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ABSTRACT

A newly synthesized carbothioamide-based pyrazoline was examined for its inhibition action against corrosion of
mild steel in 0.5 M hydrochloric acid. Electrochemical techniques were employed to evaluate its performance.
Results from electrochemical impedance spectroscopy (EIS) showed an inhibition efficiency of 81.27%.
Potentiodynamic polarisation (PDP) studies yielded a similar result, with an efficiency of 82.28% at a 50 ppm
concentration, confirming the good inhibitory action of CBP. The adsorption of CBP on the mild steel surface
complied with the Langmuir adsorption isotherm. Quantum chemical calculations were carried out using Gaussian
software. The UV-spectroscopic analysis confirmed the existence of a protective CBP film on the metal. The
findings demonstrate that carbothioamide-based pyrazoline is a promising low-concentration corrosion inhibitor.
This study supports the development of efficient corrosion mitigation strategies for industrial applications. The
present work contributes to Sustainable Development Goal (SDG-9): Industry, Innovation and Infrastructure.
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INTRODUCTION

Mild steel is extensively used in industries because of its low cost, good mechanical strength, and ease of
fabrication.! Its exposure to acidic media, like in acid pickling, cleaning, and descaling processes, causes
severe corrosion. This leads to material degradation, economic losses, and safety concerns. Therefore,
developing efficient corrosion protection strategies is essential for improving the durability of industrial
infrastructure. 2> The organic inhibitors are considered one of the most effective and economical
approaches. Compounds comprising heteroatoms such as nitrogen and sulfur, along with conjugated m-
electron systems, adsorb on the metal.? So, heterocyclic compounds have received considerable attention
as corrosion inhibitors.* Pyrazoline derivatives are attractive because of their electron-rich nitrogen atoms
and aromatic framework. These structural features promote strong adsorption on the metal surface.
Recent studies have shown that pyrazoline- and thiosemicarbazide-based compounds exhibit excellent
corrosion inhibition in acidic media.’> Their performance has been supported through electrochemical
measurements and quantum chemical investigations. The studies on carbothioamide-based pyrazoline
derivatives in 0.5 M HCI are still limited, and the reports combining electrochemical, adsorption,
spectroscopic, and density functional theory (DFT) analyses are scarce.® Therefore, the present study
investigates the anti-corrosive nature of a newly synthesized carbothioamide-based pyrazoline (CBP) for
mild steel. Electrochemical impedance spectroscopy (EIS), potentiodynamic polarisation (PDP),
adsorption studies, UV—Visible spectroscopy, and DFT calculations were employed to evaluate its
inhibition efficiency. These techniques were also used to understand its adsorption behaviour and
inhibition mechanism. The findings are anticipated to deliver useful insights into the design of efficient
pyrazoline-based corrosion inhibitors for acidic industrial environments.

EXPERIMENTAL
Materials and Methods
The carbothioamide-based pyrazoline derivative CBP (Fig.-1) is synthesized and characterised as reported
in our previous work.’
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Specimen Preparation
A commercial-grade mild steel (MS) specimen was cleaned, dried, and embedded in epoxy resin prior to
electrochemical analysis.
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Fig.-1: Molecular Structure of CBP
Preparation of Corrosive Medium
The corrosive medium consisted of 0.5 M HCI containing CBP concentrations of 5, 20, 35, and 50 ppm.
Fresh solutions were prepared prior to each experiment.

Techniques used in Electrochemical Measurement

Electrochemical tests employed a conventional cell of three electrodes (MS, Pt and SCE) connected to a
CH608 E-series potentiostat. MS samples were soaked in 0.5 M HCI with 5, 20, 35, or 50 ppm CBP
inhibitor concentration.

UV-Visible Spectroscopic Analysis
UV-Visible spectra were acquired using a UV-1900i spectrophotometer to examine the interaction
between CBP and the mild steel surface.

Quantum Chemical Calculation
The quantification of quantum chemical parameters was executed at the DFT/B3LYP level with a 6-
311++G (2d, p) basis set deployed in Gaussian 16 software. It relates inhibitor molecular structure to
corrosion efficiency.®?

RESULTS AND DISCUSSION
Electrochemical Impedance Measurements
The MS samples were submerged in a 0.5 M solution containing varied CBP levels. The experiments
were conducted with a temperature variation from 303 to 323 K. EIS quantifications were then executed
at OCP.!° The obtained data were plotted in the form of Nyquist plots. In Nyquist analysis, R, is estimated
using the variance between high-frequency and low-frequency values.''An equivalent circuit model
consisting of solution resistance (Rs) and polarisation resistance (Rp)was employed for inference of results
(Fig.-2). It also consists of double-layer capacitance (Ca)).'? It accounts for frequency dispersion in the
system. It is described using a homogeneity parameter, denoted as (n).
The percentage corrosion inhibition efficiency (% /F) was computed employing the equation,

R, - R)
IE (%)= —— x 100 (1)
R
Cai is found with the following equation.

Cy= [YORS;”)]% @)

Where, Yo indicates the proportional factor (magnitude of CPE), R indicates the resistance of charge
transfer.!3
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Fig.-3: Nyquist Plot of Various Concentrations of CBP in 0.5 M HCI at 303K.

The interpretation of impedance data was gauged using Nyquist plots (Fig.-3) with ZSimpWin software.'*
Table-1 shows that increasing CBP concentration increases R, and decreases Cq. Higher R, indicates
improved corrosion resistance due to inhibitor adsorption. Lower Ca suggests reduced dielectric constant
and increased double layer thickness.!® These observations confirm the active adsorption of CBP on the
metal surface, demonstrating its excellent corrosion inhibition performance in 0.5 M HCIl. CBP showed
an inhibition efficiency of 81.27% at 50 ppm of CBP concentration at 303 K. When the temperature was
increased to 323 K in 0.5 M HCI, the efficiency decreased to 76.17%. This reduction is attributed to the
detachment of CBP molecules at an elevated temperature from the metal surface.'®

Table-1: Impedance Data of Mild Steel with and without CBP

Temp.(K) Conc. Rs Rp Cal n IE
(ppm) (Ohm cm?) (Ohm cm?) (uF) (%)
303 Blank 2.90 11.26 110.26 0.85
5 2.103 37.15 28.26 0.77 69.69
20 1.862 42.44 17.00 0.79 73.47
35 1.783 50.31 14.84 0.77 77.62
50 1.785 60.12 11.35 0.75 81.27
313 Blank 2.79 9.40 141.51 0.84
5 2.03 28.49 51.31 0.81 67.01
20 1.88 31.35 34.74 0.81 70.02
35 1.828 37.98 28.45 0.80 75.25
50 1.886 44.61 14.42 0.80 78.93
323 Blank 2.62 7.96 178.74 0.86
5 2.251 22.55 89.64 0.82 64.70
20 2.813 25.06 61.16 0.81 68.23
35 1.877 28.40 44.54 0.79 71.97
50 1.633 33.40 20.19 0.73 76.17

Potentiodynamic Polarisation Measurements

Figure-4 indicates the curves for mild steel generated by potentiodynamic polarisation in 0.5 M HCI. The
corresponding data are listed in Table-2. The cathodic branches are not exactly parallel, unlike the anodic
slopes. This indicates that CBP influences the cathodic reaction. The rate (CR) and density (icorr) Of
corrosion decline with increasing CBP concentration, which proves that the inhibitor blocks active sites
and consequently reduces the corrosion process.!”
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A larger change in the anodic Tafel slope suggests dominant anodic inhibition. A negative shift in the
corrosion potential (Ecor) was observed with increasing CBP concentration, with a maximum
displacement of approximately 65 mV relative to the blank solution. Since the shift remained below 85
mV, CBP serves as a mixed-type inhibitor by retarding both iron dissolution and the hydrogen evolution
reaction. The simultaneous decline in the anodic and cathodic Tafel slopes further supports this behaviour,
indicating that the adsorbed CBP molecules effectively suppress both electrode reactions in the acidic
medium.'®
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Fig.-4: Tafel Curves Mild Steel Corrosion in 0.5 M HCI on Variation of CBP Concentrations at 303 K
Table-2: PDP Data of Mild Steel Corrosion using CBP Concentration Variation in 0.5 M HCI.

Temp. Conc. -Ecorr -Be Ba icorr CR IE (%)
X) (ppm) (mV) (mV) (mV) (LA cm?) (mmy™)
Blank 0.511 158.73 147.06 2244 26.028
5 0.520 130.11 114.44 600 6.959 73.10
303 20 0.529 125.08 109.21 530 6.148 76.42
35 0.513 132.52 123.33 460 5.336 79.30
50 0.531 125.20 125.93 400 4.640 82.28
Blank 0.501 151.26 165.59 2560 32.675
5 0.513 127.65 113.05 830 9.627 70.71
313 20 0.563 127.81 114.10 760 8.815 73.00
35 0.57 127.81 121.61 660 7.655 76.68
50 0.484 124.27 122.04 600 6.959 78.97
Blank 0.484 154.15 173.55 3281 38.057
5 0.522 134.03 118.16 1050 12.179 68.12
323 20 0.514 137.72 134.35 980 11.367 70.25
35 0.531 141.78 124.30 920 10.671 71.95
50 0.523 155.69 130.28 850 9.859 74.12

The corrosion current density (icorr) decreased to 400, 600, and 850 pAcm at 303, 313, and 323 K,
respectively, in the presence of 50 ppm CBP in 0.5 M HCI. The maximum inhibition capability of 82.28%
was obtained at 303 K, which is in good agreement with the value derived from EIS measurements. These
results confirm the adsorption of CBP onto the MS, forming a protective barrier against corrosion.'”

Adsorption Considerations
Adsorption isotherms are essential for interpreting the adsorption behaviour of inhibitors on MS. Among
the different models tested, only the Langmuir isotherm showed a regression coefficient close to unity.
The good linearity of the Langmuir plot (Fig.-5) indicates monolayer adsorption of CBP on energetically
uniform active sites of the mild steel surface.?

Table-3: Adsorption Parameters for CBP

Temp.(K) R? K AG
303 0.999 65547.98 -38.03
313 0.999 63411.54 -39.20
323 0.999 82372.32 -41.16
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Langmuir isotherm was applied using surface coverage (0) values from PDP measurements.?!
C 1
i + C 3)
The negative value of AG°.gs (around —40 kJ/mol) in Table-3 suggests that the inhibition process by CBP
involves both physical and chemisorptive interactions between the inhibitor molecules and the metal

surface.
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Fig.-5: Langmuir Adsorption Isotherm Obtained for CBP

UV-Visible Spectroscopic Analysis
Spectrum of the CBP (Fig.-6) shows two distinct peaks at 320 nm, exhibiting the absorbance value of

1.219, and at 261 nm, exhibiting the absorbance value of 1.44. The spectrum of the inhibitor solution after
mild steel immersion exhibited one sharp peak at 255 nm with the increase in absorbance value (1.87),
whereas the peak at a higher wavelength was almost vanished. The changes in absorbance and the slight
shift in the absorption band after exposure of the mild steel coupon indicate the interaction of CBP
molecules with iron ions released from the metal surface.?> Such spectral changes suggest the formation
of an adsorbed inhibitor-metal complex.?
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Fig.-6: UV -Spectra of CBP before and after Immersion of Mild Steel.

Theoretical Qquantum Chemical Calculation
DFT calculations were carried out to better understand the adsorption behaviour of CBP on the mild steel

surface.?* The chemical calculations were performed, followed by evaluation of key descriptors, including
Enomo, ELumo, energy gap (AE), fraction of electron transfer (AN), dipole moment (), global softness (S),
and hardness (1), as derived from Koopmans’ theorem and summarised in Table-4.

The optimised geometries and frontier molecular orbital distributions of CBP a are shown in Fig.-7. Both
HOMO and LUMO densities are localised on the pyrazoline ring and C=S group of the methyl thio
semicarbazide moiety. These features suggest involvement of multiple functional groups in donor—
acceptor electronic interactions.?’
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Table-4: Quantum Chemical Parameters for CBP.

Parameters(B3LYP method) CBP in aqueous phase(eV)
Energy of HOMO -6.039
Energy of LUMO -1.707

AE 4.332
-Enomo (I) 6.039
-ELumo (A) 1.707
Electrophilicity (o) 19.962
Electronegativity(y) 3.873
Hardness (1) 2.166
Softness (s) 0.461
Dipole moment p (debye) 9.3
AN (Fractions of electrons transferred) 0.721
R -
e, o - &
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Fig.-7: Structure of CBP (a) Optimised, (b) HOMO, and (¢) LUMO

It is observed that CBP exhibits a smaller energy gap (AE = 4.332 eV). This indicates stronger electron-
donating ability and greater inhibitor efficiency. The lower electronegativity supports enhanced electron
donation to the metal surface. According to the HSAB principle, mild steel acts as a soft acid, favouring
interactions with soft base molecules. CBP shows higher softness (S = 0.461 eV). This proves stronger
soft-soft interactions. The fraction of electrons transferred (AN) was also higher (0.721). These
observations highlight a greater tendency of CBP to donate charge. The dipole moment is an indication
that can be used to predict how a corrosion inhibition procedure will proceed.?¢

Mechanism of Inhibition

In the present study, carbothioamide-based pyrazoline derivatives exhibited exceptional corrosion
resistance, supported by both experimental data and theoretical modelling. In 0.5 M HCI, CBP molecules
are expected to exist in both neutral and protonated forms. These species adsorb on the MS surface
through electrostatic interactions between the electron-rich nitrogen and sulfur atoms and the unfilled
orbitals of iron.?” Once anchored to the surface, the inhibitors interact with Fe*" ions generated during the
corrosion process, forming stable metal-inhibitor complexes. The protonated inhibitor species can
electrostatically bind to pre-adsorbed chloride ions, promoting physisorption. The electron-rich nitrogen
and sulfur atoms, along with the aromatic n-electron system, readily interact with the vacant d-orbitals of
iron. This interaction promotes the formation of coordination bonds, resulting in a stable protective film
that minimises corrosion.

CONCLUSION

In conclusion, the new pyrazoline derivative, namely CBP, was synthesised successfully and
characterised using spectroscopic techniques. Electrochemical tests identified CBP as a mixed-type
inhibitor, where CBP minimises both cathodic hydrogen evolution and anodic dissolution of mild steel.
The CBP molecules complied with the Langmuir isotherm model in the adsorption process.
Thermodynamic evaluations confirmed that the adsorption is spontaneous and follows chemisorption as a
predominant process. The UV—visible techniques affirmed the generation of a protective film of the CBP
on the mild steel surface, with the Quantum chemical simulations revealing a small HOMO-LUMO
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energy gap and a high electron transfer fraction, indicating the strong anticorrosion capability of
carbothioamide-based structures. At a low dosage of 50 ppm, the synthesised inhibitors exhibited
remarkable inhibition efficiency at low temperature. The effective corrosion inhibition demonstrated by
CBP contributes to improving the durability of metallic infrastructure supporting Sustainable
Development Goal (SDG-9).
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