhibition process involves the adsorption of
MOP molecules onto the mild steel surface. This
adsorption is facilitated by the lone pairs of
electrons on the oxygen and nitrogen atoms within
the MOP molecule, which can form coordination
bonds with metal cations present on the metal
surface. Additionally, the aromatic rings in MOP are
likely to engage in m-m interactions with the metal
surface. This adsorption process culminates in the
creation of a protective layer on the metal's surface,
serving as a formidable barrier that hinders direct
contact between the metal and the corrosive HCI
solution [138-141].

2. Formation of a protective layer: With increasing
inhibitor concentration, a greater number of MOP
molecules adsorb onto the metal surface, resulting in
the development of a denser and more robust
protective layer. This layer acts as an effective
barrier, thwarting the penetration of aggressive
species like H ions and CI" ions to the metal
surface. Consequently, the inhibitor's presence
reduces the availability of active sites for corrosive
agents to initiate attacks, thereby retarding the
corrosion process [142-146].

3. Inhibition efficiency with immersion time: It is
observed that the inhibition efficiency escalates with
an increase in immersion time up to a certain
duration (e.g., 24 hours). During the initial
immersion period (e.g., 5 hours), a stable and
efficient protective layer is established due to the
adsorption of MOP molecules. Beyond 24 hours, the
efficiency may experience a slight reduction,
primarily owing to the desorption of some inhibitor
molecules from the metal surface during extended
immersion periods.

4. Effect of temperature: The inhibition efficiency is
found to diminish as the temperature rises. At
elevated temperatures, the thermal agitation of
molecules intensifies, resulting in heightened
mobility and desorption of some inhibitor molecules
from the metal surface. Furthermore, the diffusion
rate of corrosive species to the metal surface
increases at higher temperatures, restricting the
inhibitor's effectiveness in protecting the metal.

5. Quantum chemical analysis: Quantum chemical
calculations (DFT) yield valuable insights into the
electronic properties of MOP. Parameters like

Enomos ELumo, lectronegativity, and the number of
transferred electrons provide a deeper understanding
of the inhibitor's electron-donating and electron-
accepting abilities. These properties significantly
influence the formation of coordination bonds and
charge transfer complexes between the inhibitor and
the metal surface, thus contributing to its inhibitory
action.

In conclusion, the proposed corrosion inhibition
mechanism by MOP revolves around the establishment
of a protective layer on the metal surface via MOP
molecule adsorption. This inhibitor-generated barrier
impedes corrosive species and reduces the corrosion
rate of mild steel in HCI solution. The inhibition
efficiency is influenced by factors such as inhibitor
concentration, immersion time, temperature, and the
electronic characteristics of the inhibitor molecule.
This suggested mechanism underscores the potential of
MOP as an effective corrosion inhibitor for mild steel
in acidic environments.

To assess the significance of our findings, it is
crucial to compare them with existing literature on
corrosion inhibition. The impressive inhibition
efficiency of MOP (93.6 %) at an optimum
concentration of 0.5 mM in 1M HCI for mild steel
aligns with the promising inhibitory performance
reported for similar organic inhibitors in acidic
environments [147-151]. These results underscore the
potential of MOP as a corrosion inhibitor. However, it's
worth noting that the reduction in inhibition efficiency
observed at higher temperatures, as reported in our
study, is consistent with the general trend observed in
literature for inhibitors with physical adsorption
mechanisms [152-156]. This aligns with our conclusion
that the inhibition mechanism involves a combination
of physisorption and chemisorption processes. Our
findings provide valuable insights into the behavior of
MOP as a corrosion inhibitor and offer a basis for
further exploration and optimization in line with
similar studies in the field [157-162].

Some potential avenues for future research based
on the outcomes of this study:

Exploring diverse corrosive environments:
Investigate the effectiveness of 4-(2-Mercapto-1,3,4-
oxadiazole-5-yl)pyridine (MOP) as a corrosion
inhibitor in various corrosive environments beyond
HCI. Assess its performance in different acids or
alkaline solutions commonly encountered in industrial
settings.
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Corrosion behavior in real systems: Extend the
research to real-world systems or industrial
applications where mild steel components are exposed
to corrosive conditions. This could involve conducting
field studies or simulations to evaluate MOP's practical
effectiveness.

Surface characterization techniques: Utilize
advanced surface characterization techniques such as
Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM), and X-ray Photoelectron
Spectroscopy (XPS) to analyze the changes in the mild
steel surface before and after corrosion inhibition by
MOP.

Synergistic inhibition: Investigate the potential
synergistic effects of combining MOP with other
corrosion inhibitors or additives to enhance its
inhibition efficiency. This could lead to the
development of multifunctional corrosion protection
strategies.

Environmental impact assessment: Evaluate the
environmental impact of using MOP as a corrosion
inhibitor, including its eco-friendliness,
biodegradability, and potential toxicity. Compare it
with traditional inhibitors to assess its sustainability.

Theoretical analyses: Conduct more in-depth
theoretical ~ analyses, including  computational
simulations and modeling, to gain a deeper
understanding of the molecular interactions between
MOP and metal surfaces. This can help tailor the
inhibitor for specific applications.

Long-term corrosion studies: Extend the
immersion periods in corrosion studies to investigate
the long-term performance and stability of MOP as a
corrosion inhibitor. Assess its durability over extended
exposure times.

Practical Applications: Explore the practical
applications of MOP in different industries, such as
construction, automotive, or aerospace, where mild
steel components are extensively used. Assess its cost-
effectiveness and  feasibility  for  large-scale
implementation.
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