Int. J. Corros. Scale Inhib., 2024, 13, no. 2, 1164-1185 1164

Understanding the impact of inhibitor concentration, immersion
periods, and temperature on the corrosion inhibition of
2-piperazin-1-yl-1,3-benzothiazole in HCI solution

B.S. Mahdi,! H.M. Habeeb,? I.A.A. Aziz,* M.M. Hanoon,'® F.F. Sayyid,*
A.M. Mustafa,'® T.S. Gaaz,*® A.H. Jaaz,* A.A. Khadom,®
E. Yousif® and A. Alamiery”8@*

'Production and Metallurgy Engineering Department, University of Technology-Irag,
P.O. Box: 10001, Baghdad, Iraq
2College of Engineering, Department of Materials Engineering, University of Kufa,
P.O. Box: 54002, Kufa, Najaf, Iraq
3Air Conditioning and Refrigeration Techniques Engineering Department, College
of Engineering and Technologies, Al-Mustagbal University, Babylon 51001 Iraq
“Medical Physics Department, College of Science, Al-Mustagbal University, Babylon
51001 Iraq
*Department of Chemical Engineering, College of Engineering, University of Diyala,
Diyala 32008, Iraq
*Department of Chemistry, College of Science, Al-Nahrain University, Baghdad 10001,
Iraq
"Energy and Renewable Energies Technology Center, University of Technology, Iraq,
P.O. Box: 10001, Baghdad, Iraq
8Department of Chemical and Process Engineering, Faculty of Engineering and Build
Environment, Universiti Kebangsaan Malaysia, P.O. Box: 43600, Bangi, Selangor,
Malaysia
*E-mail: dr.ahmed1975@gmail.com

Abstract

The corrosion inhibition potential of 2-piperazin-1-yl-1,3-benzothiazole (PYB) for mild steel
in 1.0 M hydrochloric acid (HCI) was comprehensively investigated through weight loss
measurements and quantum chemical calculations. The study delved into the influence of
various corrosion inhibition parameters, including PYB concentration, immersion times, and
temperature. Remarkably, the highest inhibition efficiency of PYB reached 90.7% at a
concentration of 0.5mM and a temperature of 303 K. Notably, inhibition efficiency
demonstrated an upward trend with increasing concentration. Weight loss techniques affirmed
that inhibition efficiency correspondingly increased with prolonged immersion times, as well
as with elevated temperature. Furthermore, the observed higher inhibition performance with
increasing temperature was corroborated by the calculated AG® values, suggesting that PYB
actively participates in both physical and chemical adsorption processes on the mild steel
surface. The adsorption phenomenon adhered to the Langmuir adsorption isotherm, as
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supported by experimental and theoretical findings, which exhibited commendable agreement.
This study presents a comprehensive understanding of the corrosion inhibition mechanism of
PYB, offering valuable insights for future applications in corrosion mitigation strategies.
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1. Introduction

Corrosion inhibition is a crucial area of research extensively considered and studied due to
its effectiveness in protecting materials against degradation, offering a cost-effective and
efficient solution [1,2]. Mild steel, a common material used in various industrial
applications, is particularly susceptible to corrosion in acidic environments. Acids are
widely employed in industrial processes, making corrosion inhibition strategies imperative
for maintaining material integrity and prolonging service life. Corrosion inhibitors can be
categorized as organic or inorganic compounds. Inorganic inhibitors, such as chromates
and phosphates, offer advantages such as high temperature stability and robust protection
against corrosion [3, 4]. However, they often pose environmental and health hazards,
limiting their widespread use [5]. Organic inhibitors, on the other hand, provide
environmentally friendly alternatives with high efficiency and versatility. Nonetheless,
their performance may vary depending on factors such as chemical structure and
environmental conditions [6—10]. The research community has witnessed significant
interest in the development of effective organic inhibitors containing heteroatoms (such as
oxygen, nitrogen, and sulfur) and functional groups like triple bonds, conjugated double
bonds, or aromatic rings in their molecular structures. One such compound of interest is 2-
piperazin-1-yl-1,3-benzothiazole (PYB), a sulfur- and nitrogen-containing compound.
PYB’s ability to interact with metals through its heteroatoms, which readily react with d-
orbitals of metals, renders it a promising corrosion inhibitor candidate. However, the
complexity of its molecular structure may influence its corrosion inhibition ability and
necessitates further investigation.

In 2022, a study investigated the corrosion inhibition of mild steel in hydrochloric
acid using piperazine derivatives. The study focused on the corrosion inhibition
performance of 1,4-bis(2-(2-hydroxyethyliminomethyl)phenyl)piperazine on carbon steel
in 1.0 M HCI solutions, demonstrating its effectiveness as a corrosion inhibitor [11].
Another study in 2022 examined the corrosion mitigation performance of bis-
benzothiazole derivatives for mild steel in aqueous 1 M HCI. The study provided insights
into the corrosion inhibition efficiency of the bis-benzothiazole derivatives, highlighting
their potential as effective corrosion inhibitors for mild steel in HCI solutions [12]. The
results revealed that the synthesized piperazine derivatives exhibited excellent performance
as corrosion inhibitors for mild steel in 1 M HCI solution [13]. A literature review in 2013
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discussed the use of benzothiazole derivatives as corrosion inhibitors for steel in HCI
solutions. The review highlighted the inhibitive effects of benzothiazole derivatives on
mild steel corrosion, emphasizing their potential as corrosion inhibitors in acidic
environments [14]. In 2023, a new benzisoxazole derivative was studied as a potential
corrosion inhibitor for mild steel in 0.5 M hydrochloric acid medium. The investigation
provided insights into the corrosion inhibition efficiency of the benzisoxazole derivative,
demonstrating its potential as a corrosion inhibitor for mild steel in HCI solutions [15].
Furthermore, in 2023, the corrosion inhibition of mild steel in 1 M hydrochloric acid
solutions by new N,N’-bipyrazole piperazine derivatives was investigated. The study
demonstrated the potential of the synthesized piperazine derivatives as effective corrosion
inhibitors for mild steel in HCI solutions [16]. These studies collectively underscore the
potential of both piperazine derivatives and benzothiazole derivatives as effective
corrosion inhibitors for mild steel in HCI solutions, offering valuable insights into their
corrosion inhibition performance. Herein, the investigated compound PYB possesses both
piperazine and benzothiazole functionalities, thus combining the corrosion inhibition
properties of both groups synergistically.

Despite the considerable body of research on corrosion inhibitors, there remains a
need to explore novel compounds and understand their mechanisms of action. Several
studies have reported the effectiveness of various corrosion inhibitors, shedding light on
their potential applications and optimization strategies. The objective of this study is to
investigate the corrosion inhibition ability of 2-piperazin-1-yl-1,3-benzothiazole (PYB) as
in Figure 1, for mild steel in HCI solution. The aim is to assess the influence of PYB
concentration, immersion times, and temperature on corrosion inhibition effectiveness
through weight loss measurements and quantum chemical calculations. This research
contributes to the understanding of PYB’s corrosion inhibition mechanism and its potential
application as a protective agent for mild steel in acidic environments. By combining
experimental and theoretical approaches, novel insights into the influence of key
parameters on corrosion inhibition performance are elucidated. Additionally, the study
investigates the adsorption behavior of PYB on the metal surface, providing valuable
information for the development of effective corrosion mitigation strategies.
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Figure 1. The chemical structure of PYB.

2. Materials and Methods

Mild steel coupons, obtained from the Company of Metal Samples, served as the working
electrodes for this investigation. The chemical composition of the mild steel, expressed in
weight percentage, is detailed in Table 1. Standard cleaning procedures outlined in method
G1-03/ASTM [17] were employed to prepare the mild steel coupons.
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Table 1. Chemical composition of mild steel coupon (wt.%).

Carbon  Manganese  Silicon  Aluminum Sulfur Phosphorus Iron

0.210 0.050 0.380 0.010 0.050 0.090 balance

2.1. Acidic solution

The acidic solution utilized in the investigations was a 1 M hydrochloric acid solution,
prepared by diluting analytical reagent-grade HCI (37%) with double-distilled water.

2.2. Weight loss investigations

Weight loss analyses were conducted in an environment of 1 M HCI, both in the absence
and presence of the tested corrosion inhibitor, on mild steel coupons measuring
45x25x0.2 mm. Prior to testing, the coupons were meticulously sanded with various
grades of sandpaper up to 1200 grits. Each test was performed in a 250 mL beaker
containing 100 mL of 1 M HCI solution as the corrosive medium. Clean coupons were
initially weighed and then immersed in the corrosive solution. After exposure periods of 1,
5, 10, 24 and 48 hours, the coupons were removed, rinsed with double-distilled water,
cleaned with acetone, dried in an oven, and reweighed using an electronic balance.
Corrosion rate (CR; mm/y) and inhibition efficiency (IE%) were calculated from weight
loss measurements based on Equations 1 and 2 respectively [18—-20]:

CR — 8'76(\Nini't6i\e;:l _Wfinal) (1)
C. - 8.76(\/Vmig?[| ~Wina) 100 )

The reproducibility of the weight-loss test was ensured by conducting multiple trials
under controlled conditions and calculating the average corrosion rate.

2.3. Effect of temperature

Temperature-dependent investigations were conducted at 303 K, 313 K, 323 K, and 333 K
using mild steel coupons of chosen thickness. Similar to the weight loss investigations,
each test was conducted in a 250 mL beaker with 100 mL of 1 M HCI solution as the
corrosive environment. Following a 5-hour exposure period, coupons were removed,
cleaned, and weighed as described above. All experiments were repeated three times [20].

2.4. Adsorption isotherms

Understanding the adsorption behavior of the tested compounds provides crucial insights
into their characteristics. The degree of surface coverage (0) by inhibitors can be elucidated
through the application of various adsorption isotherms, including Langmuir, Freundlich,
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and Temkin. In this study, weight loss measurements were conducted to determine the
surface coverage values (0) for different inhibitor concentrations in acidic media, utilizing
a scale with a sensitivity of 0.001 g [21].

Langmuir Isotherm Equation: c_ 1 +C (3)
0 Kads
Temkin Isotherm Equation: 0 = ~INKes _InC (4)
2a 2a
Frumkin Isotherm Equation: In%: InK,,4 +2a (5)

where 0 represents the degree of surface coverage, C denotes the concentration, and Kads
signifies the equilibrium adsorption constant.

2.5. Computational Details

Ground-state geometries were computed using Gaussian 03, Revision C.01, optimized to a
local minimum without symmetry restrictions employing the valence and polarization basis
set (6-31G"*(d,p)). Gas-phase calculations were performed using the B3LYP (Becke three-
parameter hybrid exchange functional combined with Lee—Yang—Parr correlation
functional) density functional theory (DFT) method to determine optimized geometries,
HOMO energies (Exomo), LUMO energies (ELumo), and relevant physical properties for
the molecules under study. HOMO, LUMO, AE, n, o, x, and AN were calculated using
Equations 6-10, where y., and ng, represented 7 eV/mol and 0eV/mol, respectively
[22-25].

AE =E om0~ ELumo (6)
n=—(Evomo ~ELumo)/2 ()
c=1/m (8)

% ==(Eromo +ELumo)/2 (9)
AN = (X g = Xinh)/2(Mge —Mipn) (10)

3. Results and Discussion
3.1. Gravimetrical measurements

3.1.1. Effect of concentration

The investigation into the effect of PYB concentration on corrosion inhibition revealed a
clear trend: as the concentration of PYB increased, the anticorrosion performance
improved. Specifically, at a temperature of 303 K and a five-hour exposure period, the
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corrosion rate exhibited a noticeable decrease with increasing PYB concentration. The
highest inhibitory efficiency, reaching 90.7%, was attained at a concentration of 0.5 mM
PYB (Figure 2). The observed enhancement in corrosion inhibition performance with
increasing PYB concentration can be attributed to several factors rooted in its molecular
structure. The presence of aromatic groups in PYB increases the electron density at active
sites, facilitating stronger interactions between PYB molecules and iron atoms on the
metallic substrate. Additionally, the nitrogen and sulfur atoms within the PYB structure
form coordination bonds with the metal surface, further enhancing the adsorption of PYB
and promoting the formation of a protective layer against corrosion. However, it is
important to note that the effect of different concentrations of corrosion inhibitors on mild
steel in 1 M HCI solution can vary. While higher concentrations generally lead to better
corrosion protection, the optimal concentration may depend on factors such as the specific
inhibitor, temperature, and the presence of other ions in the solution [26, 27]. Moreover,
some inhibitors may exhibit diminished effectiveness or even become corrosive themselves
at high concentrations. In the weight loss tests conducted on metallic coupons in both
inhibited and uninhibited corrosive solutions, the presence of PYB, acting as a corrosion
inhibitor, effectively shielded the metallic surface from the corrosive solution. Overall, the
molecular structure and chemical composition of PYB play pivotal roles in its corrosion
inhibition ability. The heterogeneous atoms and functional groups present, particularly the
aromatic groups, facilitate strong interactions with the metal surface, rendering PYB an
effective corrosion inhibitor. The adsorption of PYB molecules onto the surface of mild
steel coupons results in the formation of a protective film, which becomes more
pronounced with increasing PYB concentration up to 0.5 mM. Beyond this concentration,
the inhibitory efficiency remains relatively constant, as the protective film acts as a barrier
to corrosive agents and neutralizes them, thereby reducing the corrosion rate.

Various studies have explored the impact of different inhibitor concentrations on mild
steel corrosion rates in acidic solutions. For example, Fang investigated several organic
corrosion inhibitors in 1 M HCI solution and found that higher inhibitor concentrations
generally led to lower corrosion rates, albeit with variations depending on the inhibitor
type. Similarly, studies on the influence of natural inhibitors, such as pomegranate peel
extract and castor oil, have shown concentration-dependent corrosion rate reduction, with
optimal concentrations yielding peak inhibition efficiency [29, 30]. In conclusion, PYB
molecules exhibit significant potential as corrosion inhibitors in acidic environments,
effectively reducing corrosion rates and safeguarding metal surfaces through the formation
of a stable and protective film. The optimal concentration of PYB for achieving maximum
inhibitory efficiency is determined to be 0.5 mM, beyond which further increases have
minimal impact on inhibition efficiency.
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Figure 2. The corrosion rate and inhibition efficiency of mild steel exposed to a 1 M HCI
solution for 5 hours at 303 K, examined across various concentrations of PYB.

3.1.2. Effect of immersion periods

To assess the impact of immersion periods on the efficacy of PYB in corrosion
reduction/prevention, mild steel samples were subjected to 1 M HCI solutions with varying
concentrations of PYB (ranging from 0.1 to 1.0 mM) for different immersion durations
(1 hour to 48 hours) at 303 K (Figure 3).
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Figure 3. Effect of PYB concentration on corrosion rate and inhibition efficiency of metallic
coupons in 1 M HCI for various immersion periods at 303 K.

The results revealed a substantial decrease in corrosion rate with increasing
concentrations of PYB. Notably, at 0.1 mM PYB, the corrosion rate was notably high
(1.21 mmly), whereas at 0.5 mM, it decreased to 0.35 mm/y, reaching its lowest point
(0.31 mm/y) at 1.0 mM PYB, marking a nearly 74% reduction compared to the 0.1 mM
concentration [31, 32]. Furthermore, immersion time significantly influenced PYB’s
effectiveness in corrosion reduction. Prolonged immersion durations corresponded to
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enhanced corrosion reduction efficacy. For instance, at 1.0 mM PYB, the lowest corrosion
rate was observed after 48 hours of immersion (0.28 mm/y), showcasing a 30% decrease
compared to the one-hour immersion period (0.48 mm/y). In conclusion, immersion
periods exert a notable effect on PYB’s efficacy in corrosion reduction. Higher
concentrations of PYB and longer immersion durations proved more effective in reducing
corrosion, suggesting PYB’s potential as an alternative to conventional corrosion inhibitors
for metal surface protection. The inhibitory efficiency of PYB on metal substrates
demonstrated rapid enhancement with increasing immersion periods, peaking between 10
to 48 hours. This enhancement is attributed to the heightened adsorption of PYB molecules
onto the metal substrate, facilitated by the catalytic effect of the metal surface. The
resultant uniform coating of PYB molecules acts as a barrier against corrosion, bolstering
inhibitory efficiency [33, 34]. The complex inhibitory process of PYB is influenced by
various factors including temperature, pH, and solution concentration, all of which must be
carefully managed for optimal efficacy. Notably, strong hydrogen bonding and
coordination interactions between PYB molecules and the metal substrate contribute to its
stability and effectiveness as a corrosion inhibitor in acidic environments. The high
adsorption density of PYB enables both physisorption and chemisorption, further
reinforcing its protective layer and enhancing inhibitory efficacy [35]. The sustained
inhibitory efficacy of PYB over prolonged exposure periods underscores its potential as a
corrosion inhibitor, offering prolonged protection against corrosive agents and highlighting
its utility in metal surface preservation.

3.1.3. Effect of temperature

Temperature plays a critical role in influencing the interaction between the mild steel
surface and the corrosive environment, both in the absence and presence of a tested
inhibitor such as PYB. The impact of temperature on corrosion rate and protection
efficiency was investigated through weight loss measurements conducted on mild steel
samples immersed in 1 M HCI solution, supplemented with various concentrations of PYB,
across the temperature range of 303—333 K (Figure 4). The weight loss data revealed a
consistent trend: as temperature increased, the corrosion rate exhibited a noticeable
decrease in the presence of various inhibitor concentrations over a 5-hour immersion
period [36, 37]. This phenomenon suggests that higher temperatures contribute to a
reduction in the corrosive activity on the mild steel surface, particularly in the presence of
PYB molecules.

Furthermore, the surface coverage (0), determined by the ratio of inhibition efficiency
(IE) to 100, showed a slight increase with rising temperature in the presence of PYB. This
observation suggests that at elevated temperatures, there is enhanced adsorption of PYB
molecules onto the mild steel surface. However, the marginal increase in surface coverage
implies that the protective performance of PYB is largely unaffected by temperature
variations within the investigated range [38, 39]. To illustrate, consider the following
scenario: at a temperature of 303 K, the corrosion rate in the presence of PYB may be
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measured at 0.5 mm/year, whereas at 333 K, it decreases to 0.3 mm/year. This reduction in
corrosion rate with increasing temperature indicates the beneficial effect of elevated
temperatures on corrosion inhibition, attributed to the enhanced adsorption and protective
properties of PYB molecules [40]. Overall, the findings suggest that PYB functions as an
effective inhibitor across the temperature range investigated, with its protective
performance remaining largely independent of temperature fluctuations. This temperature
stability makes PYB a reliable corrosion inhibitor under varying environmental conditions,
enhancing its potential for practical applications in corrosion protection strategies for mild
steel. However, further investigations may be warranted to explore the specific
mechanisms underlying the temperature dependence of corrosion inhibition and its
implications for real-world scenarios.

The observed decrease in the corrosion rate of mild steel with an increase in
temperature, as depicted in Figure 4, can be attributed to various underlying factors,
encompassing alterations in reaction Kinetics and the thermodynamics governing the
COrrosion process.

Firstly, it is well-established that temperature exerts a significant influence on reaction
Kinetics. At higher temperatures, the rates of chemical reactions typically accelerate due to
the heightened kinetic energy of the reacting molecules. In the context of corrosion
inhibition, this increased kinetic energy facilitates more rapid inhibitor adsorption onto the
metal surface. Consequently, a greater number of inhibitor molecules are able to attach
themselves to the metal, forming a denser and more protective layer that acts as a barrier
against corrosive agents. Moreover, the thermodynamics of the corrosion process are also
influenced by temperature variations. Generally, higher temperatures promote the
dissolution of chemical species and the diffusion of reactants, which can affect the overall
corrosion rate. In the presence of corrosion inhibitors such as PYB, elevated temperatures
may enhance the thermodynamic favorability of inhibitor adsorption onto the metal surface.
This thermodynamic favorability, coupled with the accelerated reaction kinetics, results in
a more effective inhibition of corrosion at higher temperatures. Furthermore, it is important
to consider the effect of temperature on the stability and reactivity of the corrosion
products formed on the metal surface. At elevated temperatures, the structure and
composition of these corrosion products may undergo changes, potentially leading to
alterations in their protective properties. This, in turn, can influence the overall corrosion
rate of the metal. In summary, the decrease in the corrosion rate of mild steel with an
increase in temperature can be attributed to the combined effects of enhanced reaction
Kinetics and favorable thermodynamics for inhibitor adsorption. These factors contribute to
the formation of a more protective inhibitor layer on the metal surface, thereby mitigating
the corrosion process.
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Figure 4. Variation in inhibitive efficiency on the surface of mild steel in 1 M HCI across
different temperatures.

3.2. Adsorption Isotherm

The adsorption isotherm analysis provides insights into the interactions between inhibitor
molecules and the metal surface, crucial for understanding corrosion inhibition
mechanisms. In this study, surface coverage (0) values were computed at various inhibitor
concentrations in 1 M hydrochloric acid solution to elucidate these interactions. The two
most commonly utilized adsorption isotherm models, Temkin and Langmuir, were
employed for this purpose [41,42]. Efforts to fit weight loss measurement data into
different adsorption isotherms revealed that the Langmuir adsorption isotherm model best
described the experimental data. According to the Langmuir model, the concentration of
inhibitor in the corrosive solution (Cinn) is related to the degree of surface coverage (0) by
Equation 3 [40, 43]. The linear regression analysis between Cin/0 and Cinn yielded an R?
value of 0.988, as depicted in Figure 5. Figure 5 illustrates the linear relationship between
Cinn/0 and Cinn at 303 K. These results confirm that the slope and R? value are both equal to
1, validating the adherence of PYB molecule adsorption on the mild steel surface to
Langmuir isotherms. However, the deviation of the slope of the plot from unity suggests
non-ideal behavior, which may arise from interactions among the adsorbed PYB molecules
on the metal surface [44, 45].

Furthermore, the adsorption free energy (AG., ) and Kass were determined using

ads
Equation 11:

AG;, =—RTIn(55.5K ) (11)

where 55.5 represents the water concentration (mol/L), and R is the gas constant.
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Equation y=a+b*
1.2 5 R-Square 0.98853
Intercept 0.13312 + 0.0252
Slope 0.92112 £ 0.0496
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Figure 5. Langmuir adsorption isotherm model for the adsorption of PYB in 1 M HCI on the
surface of mild steel.

Typically, a Angs value of around —20 kJ/mol or lower is indicative of physisorption,
while values around —40 kJ/mol or higher suggest chemisorption. In this study, the
determined AGY, value of —32.5 kJ/mol signifies a mechanism of adsorption involving
both chemical and electrostatic interactions between PYB and mild steel in 1 M HCI
solution at 303 K. The negative value of AGY, indicates that the adsorption of inhibitor
molecules onto the mild steel surface is a spontaneous process [46—51]. This
comprehensive analysis sheds light on the complex nature of PYB’s interaction with the
metal surface, providing valuable insights into its corrosion inhibition mechanism in acidic

environments.

3.3. Theoretical Calculation

Quantum chemical computations were conducted to evaluate the corrosion inhibition
efficacy of the tested inhibitor molecules by analyzing their frontier molecular orbital
(FMO) energy levels. This computational approach offers valuable insights into the
protective performance of inhibitors, eliminating the need for extensive lab analyses and
conserving time and resources [52]. In Table 2, various quantum chemical parameters
essential for assessing the protection efficacy of the inhibitor molecules are presented.
These parameters include the FMO energies (Enomo and ELumo), the energy gap between
Exomo and ELumo (AE), dipole moment, global hardness (1), softness (o), electronegativity
(%), and the fraction of electron transfer (AN). The Enomo signifies a molecule’s capability
to donate a lone pair of electrons, while the ELumo represents its tendency to accept
electrons. The AE value, calculated as the energy difference between Enomo and ELuwmo,
indicates the molecule’s reactivity. A smaller AE value suggests higher reactivity, as seen
in Table 2.
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Table 2. Quantum chemical parameters for PYB molecule.

Parameter Value

Enomo (eV) —-7.160
ELumo (eV) 1.452
AE (eV) 8.612

Dipole moment (Debye) —7.8604
Global hardness (1) 4.306
Softness (o) 0.232
Electronegativity () 2.354
AN (Fraction of electron transfer) 0.951

Comparing with previously studied molecules, PYB exhibits the lowest AN value
(2.608 eV), indicating its high reactivity. Additionally, the polarity of a molecule, indicated
by its dipole moment, influences its corrosion inhibition efficacy. In this study, the dipole
moment of PYB was found to be —7.8604 Debye, suggesting a considerable degree of
polarity [53, 54]. Furthermore, the global hardness (1)), softness (o), and electronegativity
(x) offer insights into the dynamic parameters of the molecules. A higher AN value
indicates enhanced inhibitory effectiveness, as demonstrated by Lukovit’s research [55].
Equations 6 to 10 provide the mathematical expressions for calculating AE, n, o, %, and AN.
These parameters collectively contribute to understanding the molecular interactions and
reactivity, essential for predicting the corrosion inhibition efficacy of PYB and similar
inhibitor molecules. Overall, the theoretical calculations offer a comprehensive
understanding of the molecular characteristics and interactions underlying the corrosion
inhibition mechanism, providing valuable guidance for the design and optimization of
effective corrosion inhibitors. The optimized molecular structure of 2-Piperazin-1-yl-1,3-
benzothiazole (PYB) provides insights into its spatial arrangement and geometry. This
optimized structure represents the most stable conformation of PYB, obtained through
quantum chemical calculations. The Highest Occupied Molecular Orbital (HOMO)
structure reveals the distribution of electron density in PYB. Regions of high electron
density, depicted in blue, indicate areas where electrons are most likely to be found. The
HOMO structure illustrates the electron-donating capability of PYB, which is crucial for
its interaction with metal surfaces. Conversely, the Lowest Unoccupied Molecular Orbital
(LUMO) structure illustrates regions of low electron density, depicted in red [56—60].
These regions represent sites where electrons can be accepted, indicating PYB’s potential
to accept electrons from metal atoms. Understanding the distribution of electron density in
the LUMO structure provides valuable insights into the reactivity and corrosion inhibition
mechanism of PYB. The optimized molecular structure (Figure 6a) showcases the stable
conformation of PYB, highlighting its three-dimensional arrangement. This optimized
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structure serves as a basis for further analysis of PYB’s chemical properties and
interactions with metal surfaces. The HOMO structure (Figure 6b) indicates the electron-
rich regions of PYB, emphasizing its ability to donate electrons. This electron-donating
capability is essential for PYB’s interaction with metal surfaces, where it can form
coordination bonds and adsorb onto the surface, thereby inhibiting corrosion. Conversely,
the LUMO structure (Figure 6¢) reveals regions of low electron density, suggesting sites
where PYB can accept electrons. This electron-accepting property enables PYB to interact
with metal atoms, facilitating the formation of protective layers on the metal surface.
Overall, the analysis of the optimized structure, HOMO, and LUMO structures provides
valuable insights into the electronic properties and reactivity of PYB, contributing to a
deeper understanding of its corrosion inhibition mechanism. These structural insights aid in
the design and development of more effective corrosion inhibitors for industrial
applications [61-63].

Tyl

¥
L "

a

Figure 6. Structural Analysis of PYB.

3.4. Suggested inhibition mechanism

The inhibition mechanism of 2-piperazin-1-yl-1,3-benzothiazole (PYB) in hydrochloric
acid (HCI) solution involves multiple steps, driven by the interaction between PYB
molecules and the metal surface. Here is a suggested mechanism based on experimental
observations and theoretical considerations [64—66]:

1.Adsorption onto metal surface: PYB molecules adsorb onto the mild steel surface
through both physical and chemical interactions. The presence of nitrogen and
sulfur atoms in the PYB structure facilitates coordination bonds with the metal
surface, leading to the formation of a protective layer.

2.Chemical interaction with metal: The nitrogen and sulfur atoms in PYB
molecules exhibit a high affinity for the d-orbitals of iron atoms on the metal
surface. This results in the formation of coordination complexes, where PYB
molecules act as Lewis bases, donating electron pairs to the metal ions, thereby
reducing their reactivity.

3.Formation of protective film: As PYB molecules continue to adsorb onto the
metal surface, they form a dense and stable protective film. This film acts as a
barrier, preventing the corrosive species, such as HCI, from reaching the metal
surface and initiating corrosion reactions.
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4.Electron transfer: The presence of electron-donating heteroatoms in PYB
facilitates electron transfer processes between the inhibitor molecules and the metal
surface. This electron transfer leads to the reduction of metal ions, inhibiting their
dissolution into the corrosive solution.

5.Synergistic effects: PYB molecules may also interact with other species present in

the corrosive environment, such as chloride ions, enhancing the inhibition
efficiency through synergistic effects. These interactions further stabilize the
protective film and inhibit corrosion processes.
6. Temperature dependency: While the inhibition mechanism remains effective over
a range of temperatures, variations in temperature can influence the rate of
adsorption and the stability of the protective film. Higher temperatures may
promote faster adsorption Kkinetics and strengthen the interactions between PYB
molecules and the metal surface, thereby enhancing inhibition efficiency.

7.Theoretical insights: Quantum chemical calculations provide additional insights
into the inhibition mechanism by revealing the electronic structure and reactivity of
PYB molecules. The frontier molecular orbital (FMQ) analysis indicates the ability
of PYB to donate and accept electrons, supporting its role as an effective corrosion
inhibitor.

In conclusion, the inhibition mechanism of PYB in HCI solution involves adsorption
onto the metal surface, formation of a protective film, electron transfer processes, and
synergistic effects with other species. The proposed mechanism highlights the multifaceted
nature of corrosion inhibition and underscores the importance of understanding molecular
interactions for the design of effective inhibitors.

The inhibition of mild steel corrosion in 1 M hydrochloric acid by PYB occurs
primarily through an adsorption process, although the exact mechanism involves a
complex interplay of physical and chemical interactions. Understanding this mechanism is
crucial for elucidating how PYB effectively mitigates corrosion rates. In the case of PYB,
it is conceivable that inhibitor molecules adhere to the mild steel surface primarily via van
der Waals forces, representing a physical adsorption process. This formation of a
protective layer acts as a barrier between the metal substrate and the corrosive acid, thereby
diminishing the corrosion rate. Furthermore, PYB exhibits the capacity for chemical
reactivity with corrosion byproducts present on the metal surface, further attenuating
corrosion rates. For example, PYB may engage in reactions with iron oxides formed on the
steel surface, yielding a protective film that impedes further corrosion progression. The
adsorption process of PYB onto the mild steel surface in 1 M hydrochloric acid is intricate,
involving both physical and chemical interactions. Figure 7 illustrates various mechanisms
that elucidate the adsorption process [67—70].

1.Protonated PYB molecules or ions exist within the corrosive medium. Through
electrostatic attraction, these ions are deposited onto the mild steel interface where
Cl~ ions had previously been adsorbed (physical adsorption).
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2.PYB can undergo chemical adsorption onto the metallic surface by donating lone
pairs of electrons from nitrogen and sulfur atoms to vacant orbitals of iron atoms.

3.m-Electrons from benzene and heterocyclic rings, along with the unoccupied d-
orbitals of iron atoms, engage in electron donation and acceptance interactions [71—
72].

. o—N NH

chemical adsorption

| |
O@O@O@O

Mild steel

ph\\l(.dldd\()l’ptl()ﬂ }

Figure 7. Proposed inhibition mechanism of PYB as a corrosion inhibitor.

In summary, the inhibition mechanism of PYB involves a combination of physical
adsorption via van der Waals forces and chemical interactions with the metal surface and
corrosion products. This multifaceted approach effectively reduces corrosion rates, offering
valuable insights into the protective action of PYB against mild steel corrosion in acidic
environments.

Conclusion

The findings presented in this study offer valuable insights into the corrosion inhibition
potential of 2-piperazin-1-yl-1,3-benzothiazole (PYB) for mild steel in 1 M hydrochloric
acid solution. Through a comprehensive investigation encompassing the impact of
inhibitor concentration, immersion periods, and temperature, we have demonstrated the
efficacy of PYB in mitigating corrosion and protecting mild steel surfaces. Our results
indicate that increasing the concentration of PYB leads to a significant reduction in the
corrosion rate of mild steel, with optimal inhibition efficiency observed at higher
concentrations. Furthermore, we observed that extending the immersion period enhances
the protective properties of PYB, suggesting a time-dependent adsorption process that
contributes to prolonged corrosion inhibition. Additionally, the influence of temperature on
the corrosion inhibition process was elucidated, revealing that higher temperatures
facilitate enhanced inhibitor adsorption and formation of a protective layer on the metal
surface, thereby further reducing the corrosion rate. This underscores the importance of
considering temperature variations in corrosion inhibition studies.

While this study primarily relies on weight-loss measurements to assess corrosion
rates, the mechanistic insights gained from our findings provide a solid foundation for
further exploration using complementary experimental techniques such as electrochemical
measurements and surface analysis methods. Future research could delve deeper into
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understanding the molecular interactions between PYB and mild steel surfaces, as well as
elucidating the role of temperature and solution conditions in corrosion inhibition
processes. Overall, our study contributes to the broader field of corrosion inhibition by
offering a comprehensive evaluation of PYB as a potential corrosion inhibitor for mild
steel in acidic environments. The insights gained from this research pave the way for the
development of more effective corrosion inhibitors and provide valuable guidance for
mitigating corrosion in industrial applications.
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