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Multi-method evaluation

of a 2-(1,3,4-thiadiazole-2-yl)
pyrrolidine corrosion inhibitor
for mild steel in HCl: combining
gravimetric, electrochemical,
and DFT approaches

Ahmed Al-Amiery>2*‘, Wan Nor Roslam Wan Isahak'"* & Waleed Khalid Al-Azzawi?

The corrosion inhibition properties of 2-(1,3, 4-thiadiazole-2-yl)pyrrolidine (2-TP) on mild steel in a

1 M HCl solution were investigated using weight loss, potentiodynamic polarization, electrochemical
impedance spectroscopy (EIS) and open circuit potential (OCP) measurements. In addition, DFT
calculations were performed on 2-TP. The polarization curves revealed that 2-TP is a mixed-type
inhibitor. The results indicate that 2-TP is an effective inhibitor for mild steel corrosion in a 1.0 M HCI
solution, with an inhibition efficiency of 94.6% at 0.5 mM 2-TP. The study also examined the impact
of temperature, revealing that the inhibition efficiency increases with an increasing concentration of
2-TP and decreases with a rise in temperature. The adsorption of the inhibitor on the mild steel surface
followed the Langmuir adsorption isotherm, and the free energy value indicated that the adsorption
of 2-TP is a spontaneous process that involves both physical and chemical adsorption mechanisms.
The DFT calculations showed that the adsorption of 2-TP on the mild steel surface is mainly through
the interaction of the lone pair of electrons on the nitrogen atom of the thiadiazole ring with the
metal surface. The results obtained from the weight loss, potentiodynamic polarization, EIS and OCP
measurements were in good agreement with each other and confirmed the effectiveness of 2-TP as a
corrosion inhibitor for mild steel in 1.0 M HCl solution. Overall, the study demonstrates the potential
use of 2-TP as a corrosion inhibitor in acid environments.

Thiadiazoles are a class of organic compounds with the formula (C,H,NH),CS. They are heterocyclic compounds
containing two nitrogen atoms and a sulfur atom in a ring system!. Thiadiazoles have various applications,
including as fungicides, herbicides, insecticides, anti-inflammatory agents, and intermediate compounds in
drug synthesis and the development of novel materials>. Some well-known thiadiazoles are metconazole and
fenbuconazole. Our observations have led us to study the corrosion inhibition properties of 2-(1,3,4-thiadiazole-
2-yl)pyrrolidine (2-TP). 2-TP was chosen as a corrosion inhibitor due to its heterocyclic structure, which includes
a pyrrolidine functional group, three nitrogen atoms, and one sulfur atom in the ring. Its 7 electrons allow it
to easily bond to mild steel (MS), reducing corrosion. It is commercially available or can be synthesized using
green chemistry, resulting in a good yield. The mechanism of action of thiadiazoles as corrosion inhibitors is
based on their ability to adsorb onto the metal surface and form a protective film. This film acts as a physical
barrier, preventing corrosive species from reaching the metal surface and thus inhibiting the corrosion process.
The adsorption process is influenced by factors such as the concentration of the inhibitor, pH, temperature, and
the nature of the metal surface>*. Mild steel is versatile and affordable, making it a popular choice for various
industries>®. It has low carbon content, making it easy to shape and weld, and its durability makes it ideal for
construction and machinery’-'°. Mild steel is also relatively cheap compared to other steels. Pickling is a metal
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surface treatment process that removes impurities, such as rust, scale, and oxidation, from the surface of metal.
It is typically done by immersing the metal in a pickling solution, which is usually an acidic solution''**. In
industries, hydrochloric acid is commonly used as a pickling solution due to its high reactivity and ability to
remove impurities efficiently. The concentration and temperature of the pickling solution are carefully moni-
tored to ensure it does not damage the metal or corrode it'#'*. Acid pickling is a process used to remove surface
oxides and other impurities from steel by immersing it in an acidic solution. This process can lead to corrosion
of the steel if not properly carried out. During the acid pickling process, the acid solution can attack the steel
and dissolve some of the metal, leaving it vulnerable to corrosion. Additionally, if the pickling solution is not
properly neutralized after the process, residual acid can remain on the steel and cause corrosion over time'®. To
prevent corrosion from acid pickling, it is important to use the appropriate acid concentration, temperature,
and immersion time, and to properly neutralize the steel after the pickling process. Other factors such as the
quality of the steel and the environment in which it is used can also affect its susceptibility to corrosion'’. After
the pickling process, the metal is rinsed with water, dried, and prepared for further processing or fabrication.
Corrosion of substrates can be prevented or minimized through various methods, such as coating, galvaniz-
ing, electroplating, anodizing, using corrosion inhibitors, selecting corrosion-resistant materials, maintaining
a controlled environment, and regular maintenance'®-?°. The molecular interaction between organic molecules
and the metal surface is distributed or transmitted through chemical adsorption, resulting in the creation of a
coordinated covalent bond. Physical adsorption involves Van der Waals and electrostatic interactions between
the loaded organic molecules and the contaminated metal surface?**. Physical adsorption is easily reversible
and the organic molecules can be removed by simple washing or heating®. Chemical adsorption, on the other
hand, is more permanent and the organic molecules become strongly bonded to the metal surface, making it more
difficult to remove them?*?. Both physical and chemical adsorption play important roles in industrial processes
such as catalysis, separation, and purification®. Understanding the differences between these two types of adsorp-
tion is critical in optimizing these processes®*-*. Several types of thiadiazoles have been synthesized and tested
as corrosion inhibitors. Some examples include 1,2,4-thiadiazole, 1,3,4-thiadiazole, 1,2,3-thiadiazole, and their
derivatives. The inhibitive properties of these compounds depend on their chemical structure, and modifications
can be made to enhance their effectiveness®"*2. Studies have shown that thiadiazoles can effectively inhibit the
corrosion of various metals, including steel, copper, and aluminum, in different environments such as acidic,
neutral, and alkaline solutions. The inhibitive efficiency of thiadiazoles can be improved by combining them
with other compounds, such as surfactants, and by using them in combination with other corrosion inhibitors®.
Thiadiazoles have a wide range of applications in the field of corrosion inhibition, including in the oil and gas
industry, the construction industry, and in the protection of cultural heritage sites. They are also used as additives
in coatings and paints to improve their anti-corrosive properties®-**. Overall, thiadiazoles have shown promise
as effective corrosion inhibitors for a variety of metals in different environments. Further research is needed
to explore their potential in real-world applications and to optimize their inhibitive properties. The purpose of
this paper is to examine the efficacy of 2-TP as a corrosion inhibitor for mild steel in a 1 M HCIl solution. The
impact of 2-TP (Fig. 1) at different concentrations was analyzed through weight loss, electrochemical impedance
spectroscopy, potentiodynamic polarization, and adsorption isotherms. Density functional theory was also used
to determine the corrosion inhibition efficiency of 2-TP. This method is cost-effective and efficient, offering a
deeper understanding of the corrosion inhibition mechanism compared to traditional methods.

Materials and methods

The base substrates for weight loss measurements and electrochemical corrosion experiments were mild steel
samples purchased from the Company of Metal Samples. Specimens (Table 1) with a cubic area of 1 cm? were
used for PDP and EIS measurements, while specimens of 2.50 x 2.00 X 0.03 cm were employed in weight loss
measurements. The specimens were prepared for each test by abrading with silicon carbide sheets (120, 600,
and 1200) and washing with distilled water and acetone according to the standard technique, ASTM/G1-03*.
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Figure 1. The chemical structure of 2-TP.

Iron

Phosphorous

Sulphur

Aluminium

Silicon

Manganese

Carbon

Balance

0.09%

0.05%

0.01%

0.38%

0.05%

0.21%

Table 1. Chemical composition of metallic substrate (weight percentage).
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The 1 M HCl assay solution was made with 37% analytical grade HCl and double-distilled water. The corrosion
measurements were performed in non-stirring openair conditions with varying inhibitor concentrations.

Weight loss techniques. The metallic substrate underwent testing with an untreated solution of 1 M HCl
and a treated solution of 1 M HCI with a tested inhibitor at concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, and 1.0 mM.
The exposure durations were 1, 5, 10, 24, and 48 h at a temperature of 303 K. The effect of temperature was also
studied by exposing the un-inhibited and inhibited solution to temperatures of 313, 323, and 333 K for 5 h, as
specified by NACE TM0169/G31%. After testing, the coupons were removed and treated according to ASTM
standard G1-03**. The mean mass loss was used to calculate the corrosion rate®, and the inhibitory performance
(IE%) and surface coverage (0) were determined using Eqgs. (1-3)
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where W is the weight loss (mg), a is the area (cm2), and ¢ is the exposure time (h).

Electrochemical measurements. The electrochemical measurements were performed using a Gamry
water-jacketed glass cell to measure the steady-state corrosion rate. The cell setup consisted of MS samples, a
graphite rod, and a saturated calomel electrode (SCE) serving as the working, counter, and reference electrodes
respectively. The analysis was conducted using a Gamry Device Potentiostat/Galvanostat/ZRA (REF 600) model
and the accompanying software. The potentiodynamic polarization (PDP) and electrochemical impedance spec-
troscopy (EIS) measurements were obtained using the software®. The PDP curves were obtained by adjusting
the potential between—0.2 and +0.2 V(SCE) over the corrosion potential with a scan rate of 0.5 mV/s’. The EIS
measurements were taken using alternating current signals with a 5.0 mV peak-to-peak amplitude at the cor-
rosion potential and covering a frequency range of 100 kHz to 0.1 Hz. The impedance data was then fitted and
simulated to the appropriate equivalent circuits using the Gamry Echem Analyst software. To ensure that the
system reached a steady-state condition, the electrochemical corrosion tests were performed for 30 min after the
working electrode was exposed to the environment. The experiments were performed three times, and the aver-
age values were recorded to confirm repeatability.

DFT computations. In this study, quantum chemical calculations were performed using Gaussian 03 Revi-
sion C.01. The ground-state geometry was calculated with the 6-31G++ (d,p) valence and polarization basis set,
and the optimization was done without symmetry constraints to reach a local minimum. The calculations were
performed using the B3LYP approach, which combines the Becke three-parameter hybrid exchange functional
with the Lee-Yang-Parr correlation functional®”. The optimized geometry, HOMO and LUMO energies, and
other physical parameters of the molecule were evaluated using this method. According to DFT-Koopman’s
theorem, the ionization potential is related to the HOMO energy (EHOMO), while the electron affinity is related
to the LUMO energy (ELUMO). These values can be calculated using Eqs. 4 and 5%.

I = —Enomo 4

A = —Eromo (5

The examination of the Natural Bond Orbital (NBO) was performed to assess the distribution of electron
densities, as electron density plays a crucial role in determining the parameters of chemical reactivity. The elec-
tronegativity (), hardness (1)), and softness (o) were calculated using Eqs. 6-8%.
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The number of transferred electrons (AN) was calculated using a DFT approach using Eq. 9.

AN — XFe — Xinh ©)

2(nFe + Mink)

This equation considers the absolute electronegativity of iron (xre), which was found to be 7.0 eV, and the
absolute electronegativity of the inhibitor molecule (x;,p). It also takes into account the absolute hardness of
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iron (nr.), which was found to be zero, and the absolute hardness of the inhibitor molecule (7;,,5). So, Eq. 9 can
be converted to Eq. 10%.

N = 7 — Xinh

2(0i) (10)

Results and discussion

Weight loss.  Effect of the inhibitor concentration. The protection of mild steel from corrosion was achieved
using 2-TP, as shown in Fig. 2. The rate of corrosion (Cg) and inhibition efficiency (IE%) were measured through
weight loss tests at 303 K. The results showed that with an increase in 2-TP concentration, the CR decreased,
resulting in improved inhibition due to the adsorption of more 2-TP molecules onto the mild steel, reducing its
interaction with HCI. The highest inhibition efficiency of 94.6% was achieved at a 2-TP concentration of 0.5 mM.
This is attributed to the electron-donating properties of the pyrrolidine and thiadiazole heterocyclic rings and
the resonance effect of the thiadiazole ring and the inductive effect of the pyrrolidine ring, which improve the
inhibitor’s ability to transfer electron pairs to the unoccupied d-orbitals of the iron atoms on the mild steel sur-
face, thereby controlling and preventing corrosion*!. The duration of immersion also influenced the resistance
of 2-TP against HCI (Fig. 2). The corrosion rate decreased over the first 10 h in 1 M HCI, reaching a maximum
inhibition efficiency of 94.6%. 2-TP had the highest inhibition efficiency of 65.9% after 1 h, but after 10 h of
immersion, the inhibition efficiency declined, reaching 94.8% at 0.5 mM and reducing to 88.1% after 48 h. The
duration of immersion is a crucial factor in providing protection. The absorption of 2-TP molecules on the mild
steel surface, which covers the area exposed to the HCI solution, is likely responsible for the decrease in corro-
sion rate and increase in inhibition efficiency as the 2-TP concentration increases.

2-TP has been demonstrated to be an effective corrosion inhibitor for mild steel in HCl solutions. The results
showed that the inhibition efficiency increased with increasing 2-TP concentration and reached its maximum
at 0.5 mM. The adsorption of 2-TP onto the mild steel surface was found to follow the Langmuir isotherm and
was spontaneous and exothermic. The inhibitory effectiveness of 2-TP was compared to other nitrogen-based
corrosion inhibitors for mild steel protection (Table 2) and demonstrated the highest inhibitory efficiency. 2-TP
could be a promising alternative to current corrosion inhibitors, especially in industrial applications. Further-
more, 2-TP showed a stable and consistent inhibition performance in a wide range of immersion time values,
temperatures, and corrosive environments. This indicates that it has a good versatility and adaptability, which
is essential for industrial applications. Moreover, 2-TP has a low toxicity and environmental impact, making it
a safer and more sustainable option for industrial applications compared to other nitrogen-based inhibitors*.
To the best of our knowledge, there have been no reports of corrosion inhibitors suitable for HCI solutions. The
inhibition efficiency of 0.5 mM 2-TP was found to be 94.6% at 303 K in a 1 M HCl solution, performing better
than previously published inhibitors such as 2, 6, 8-12, 15-18, 20, 25, 26, 30, and 31. In the oil and gas industry,
the bottom of the well is subjected to high temperatures, so a corrosion inhibitor must maintain its protective
performance in corrosive media under such high temperatures.

In conclusion, the study showed that 2-TP has the potential to be a highly effective corrosion inhibitor for
mild steel protection in industrial applications. Its high inhibitory efficiency, adaptability, and low toxicity make
it a promising alternative to current inhibitors. Further studies should be conducted to evaluate the long-term
performance and practical application of 2-TP in various industrial settings.

Effect of the temperature. The impact of temperature on the performance of inhibitors is substantial. As the
temperature increases from 323 to 333 K, the inhibition efficiency remains relatively constant. However, as
shown in Fig. 3, when the temperature rises from 303 to 333 K, the efficiency of the 2-TP inhibitor drops from
94.6 to 84.9% at a concentration of 0.5 mM. This decrease can be attributed to the detachment of 2-TP molecules
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Figure 2. Influence of exposure time and concentration on the corrosion rate and inhibition efficiency of 2-TP
on Mild Steel in 1 M HCL
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No Inhibitor name Alloy Acid IE(%) | References
1 2-(1,3,4-thiadiazole-2-yl)pyrrolidine (2-TP) Mild steel | 1M HCl |94.6 -
2 N'-(2-(2-oxomethylpyrrol-1-yl)ethyl)piperidine Mild steel | 1MHCI |91.9 s
3 2-Amino-4-phenyl-N-benzylidene-5-(1,2,4-triazol-1-yl)thiazole Mild steel | 1MHCI |98.1 “
4 2-amino-4-phenylthiazole Mild steel | I MHCl |94.7 “5
5 1-Amino-2-mercapto-5-(4-(pyrrol-1-yl)phenyl)-1,3,4-triazole Mild steel | 1M HCl |96.3 16
6 N'-(2-hydroxybenzylidene)-2-(quinolin-8-yloxy)acetohydrazide Mild steel | 1 MHCl |93.4 z
7 3-(4-ethyl-5-mercapto-1,2,4-triazol-3-yl)-1- phenylpropanone Mild steel | 1 MHCl |97 7
8 4-ethyl-1-(4-oxo-4-phenylbutanoyl)thiosemicarbazide Mild steel | 1 MHCl | 887 18
9 4-benzyl-1-(4-oxo-4-phenylbutanoyl)thiosemicarbazide Mild steel | 1 MHCl | 925 "9
10 4-chloro-2-((pyridin-2-ylimino)methyl)phenol Mild steel | 1 MHCl |92.8 0
11 2-N-phenylamino-5-(3-phenyl-3-oxo-1-propyl)-1,3,4-oxadiazole Mild steel | 1MHCI |95.1 ot
12 4-ethyl-1-(4-oxo-4-phenylbutanoyl)thiosemicarbazide Mild steel | 1MHCI |88.7 52
13 Nonanedihydrazide Mild steel | 1MHCI |97 53
14 4-pyrrol-1-yl-n-(2,5-dimethyl-pyrrol-1-yl)benzoylamine Mild steel | 1 MHCl |95.8 st
15 N'-(1-phenylethylidene)-4-(1H-pyrrol-1-yl)benzohydrazide Mild steel | 1M HCl | 94.5 o4
16 5-((4-fluorobenzylidene)amino)-1,3,4-thiadiazole-2-thiol Mild steel | 1M HCl |91 %
17 2-(5-amino-1,3,4-thiadiazol-2-yl)-5-nitrofuran Mild steel | 1M HCl |83.2 6
18 Terephthalo- hydrazide Mild steel | I MHCl |96.4 7
19 Isophthalohydrazide Mild steel | 1MHCl |97.2 7
20 N-(Naphthalen-1yl)-1-(4-pyridinyl)methanimine Mild steel | 1MHCI |91.5 8
21 2-acetylthiophene thiosemicarbazon Mild steel | 1 MHCI |96 5
22 2-isonicotinoyl-N-phenylhydrazinecarbothioamide Mild steel | 1 MHCI |96.3 0
23 2-amino-5-(naphthalen-2-ylmethyl)-1,3,4-thiadiazole Mild steel | 1MHCI |95.1 o1
24 5-(4-(1H-pyrrol-yl)phenyl)-2-mercapto-1,3,4-oxadiazole Mild steel | 1 MHCI |95 62
25 N-(2,4-dihydroxytolueneylidene)-4-methylpyridin-2-amine Mild steel | 1 MHCI |93.7 63
26 N-methyl-2-1-5-methylthiophene-2-yl)ethylidene) hydrazine carbothioamide | Mild steel | 1 M HCl |95.3 ot
27 1-phenyl-2-(1-phenylethylidene)hydrazine Mild steel | 1M HCI |83.8 o
28 1-(1-(4-methoxyphenyl)ethylidene)-2-phenylhydrazine Mild steel | 1MHCI |95.1 5
29 2-(2,4-dimethoxybenzylidene)-Nphenylhydrazinecarbothioamide Mild steel | 1 MHCI |94.8 e
30 2-(5-amino-1,3,4-oxadiazol-2-yl)-5-nitrofuran Mild steel |1 MHCI |79.4 67
31 8-piperazine-1-ylmethylumbelliferone Mild steel | I MHCl |93.4 o8
32 2-((6-methyl-2-ketoquinoUne-3-yl)methylene) hydrazinecarbothioamide Mild steel | 1M HCl |95.8 0
33 4-(6-methylcoumarin)acetohydrazide Mild steel | 1M HCl |94.5 o
34 4-(Benzoimidazole-2-yl)pyridine Mild steel | 1M HCI |93.8 7l
35 5,5'-(1,4-phenylene)bis(N-phenyl-1,3,4-thiadiazol-2-amine) Mild steel | 1 MHCI |94 72
36 APT Mild steel | 1 MHCl |95 7
37 APT-2 Mild steel | 1 MHCl |96 7
38 APT-4 Mild steel | 1MHCI |92 7
39 PAT Mild steel | 1 MHCl |98 7
40 N (-benzo[d]thiazol-2-yl)-1-(thiophene-2-yl) methanimine (BTTM) Mild Steel | H,SO, 74
41 PMTTA Mild steel | 1 MHCl |92 S
42 | PATT Mild steel | 1MHCI |91 »
43 PMTA Mild steel | 1 MHCl |87 S

Table 2. Comparison of 2-TP with other nitrogen-based corrosion inhibitors for protecting mild steel.

from the mild steel surface, causing a lack of protection against corrosion. As a result, the inhibition efficiency
decreases as temperature increases.

Temperature also has a direct impact on the rate of chemical reactions, including corrosion reactions. At
higher temperatures, the rate of reaction increases, leading to a faster rate of corrosion. Inhibitors slow down the
rate of corrosion by forming a protective layer on the metal surface. At higher temperatures, this layer becomes
less effective as the detachment of inhibitor molecules becomes more likely, causing a decrease in inhibition
efﬁciency”. Moreover, elevated temperatures can lead to thermal degradation of the inhibitor molecules, reduc-
ing their ability to protect the metal surface. This results in a decrease in the inhibition efficiency as degraded
molecules can no longer provide adequate protection against corrosion’. the decrease in 2-TP performance at
elevated temperatures could be attributed to the thermal degradation of the inhibitor molecules, which leads
to the loss of the protective film formed on the metal surface. The higher temperatures could also increase the
rate of corrosion, leading to a faster breakdown of the protective film formed by the inhibitor. Additionally, the
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Figure 3. Influence of Temperature and concentration on the corrosion rate and inhibition efficiency of 2-TP
on Mild Steel in 1 M HCL.

increased kinetic energy of the solution at higher temperatures could facilitate the adsorption of the inhibitor
molecules onto other surfaces in the system, reducing the concentration of the inhibitor available to protect the
metal surface.

In conclusion, temperature is a crucial factor that affects the effectiveness of inhibitors in controlling corro-
sion. It is important to consider the temperature conditions in which inhibitors will be used to ensure optimal
performance and maximum protection against corrosion.

Adsorption isotherm. Adsorption isotherms are useful for obtaining crucial information about the
adsorption of inhibitor molecules on mild steel surfaces. The surface coverage (0) was calculated through weight
loss measurements and was used to identify the most suitable isotherm. To determine if the 2-TP molecules
were physically or chemically attached to the mild steel surface, various adsorption isotherms, such as Temkin,
Freundlich, and Langmuir, were analyzed. The Langmuir isotherm was considered the most appropriate model
as it had a linear regression coeflicient close to one. The Langmuir isotherm can be expressed using Eq. 11.

c_1 +C (11)
0 Kads
where C is the inhibitor concentration and K4, is the Langmuir constant.
The Freundlich adsorption isotherm is commonly used to describe adsorption on surfaces with varying active
sites, energies, and surface heterogeneity. It defines the exponential distribution of these factors. Equation 12
represents the Freundlich adsorption isotherm.

log = logKF + logC (12)

The Temkin adsorption isotherm takes into account the indirect interactions between adsorbate molecules
and the adsorption process. This is particularly important when the heat of adsorption of molecules in the layer
is inversely proportional to the surface coverage. However, this model is only valid for a limited range of con-
centrations. Equation 13 shows the Temkin isotherm.

e 29 = KC (13)

The isotherm and thermodynamic analyses provided sufficient information to explain the inhibition poten-
tial and adsorption mechanism of 2-TP molecules at the interface between hydrochloric acid solution and mild
steel. The estimated parameters obtained from the Langmuir (Fig. 4), Freundlich (Fig. 5), and Temkin (Fig. 6)
isotherm graphs at different temperatures are presented in Table 3. The results indicate that the Langmuir iso-
therm model provided the best fit for the adsorption of 2-TP molecules on the surface of mild steel at all studied
temperatures and times. This was confirmed by high R2 values and a slope close to unity. The Langmuir isotherm
assumes that the adsorption of inhibitor molecules onto the mild steel surface is a monolayer process and that
the process is energetically favorable””. The Langmuir constant provides valuable information about the inter-
action between the inhibitor molecules and the mild steel surface, as well as the mild steel surface’s ability to
adsorb the inhibitor molecules. Furthermore, the Langmuir isotherm can be utilized to determine the maximum
adsorption capacity of the mild steel surface for the inhibitor molecules. The maximum adsorption capacity can
then be used to calculate the optimal amount of inhibitor molecules needed to prevent corrosion of the mild
steel surface””. Overall, the Langmuir isotherm provides valuable insights into the adsorption behavior of the
inhibitor molecules on the mild steel surface and can guide the optimization of the inhibitor treatment process.
Based on Table 3, the Langmuir isotherm was the most appropriate fit for all the temperatures tested. At 303 K,
the regression coeflicient (R?) was calculated to be 0.999 with a computed slope value of 0.99212 +0.01206 and
an intercept value of 0.04564 £ 0.00613. Figure 4 illustrates the Langmuir isothermal plot between C/6 and C for
the temperature range of 303-333 K.
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Figure 4. 2-TP plot of Langmuir adsorption isotherm.
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Figure 5. 2-TP plot of Freundlich adsorption isotherm.
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Figure 6. 2-TP plot of Temkin adsorption isotherm.

Scientific Reports|  (2023) 13:9770 | https://doi.org/10.1038/s41598-023-36252-8 nature portfolio



www.nature.com/scientificreports/

Temperature
Parameter | 303 K 313K 323K 333K
Langmuir
Slop 0.992+0.012 | 0.972+7.073 0.965+9.51 0.905+7.977
Intercept 0.045+0.006 | 0.076+4.303 0.102+5.791 | 0.186+4.853
R? 0.999 1 1 1
Freundlich
Slop 0.139+0.019 | 0.177+0.026 0.247+0.034 | 0.364£0.04
Intercept 0.001+0.011 | =0.009+0.015 | —0.005+0.02 | —0.014+0.025
R? 0.92688 0.9203 0.92781 0.94576
Temkin
Slop 0.268+0.035 | 0.327+0.050 0.418+£0.060 | 0.537+0.073
Intercept 0.993+£0.020 | 0.968+0.028 0.964+0.035 0.928 +0.042
R? 0.93621 0.91453 0.92201 0.93045

Table 3. Adsorption parameters for inhibition of mild steel in treated solution at different temperature.

The relationship between the adsorbent and adsorbate is expressed by the adsorption constant (K,4;). A higher
K45 indicates improved adsorption and thus improved inhibition’®. The relationship between the adsorption
free Gibbs energy and the adsorption equilibrium constant can be represented by Eq. 14.

AG.; = —RTIn(55.5K45) (14)

where T is the temperature, R is the gas constant, and 55.5 is the water content measurement. The “K,4;” constant
was added to the calculation above to produce the “AG? ;" value.

Equation (12) demonstrates that the free Gibbs energy of adsorption is proportional to the natural logarithm
of the adsorption equilibrium constant, K, 4. The higher the K4, the lower the free Gibbs energy of adsorption
and vice versa. In simpler terms, a low free Gibbs energy of adsorption means that the adsorbent and the adsorb-
ate have a strong bond, leading to a high adsorption rate.

Therefore, an increase in K, leads to a decrease in the adsorption free Gibbs energy, resulting in bet-
ter adsorption and improved inhibition. Hence, K,4; plays a critical role in determining the efficiency of the
adsorption process and the inhibition of the adsorbate. In conclusion, the adsorption equilibrium constant,
Ka4s» is a crucial parameter that can predict the efficiency of the adsorption process and the inhibition of the
adsorbate. The relationship between K,4; and the adsorption free Gibbs energy, as demonstrated by Eq. (12),
emphasizes the importance of K 4 in comprehending the adsorption behavior of a system”. A negative value
of the adsorption AG? ;. indicates spontaneity, and the inhibitor molecules are absorbed onto mild steel. A
AGS  value of < - 20kJmol ™! indicates physical adsorption of the inhibitor molecule to the mild steel surface.
However, a significantly negative adsorption free energy value of > —40 kjmol ™ suggests chemical adsorption,
with the formation of coordination interactions between the 2-TP molecules and iron atoms on the mild steel
surface. The estimated value of AGY,  being—31.4 kjmol™ indicates a mixed-mode interaction, incorporating
both physical and chemical adsorption. The calculated AG?, value indicates that the adsorption process of
inhibitor molecules onto the mild steel surface is spontaneous and energetically favorable. The negative value
shows that the system releases energy when the inhibitor molecules are adsorbed, leading to a decrease in the
overall energy of the system. The magnitude of AGY,_ also reveals the type of adsorption that takes place. In
physical adsorption, the process is driven by van der Waals forces, dipole-dipole interactions, and hydrogen
bonding. The inhibitor molecules are attached to the mild steel surface through weak non-covalent interactions
and is usually indicated by a AGY,, value of less than — 20 kJmol™". In chemical adsorption, the process involves
covalent bonding between the inhibitor molecules and the mild steel surface iron atoms. This type of adsorption
is usually indicated by a AGY ;. value of less than — 40 kJ/mol, which represents the energy required to break the
chemical bonds. The calculated AGY; value of > — 31.4 kJmol™' suggests a mixed-mode interaction between the
inhibitor molecules and the mild steel surface. This indicates that both physical and chemical adsorption are
taking place simultaneously, with the inhibitor molecules held to the surface through both weak non-covalent
interactions and covalent bonding. Overall, the results suggest that the adsorption of inhibitor molecules onto
the mild steel surface is energetically favorable and that mixed-mode interactions are occurring between the
inhibitor molecules and the surface.

Thermodynamics studies.

Thermodynamics studies. Figure 7 in the study presents an Arrhenius plot used to estimate the activation
energy (Ea) after 5 h of mild steel immersion in 1 M HC], in the presence of various concentrations of 2-TP. The
values of Ea were estimated to be within the range of 22.56-26.85 kJ/mol for all 2-TP concentrations. The values
of activation energies (E,) below 80 kJ/mol indicate physical adsorption, while values above 80 kJ/mol indicate
chemical adsorption®®!. Therefore, it was concluded that the interaction of 2-TP molecules leading to mild steel
surface adsorption followed a chemical-physical mechanism.

In Fig. 8, the transition state plot for the control and inhibited system after 5 h of the corrosion process is
presented. The negative values of the enthalpy changes (AHAds) for different concentrations of 2-TP indicated
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Figure 7. Arrhenius plot of In CR against 1/T for mild steel with the addition of various of 2-TP after 5 h of
exposure time.
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Figure 8. Transition state plot of In (CR/T) against 1/T for mild steel with the addition of various of 2-TP after
5 h of exposure time.

exothermic behavior®?, with a range of — 36.83 to —43.11 k]/mol across the test temperature (303-333 K), sug-
gesting a chemisorption-physisorption mechanism. Negative values of entropy ASa revealed a decrease in disor-
derliness. The adsorption free energy (AGa) ranged between —31.4 and — 35.72 kJ/mol. The negative AGa values
indicate the spontaneous and feasible nature of the adsorption process. These values at 303-333 K showed good
interaction between the 2-TP molecules and the mild steel surface, suggesting strong adsorption of 2-TP on mild
steel®. Therefore, it was concluded that the adsorption of 2-TP molecules on the mild steel surface followed a
physical and chemical adsorption mechanism.

Electrochemical corrosion measurements. EIS. The frequency range used in the electrochemical
impedance spectroscopy (EIS) measurements can provide important information about the system being stud-
ied. For example, the high-frequency region can provide information about the surface capacitance and double-
layer structure, while the low-frequency region can provide information about charge transfer processes and
mass transport limitations. The Gamry Analyst software was used to analyze the EIS experimental data, includ-
ing the calculation of CPE, R, R,,, and C, for mild steel in 1.0 M HCl solution®. Table 4 presents a comparison
of the CPE of mild steel at different inhibitor concentrations at 303 K. The R, value increases with an increasing
inhibitor concentration, indicating that the corrosion inhibitors adsorb on the mild steel sample surface, form-
ing a protective layer that slows down corrosion. At a concentration of 0.5 mM, the inhibition efficiency reached
89.39% due to the elevated R, value. The addition of the corrosion inhibitor significantly improves the overall
impedance of the mild steel sample, as illustrated in Fig. 9. The inhibition efficiency was calculated from the
charge transfer resistance using Eq. (15).
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Cinn(mM) | CPEy Ca(pFcm™) | Ry(Qcm?) | Ry(Qcm? | IE (%)

0.0 Yo(uSs®e?) |a 98 0.0843 2.125 0.0
0.1 917 0.79 67 0.7595 0.747 | 64.39
0.2 528 0.73 58 0.7684 0.382 | 70.43
0.3 486 0.72 48 0.7739 0.394 | 72.63
0.4 469 0.82 40 0.8532 0.547 | 84.57
0.5 387 0.76 34 0.8837 0.418 | 89.39

Table 4. CPE data for mild steel in untreated and treated solutions at 303 K.
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Figure 9. (a) Nyquist plots for mild steel in untreated and treated solutions at 303 K, (b) Equivalent circuit
model utilised to fit impedance data in in untreated and treated solutions.
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The Nyquist plots show that the addition of 2-TP increases the diameter of the capacitive loop in mild steel
compared to when it is immersed in 1 M HCI without 2-TP. The diameter of the Nyquist plot is a reflection of the
polarization resistance (Rp)®. The larger diameter of the Nyquist plot in the presence of 2-TP signifies a higher
polarization resistance, which implies a reduced corrosion rate. This is verified by the results in Table 4, which
indicate that the polarization resistance (Rp) is significantly higher in the presence of 2-TP compared to 1 M HCl
without 2-TP. This indicates that 2-TP has effectively inhibited the corrosion of mild steel in the test solution®.
The electrolytic resistance (Rs) values are also higher in the presence of 2-TP, consistent with the increased
polarization resistance. This elevated electrolytic resistance is caused by the formation of a protective film on
the surface of mild steel, which acts as a barrier to stop the corrosion reaction®”*, In conclusion, the results of
the EIS analysis demonstrate that the presence of 2-TP has a significant impact on the corrosion behavior of
mild steel in the test solution. The 2-TP has effectively reduced the corrosion rate of mild steel by increasing the
polarization resistance and forming a protective film on the surface of the metal. This demonstrates the potential
of 2-TP as an effective corrosion inhibitor for mild steel in harsh environments.

Bode plots are a graphical representation of the frequency response of a system. In electrochemistry, Bode
plots are commonly used to analyze the impedance behavior of a system as a function of frequency. They con-
sist of two graphs, one showing the magnitude of the impedance (Bode modulus) and the other showing the
phase shift between the applied voltage and the resulting current (Bode phase). These plots can provide valuable
information about the electrochemical processes occurring at the electrode surface and the overall behavior of
the system. The Bode plots illustrate that a rise in 2-TP concentration causes a broad and significant shift in the
Bode modulus impedance, suggesting a slowdown in the corrosion process, as demonstrated in Fig. 10.

The interfacial interaction between 2-TP and the mild steel surface in the acidic solution plays a critical
role in inhibiting the corrosion process. The adsorption of 2-TP molecules onto the mild steel surface forms a
protective layer that slows down the corrosion process. The adsorption of 2-TP on the mild steel surface occurs
through electrostatic interactions, such as hydrogen bonding and van der Waals forces. The presence of nitrogen
and sulfur atoms in the 2-TP structure facilitates adsorption on the metal surface by forming strong coordina-
tion bonds with iron ions at the metal surface. Moreover, the two aromatic rings in the 2-TP structure provide
an extensive m-conjugated system, which interacts with the surface of mild steel by n-nt stacking, leading to the
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Figure 10. Bode plots of mild steel in 1 M HCl and with different concentrations of 2-TP.

formation of an adsorption layer. It is important to note that the adsorption of 2-TP molecules on the mild steel
surface may be influenced by the pH of the solution. At low pH, the 2-TP molecules may exist in a protonated
form, which can increase their affinity for the negatively charged metal surface. However, as mentioned earlier, it
is difficult for 2-TP to be protonated due to the electron-withdrawing effect of the thiophene ring for the nitrogen
pair of electrons and steric hindrances. The interaction between 2-TP and the mild steel surface can be studied
using electrochemical impedance spectroscopy (EIS). The EIS analysis provides information on the adsorption
process, the properties of the protective layer formed on the metal surface, and the corrosion rate of mild steel
in the presence of 2-TP. As discussed earlier, the presence of 2-TP significantly increases the polarization resist-
ance and electrolytic resistance of the mild steel sample, indicating the formation of a protective film on the
surface of mild steel that acts as a barrier to stop the corrosion reaction. In conclusion, the interfacial interaction
between 2-TP and mild steel in the acidic solution is crucial in inhibiting the corrosion process. The adsorption
of 2-TP molecules on the mild steel surface occurs through electrostatic interactions, such as hydrogen bonding
and van der Waals forces, as well as through coordination bonds with iron ions at the metal surface. The two
aromatic rings in the 2-TP structure provide an extensive n-conjugated system, which interacts with the surface
of mild steel by nt-m stacking, leading to the formation of an adsorption layer. The EIS analysis provides valuable
information on the adsorption process, the properties of the protective layer formed on the metal surface, and
the corrosion rate of mild steel in the presence of 2-TP.

The interaction between 2-TP and the steel surface can occur via multiple mechanisms. One potential mecha-
nism is adsorption of the 2-TP molecule onto the steel surface through its aromatic rings. The thiophene ring
in 2-TP are known to have n-nt interactions with metal surfaces, and this can facilitate the adsorption of the
inhibitor onto the steel surface. Another potential mechanism is the formation of a protective film on the steel
surface via complexation between the nitrogen atom in the pyridine ring and the steel surface. This can lead to
the formation of a stable complex that acts as a barrier layer between the steel and the corrosive environment,
reducing the corrosion rate.

OCR. Figure 11 shows how the open-circuit potential (OCP) of mild steel in 1.0 M HCI at 303 K changes
with the concentration of the 2-TP inhibitor. Inhibition in acidic media typically involves inhibitor molecules
adsorbing onto the metal surface, which is often covered with oxide species. The adsorption can result in a more
positive surface charge of the mild steel electrode, which is typically negatively charged, due to the presence of
the positively charged 2-TP molecules. This change in the OCP suggests that a protective film is forming on the
surface of the mild steel electrode.

PDP. A potentiodynamic polarization study offers important insights into the kinetics of the reactions at
the anodic and cathodic areas, as well as the inhibition action of corrosion inhibitors based on the corrosion
potential®. Figure 12 presents polarization plots for mild steel samples in 1 M HCI with and without different
concentrations of 2-TP.

Studies have shown that the presence of corrosion inhibitors can suppress the electrochemical reactions on
the metal surface, resulting in a decrease in the corrosion current (icorr). This reduction in icorr indicates that
corrosion is being inhibited*’.

The results were obtained by determining the intersection of the anodic and cathodic Tafel lines of the polari-
zation curve at Ecogg. The inhibition efficiency was calculated using Eq. (16).

%y — i
IE% = <= % 100 (16)
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Figure 11. The open circuit potential of mild steel in 1.0 M HCI at 303 K as a function of inhibitor
concentration.
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Figure 12. Potentiodynamic Polarization Curves of Mild Steel in Untreated and Treated HCI Solution at 303 K.

From the polarization plots, it can be seen that as the concentration of 2-TP increases, the corrosion poten-
tial shifts towards more negative values, indicating a higher level of corrosion inhibition®’. This is confirmed
by the decrease in the corrosion current, which is shown by the decrease in the slope of the anodic polarization
curve®®. In fact, as can be seen from Fig. 12, both cathodic and anodic polarization curves are displaced due to
2-TP addition. This indicates that the presence of 2-TP affects both the anodic and cathodic reactions, rather
than just the cathodic reaction as previously stated. Thank you for bringing this to my attention. The inhibition
efficiency of 2-TP can be calculated from the polarization plots using various methods, such as Tafel slope, cor-
rosion potential, and corrosion current density. The Tafel slope method, based on the slope of the anodic and
cathodic polarization curves, provides information about the kinetics of the electrochemical reactions. A decrease
in Tafel slope in the presence of 2-TP indicates a slower rate of anodic reactions, resulting in higher inhibition
efficiency®. Similarly, the corrosion potential can also be used to determine the inhibition efficiency by compar-
ing the corrosion potentials of mild steel samples in 1 M HCl without and with different concentrations of 2-TP.
The corrosion current density, which represents the rate of corrosion, can also be used to calculate the inhibition
efficiency. A decrease in the corrosion current density in the presence of 2-TP indicates a lower rate of corrosion
and higher inhibition efficiency. In conclusion, the potentiodynamic polarization plots provide valuable informa-
tion about the inhibition efficiency of 2-TP on mild steel in 1 M HCI. The results show that 2-TP is an effective
corrosion inhibitor, and its inhibition efficiency increases with the increase in concentration. Table 5 illustrates
that the addition of 2-TP resulted in a decrease in the corrosion current density (i), indicating that 2-TP has
an inhibitory effect on the corrosion of mild steel in the acidic solution at 303 K. This means that the addition of
the inhibitor shifts the selected corrosion potentials towards more positive values, suggesting that 2-TP has an
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Cyy (mM) | E,, (V) |BamVdec! |-Bc(mV/dec) |i(pA/cm?) | IE (%)
0.0 -0.475 127.5 258.6 545 61.6
0.1 -0.511 107.3 198.7 131 73.5
0.2 -0.509 89.3 181.8 90 75.7
0.3 —-0.541 71.7 193.1 67 83.3
0.4 —0.498 57.1 157.3 65 88.6
0.5 -0.528 52.9 131.6 59 90.5

Table 5. Observed corrosion parameters in potentiodynamic polarization measurements.

inhibitory effect on the corrosion of mild steel at 303 K. The anodic and cathodic processes are altered as different
amounts of 2-TP are added, as shown in Fig. 12. If the change in corrosion potential exceeds 85 mV, the inhibitor
is categorized as either an anodic or cathodic type inhibitor. However, 2-TP acts as a mixed-type inhibitor, as
its highest displacement of 528 mV at 303 K and a significant decrease in i, for the inhibited system (Table 5)
imply that the addition of the tested inhibitor to the acidic solution reduces the anodic solubility of mild steel
and slows down the formation of cathodic hydrogen. Furthermore, the results suggest that the addition of 2-TP
to the acidic solution at 303 K has a significant impact on the corrosion behavior of mild steel. The inhibitor
helps to regulate the balance between the anodic and cathodic reactions, resulting in a decrease in the corrosion
rate. The mixed-type inhibitor behavior of 2-TP further highlights its effectiveness in reducing corrosion, as it
can target both the anodic and cathodic reactions, resulting in a reduction of both the formation of corrosion
products and the hydrogen evolution reaction. This makes 2-TP a valuable tool in controlling corrosion in vari-
ous applications, particularly in acidic environments.

The anodic reaction during the corrosion of metals involves the dissolution of the metal, which results in the
formation of metal ions and electrons. The metal ions then migrate into the electrolyte solution, leaving behind
electrons that form a layer of negative charge on the metal surface. This process is referred to as oxidation. On
the other hand, the cathodic reaction involves the reduction of a species from the electrolyte solution at the
metal surface. This reduction reaction consumes the electrons that were released during the anodic reaction.
The cathodic reaction can involve various species, such as oxygen, hydrogen ions, or water, depending on the
environment in which the corrosion is taking place. In summary, the corrosion process involves both anodic
and cathodic reactions that occur simultaneously and continuously, leading to the deterioration of the metal
surface. 2-TP is believed to mainly inhibit anodic processes and have a lesser effect on cathodic processes. This
is supported by the results of the polarization plots, which show that the cathodic polarization curve remains
relatively unchanged in the presence of 2-TP, indicating that the inhibition effect is mainly due to the inhibition
of anodic reactions. The inhibition efficiency of 2-TP can be calculated from the polarization plots using vari-
ous methods, such as Tafel slope, corrosion potential, and corrosion current density. The Tafel slope method,
based on the slope of the anodic and cathodic polarization curves, provides information about the kinetics of the
electrochemical reactions. A decrease in the Tafel slope in the presence of 2-TP indicates a slower rate of anodic
reactions, indicating that 2-TP mainly affects the anodic processes. However, it is important to note that 2-TP
may also have some effect on cathodic processes, although this effect is likely to be less significant compared to
its effect on anodic processes.

The presence of chloride ions in HCI can have an effect on the performance of 2-TP as a corrosion inhibitor.
Chloride ions are known to accelerate the corrosion rate of metals, and they can also compete with the inhibitor
molecules for adsorption on the metal surface. Therefore, the presence of high concentrations of chloride ions
can reduce the efficiency of 2-TP as a corrosion inhibitor. However, the specific effect of chloride ions on 2-TP
would depend on various factors, such as the concentration of the inhibitor and the chloride ions, the nature of
the metal, and the pH of the solution.

In conclusion, the results of the study demonstrate that 2-TP has a significant inhibitory effect on the corro-
sion of mild steel in acidic solutions at 303 K. The inhibitor exhibits mixed-type inhibitor behavior, making it an
effective solution for controlling corrosion in acidic environments. Further studies are necessary to determine
the mechanism of action of 2-TP and to evaluate its performance under different conditions.

Scanning electron microscope (SEM). The surface morphology of the metallic substrate strip after 5 h
of exposure to hydrochloric acid solution with and without 2-TP was analyzed using SEM. The results are pre-
sented in Fig. 13a,b. In Fig. 13a, the surface of the metallic substrate exhibited severe corrosion, characterized
by sagging and crown features. On the other hand, Fig. 13b shows that the addition of 2-TP to the hydrochloric
acid solution resulted in a surface with significantly less corrosion compared to Fig. 13a.

DFT. Calculated parameters. ‘'The Inhibition Efficiency Correlation Approach utilizes popular molecular-
electronic properties to evaluate the effectiveness of inhibitor molecules. These properties include HOMO and
LUMO eigenvalues, HOMO-LUMO gap, electronegativity, chemical hardness, dipole moment, Fukui indices,
etc.”*. The approach is based on the premise that these chemical characteristics serve as indicators for reactiv-
ity and can predict the direction of inhibitor adsorption bonding®. A high HOMO eigenvalue indicates high
molecular electron donation, while a low LUMO eigenvalue represents high electron back-donation from sur-
face states to the molecule. A narrow HOMO-LUMO gap means that ELUMO is larger than EHOMO?. Theo-
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Figure 13. SEM images of the metallic substrate surface after 5 h of exposure in 1 M hydrochloric acid solution
(a) without and (b) with the addition of 2-TP.

retical chemistry methods and experimental procedures can be employed to evaluate inhibitor molecules and
calculate their efficacy using quantum parameters such as atomic charge, border molecular orbitals, and energy
gap. Other factors such as molecular activity, chemical structure, and corrosion inhibitor capacity must also be
taken into account’®”. The behavior of inhibitors can be understood through their optimal chemical structures
and electrochemical behavior in the presence of orbital energies and differences. Frontier molecular orbitals,
softness, and hardness are related to the potential of the inhibitor for interaction'®. Computational chemistry
research has been used to determine the efficacy of protection and molecular orbital energy levels of organic
compounds®. Density Function Theory (DFT), which calculates a molecule’s total electron energy based on
electron density, has been utilized to study the inhibitory behavior of various sets of corrosion inhibitors. The
electronic characteristics were computed and are presented in Table 6.

The 2-TP inhibition efficacy is linked to the electron-donating potential of EHOMO. By increasing the value
of HOMO, the 2-TP inhibition efficacy is also increased. This is because the transfer of charge along the metal
surface and initiation of the adsorption mechanism rely on this mechanism. As shown in Fig. 14, the assessed
2-TP is considered to have the greatest inhibitory effectiveness, as it has the highest energy value of HOMO. This
high value of HOMO results in a high level of inhibitory effectiveness. The efficacy of electron reception is crucial
for ELUMO. A low ELUMO value indicates that inhibitor molecules can find another negative charge on the
mild steel surface. The 2-TP molecules have a high LUMO and EHOMO value, indicating their reactiveness as a
donor. However, 2-TP molecules with a small EHOMO value decrease metal reactivity and inhibit efficiency®.

The 2-TP molecules with the most effective corrosion inhibition, as determined by the EHOMO-ELUMO
value, have high softness, low hardness, and a low energy gap. Electronegativity () is also an important factor
in inhibiting potency. The inhibiting effects of 2-TP as an iron-inhibitor were studied, revealing that the iron
atoms form chemical bonds by gaining electrons from the inhibitor molecules!®!. 2-TP is effective with a low
electronegativity value, as indicated by the AN value, which shows that the 2-TP molecules transfer more elec-
trons to the iron atoms on the metal surface. Dipole moment (p) is another factor that may indicate inhibitory
efficiency, but previous studies have not shown a significant correlation. The inhibitory efficiency of 2-TP, with
alow dipole moment value, suggests a strong coating on the metal surface.

In conclusion, the inhibitory efficiency of 2-TP molecules depends on several factors including the EHOMO-
ELUMO value, electronegativity, and dipole moment. 2-TP molecules with a high EHOMO value and low energy
gap are highly effective inhibitors due to their softness and low hardness values'*. Additionally, 2-TP molecules

I 8.572eV

A —2.887 eV
Enomo -8.572eV
Erumo 2.887 eV
AE = Epomo — Erumo | —11.459 eV
X 2.8925 eV
n 5.7295

o 0.1745

AN 0.3584

u 0.8274 D

Table 6. Theoretical parameters computed with DFT (d,p) Basis Set using B3LYP Level of 2-TP.
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Figure 14. Energy diagram for 2-TP.

with low electronegativity values provide better performance as they transfer more electrons to the iron atoms
on the metal surface. Lastly, 2-TP molecules with a low dipole moment value are believed to provide a stronger
coating on the metal surface, contributing to the inhibitory efficiency. These findings provide valuable insights
into the development of effective inhibitors for mild steel corrosion protection.

Mulliken charges. The Mulliken atomic charges of the 2-TP are shown in Fig. 15. The Mulliken charges method
is a widely used method to predict the connections between adsorption sites. The heteroatoms in the inhibitor
molecules enhance the adsorption ability by donating and accepting electrons. The efficacy of the 2-TP is attrib-
uted to the sulfur and nitrogen atoms in the inhibitor molecules'®*'**. As shown in Fig. 15, the 2-TP molecules
bond coordinately with the d-orbitals of the iron atoms on the mild steel surface through nitrogen atoms N(3),
N(4), and N(6). This leads to the formation of strong coordination bonds between the 2-TP molecules and the
mild steel surface, thereby enhancing the corrosion protection provided by the inhibitor. Additionally, the sulfur
atom (S(1)) in the 2-TP molecule also contributes to the adsorption process by providing additional electron-
donating capacity. The overall charge distribution of the 2-TP molecule also indicates that it is a polar molecule,
which enables it to form hydrogen bonds with the mild steel surface, further strengthening the adsorption. In
conclusion, the Mulliken atomic charges of the 2-TP molecule offer valuable insights into its adsorption mecha-
nism and effectiveness as a corrosion inhibitor for mild steel surfaces.

Suggested mechanism. The efficiency of corrosion protection on mild steel in acidic conditions can be
evaluated based on the molecular structure of the inhibitor and its interaction with the iron atoms on the metal
surface. The effectiveness of the inhibitor is influenced by the type of bond formed between the inhibitor and the
metal surface (chemisorption) and the number of adsorption sites available. In the case of the 2-TP molecule, all
nitrogen atoms serve as adsorption sites and can form coordination bonds with the mild steel surface through
the use of unpaired electrons. The nitrogen atoms can also be protonated through physisorption with chloride
ions'®. The presence of unpaired electrons and the inductive effect of the sulfur atom are key factors contribut-
ing to the high inhibitive potency of 2-TP. Figure 16 provides a visual representation of the adsorption process
of 2-TP molecules on the steel/HCI interface. The free electrons of the nitrogen atoms are transferred to the
d-orbitals of the iron atoms, effectively blocking the corrosion process.

This forms a complex with the inhibitor molecule and the iron atom. The adsorption of 2-TP molecules onto
the mild steel surface forms a layer of protection, which prevents further corrosion of the metal. This protective
layer also slows down the reaction rate of the mild steel and HCI, as the 2-TP molecules act as a barrier between
the two. The 2-TP molecule also has a positive effect on the mild steel surface by reducing the electrochemical
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Figure 15. Mulliken charges of 2-TP atoms.
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Figure 16. Suggested inhibition mechanism.

Mild steel surface

potential and lowering the corrosive potential. This happens as the adsorption of 2-TP molecules increases the
pH of the surrounding environment and thus reduces the concentration of H* ions'%.

In conclusion, the inhibitor molecule 2-TP exhibits high inhibitive efficiency in protecting mild steel from
corrosion in an acidic environment. The molecular structure of the inhibitor and its interaction with the iron
atoms of the mild steel surface play a crucial role in the inhibitive efficiency. The 2-TP molecules form a protective
layer on the mild steel surface, reducing the reaction rate and lowering the corrosive potential.

Conclusion

In conclusion, the study demonstrated that 2-(1,3,4-thiadiazole-2-yl)pyrrolidine (2-TP) is an effective inhibi-
tor for mild steel corrosion in 1 M HCI solution. The results from weight loss, potentiodynamic polarization,
and electrochemical impedance spectroscopy (EIS) showed that 2-TP adsorbed onto the mild steel surface and
formed a protective layer, leading to a reduction in the corrosion rate and increased inhibition efficiency. The
study also indicated that temperature had a significant impact on the performance of the inhibitor, with higher
temperatures leading to a decrease in inhibition efficiency. The EIS results showed that the presence of 2-TP had
a significant impact on the corrosion behavior of mild steel by increasing the polarization resistance and forming
a protective film on the metal surface. The potentiodynamic polarization plots showed that the concentration of
2-TP had a significant impact on the corrosion potential and corrosion current, resulting in higher inhibition
efficiency. The study highlights the potential of 2-TP as an effective corrosion inhibitor for mild steel in harsh
environments.
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