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Abstract:

This research investigates the corrosion inhibition performance of a newly developed
Schiff base compound, N-benzylidenethiophene-2-sulfonamide (NB2S), for protecting
mild steel (MS) in a 1 M hydrochloric acid (HCI) environment. A comprehensive
evaluation was carried out through various techniques, including weight loss (WL)
analysis, electrochemical impedance spectroscopy (EIS), potentiodynamic polarization
(PDP), scanning electron microscopy (SEM), and density functional theory (DFT). The
mass loss findings indicated that NB2S’s inhibitory performance improved with
concentration, achieving up to 95.86% efficiency at 0.005 M after a 24-hour immersion.
Impedance analysis showed an increase in charge-transfer resistance and a decrease in
double-layer capacitance, reflecting strong surface adsorption. PDP measurements
revealed that NB2S suppresses cathodic and anodic reactions, acting as a mixed-type

inhibitor. Adsorption followed the Langmuir isotherm model, with thermodynamic
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parameters indicating a spontaneous, exothermic adsorption process. Computational DFT
results aligned with experimental observations, highlighting a low energy gap (AE =
5.236 eV), high dipole moment, and electronic features conducive to strong interaction
with the metal surface. Surface imaging by SEM further demonstrated formation of a

protective barrier on the steel surface.

Keywords: Corrosion inhibition; mild steel; Schiff base; hydrochloric acid;

electrochemical impedance spectroscopy; density functional theory.

1. Introduction
Corrosion is a pervasive and costly issue in industries that rely on metals for structural
and functional applications. Among industrial materials, Mild steel (MS) is one of the
most widely utilized materials because of its mechanical properties, weldability, low cost,
and availability. However, it is also highly vulnerable to acidic environments, particularly
in acid pickling, oil-well acidizing, and industrial descaling that utilize HCI. In such
scenarios, unmitigated corrosion leads to serious degradation of the metal surface,
mechanical failure, reduced equipment lifespan, and substantial economic losses [1-3].
To address the persistent issue of metal corrosion, the deployment of inhibitors stands out
as an efficient and cost-effective protective strategy. These substances work by forming a
protective film over the alloy, effectively isolating it from acids and thereby mitigating
the rate of degradation. Among the broad spectrum of inhibitors, organic molecules have
garnered considerable interest due to their structural flexibility and strong adsorption

capabilities onto metal substrates. This adsorption is typically enhanced by the presence



ACCEPTEDIMANUSCRIPIL

of heteroatoms such as nitrogen, sulfur, and oxygen, as well as conjugated m-systems,
which facilitate coordinated interactions with the steel samples [4-7]. A particularly
noteworthy category of organic inhibitors is Schiff base compounds produced through
condensation reactions between carbonyl-containing compounds and primary amines,
resulting in the formation of imine (—C=N-) linkages. Schiff bases are known for their
excellent corrosion-inhibiting behavior, largely due to the availability of lone pair
electrons on heteroatoms, which coordinate with unoccupied Fe d-orbitals to establish
stable adsorption layers. Their chemical adaptability, ease of synthesis, and potential for
environmentally friendly modification make them suitable for corrosion control
applications [9-12]. Numerous recent studies have reported Schiff base inhibitors with
high efficiencies for steel corrosion in acidic media. However, many of these studies
focus primarily on inhibition percentages without sufficiently correlating molecular
structure with adsorption mechanism, thermodynamic behavior, and electronic properties.
In several cases, inhibitors require relatively high concentrations or show reduced
stability at elevated temperatures. Moreover, sulfur-containing Schiff bases remain
comparatively underexplored despite sulfur atoms often enhancing adsorption strength
through strong interaction with iron surfaces [13-20]. In particular, compounds
incorporating both thiophene and sulfonamide functionalities may provide multiple
adsorption centers (N, O, S atoms and m-electrons), improving film compactness and
interfacial stability. Nevertheless, systematic studies combining weight-loss analysis,
electrochemical techniques, surface morphology, adsorption thermodynamics, and
density functional theory (DFT) for such systems remain limited. Therefore, the present

work investigates N-benzylidenethiophene-2-sulfonamide (NB2S) as a novel sulfur-
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containing Schiff base inhibitor for mild steel in 1.0 M HCI, aiming to establish
structure—performance relationships and evaluate its practical corrosion protection

potential.

2. Experimental

2.1. Materials

Commercially available MS specimens were employed as the working electrodes. These
samples were procured from Metal Samples Company and were utilized in both
electrochemical and WL assessments. The composition of MS, presented in Table 1, was

confirmed by the manufacturer.

Table 1. Elemental composition of MS samples (in weight percent)
C Mn | Si Al S P Fe
0.210 | 0.050 | 0.380 | 0.010 | 0.050 | 0.090 | balance

Prior to every test, the MS specimens were sequentially polished with silicon carbide
abrasive papers ranging from 400 to 1200 grit. They were then degreased using acetone,
thoroughly rinsed with distilled water, and air-dried at ambient temperature. All surface
treatment steps adhered to the ASTM G1-03 standard protocol for metal surface

preparation [23, 24].

2.2. Preparation of corrosive medium
A 1.0 M HCI solution was used as the corrosive medium throughout the experiments. It

was prepared by accurately diluting 37% HCI1 (Merck, Malaysia) using deionized water,
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following controlled procedures to ensure consistency and reproducibility.

2.3. Weight loss analysis

To assess the inhibitory efficiency of NB2S, weight loss (WL) tests were carried out. MS
specimens were immersed in the corrosive medium for varying exposure times 1, 6, 12,
and 24 hours under controlled conditions. These tests were performed at four distinct
temperatures, 303-343 K, to examine the influence of thermal variation on corrosion
behavior. The tests were carried out at varying inhibitor concentrations: 0.000 (blank),
0.001, 0.002, 0.003, 0.004, and 0.005 M. The initial weight of each cleaned and dried
specimen was recorded utilizing a highly accurate analytical scale. After immersion in
the test solution, coupons were retrieved, thoroughly washed with distilled water
followed by acetone, dried at ambient temperature, and weighed again to determine the
mass loss. Weight-loss experiments were conducted in triplicate under identical
conditions. Reported values represent mean + standard deviation (n = 3). This method
provided quantitative insight into the inhibitor’s ability to reduction the variation in Cg
with respect to time, temperature, and concentration [23, 24]. The corrosion rate (CR) of
the steel samples was calculated using equation 1.

Cam et M

where Cg is the rate of corrosion in ing.h ™ eim™2, w, and w, are the coupons weights
without and with corrosion inhibitor in g, S is the surface area in m™, and t represents the
exposed period in h.

Inhibition efficiencies were calculated using equation 2

IE%, = H2EEa 5 100% )
-
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where Crg and Cg; in mgh'lcm'z, represent MS corrosion rates without NB2S and with

NB2S, respectively. Surface coverage (0) was calculated using equation ).

EERG
gt 3)

2.4. Thermodynamics

The inhibition mechanism of NB2S on the coupon surface was investigated by examining
the adsorption behavior of NB2S using WL measurements of NB2S molecules using WL
techniques. The adsorption mode was analyzed through calculation of the free energy
(4E8%,.). Moreover, thermodynamics were studied through WL techniques to further

investigate this behavior.

2.5. Electrochemical Testing Procedures

Electrochemical analyses were carried out using a standard three-electrode glass
corrosion cell, thermally regulated with a water-jacketed system. The working electrode,
composed of MS, had an exposed surface area of 4.5 cm®. A graphite rod was used as the
counter electrode, while a saturated calomel electrode (SCE) served as the reference
electrode. Electrolyte solution is 1.0 M HCI, identical to that used in the WL experiments,
with and without varying concentrations of NB2S. Before each test, the system was
equilibrated for 30 minutes to ensure stabilization of the open circuit potential (OCP).
Procedures were performed using a Gamry REF 600 electrochemical workstation, with
data collection and analysis managed by the Gamry DCI105 and EIS300 software
packages. For electrochemical impedance spectroscopy (EIS) measurements, a sinusoidal

alternating current (AC) perturbation with an amplitude of 5 mV was applied at the open
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circuit potential (OCP) over a frequency range of 100 kHz to 0.1 Hz. The resulting
Nyquist and Bode plots were analyzed using appropriate equivalent circuit models. The
equivalent circuit consisted of solution resistance (R;), charge-transfer resistance (R),
and double-layer capacitance (Cq) [25,26]. EIS, experiments were conducted in triplicate
under identical conditions. Reported values represent mean + standard deviation (n = 3).

The inhibitive efficiencies were calculated regarding equation 4,

1% = R 5 100 @

where R and R represent the charge-transfer resistance values in the absence and
presence of NB2S, respectively.

Potentiodynamic polarization (PDP) measurements were performed by sweeping the
potential from —200 mV to +200 mV relative to OCP, using a scan rate of 0.5 mV/s.
From the resulting polarization curves, key parameters including corrosion current
density (Icor), corrosion potential (E..r), and anodic and cathodic Tafel slopes were
obtained. These metrics were used to determine IE and identify the inhibitor’s behavior
as either anodic and/or cathodic. PDP experiments were conducted in triplicate under
identical conditions. Reported values represent mean + standard deviation (n = 3).

Inhibition efficiency from polarization data was calculated using equation 5.

1E% = Sunt=hon 1099, 5)
where [ _..@ and I, represent the corrosion current density values in the absence and

presence of NB2S, respectively.

2.6. Surface Morphology Analysis

MS specimens were evaluated using Scanning Electron Microscopy (SEM) to assess
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corrosion damage and the protective effects of the NB2S inhibitor. The steel samples
were immersed in 1.0 M HCI in the absence and presence of NB2S, for a duration of 3
hours. Following exposure, specimens were rinsed with distilled water, dried under
ambient conditions, and analyzed using a Hitachi TM1000 Tabletop SEM. Comparative
SEM images of treated and untreated surfaces were utilized to qualitatively assess the

formation of an inhibitor film and its effectiveness in mitigating surface degradation.

2.7. DFT Calculations

To complement the experimental findings and gain molecular-level insights into
interactions between NB2S and MS, Theoretical computations were carried out using
Gaussian 03, Revision C.01. Molecular geometry of NB2S was fully optimized
employing B3LYP exchange-correlation functional in combination with the 6-31G""(d,p)
basis set [27]. All optimizations were carried out without imposing symmetry constraints
to ensure the most stable configuration was reached. Key electronic parameters, including
the energies of highest occupied and lowest unoccupied molecular orbitals (HOMO and
LUMO) respectively, were calculated to evaluate the electron-donating and accepting
tendencies of NB2S. The energy gap (AE) between these orbitals, representing the
reactivity of the molecule, was estimated using Equation (6).

dE = Eyypo — Egoye = [P — EA (6)

where IP and EA represent the ionization potential and electron affinity values
respectively.

Based on Koopmans’ theorem [28], IP with EA were approximated using equation 7-9.

_ ImaRd

: (7
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p= ®)

=3
o=t ©)
AN which represents the number of electrons transferred from the inhibitor molecule to

the MS was estimated based on conceptual DFT principles using equation 10.

AN m LEEdlni (10)
npethingd

where ¥g and Ju represent the iron electronegativity and corrosion inhibitor
electronegativity values respectively.

For these calculations, iron electronegativity (¥z,) was assumed to be 7.0 eV, and its
absolute hardness (nr.) was taken as zero. These descriptors help predict the reactivity
and binding capability of NB2S with the steel surface. Natural Bond Orbital (NBO)
analysis was also performed to identify the active adsorption centers and to better
understand the electronic interactions responsible for the inhibition mechanism. This was
instrumental in identifying active centers responsible for adsorption and inhibition

activity [29].

3.  Results and Discussion
3.1. WL Analysis
3.1.1. Immersion Time Effect
Influence of concentrations of NB2S on corrosion behavior of MS in 1 M HCI solution
was assessed through WL measurements conducted at different exposure periods (1 h, 6
h, 12 h, and 24 h). The data, presented in Figure 1, clearly demonstrate that the Cgr
decreases significantly with both increasing NB2S concentration and longer immersion

times, indicating the effectiveness and persistence of NB2S molecules as protective film

10
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on MS. As shown in Figure 1, the Cg of MS in the uninhibited acid solution (blank) was

highest across all immersion times, with values ranging from 7.14 to 7.73 mg-h™ 'cm™ 2.
Upon the introduction of NB2S at a low concentration of 0.001 M, the Cg dropped
significantly to 2.96 mg-h™ ':cm™ ? after 1 hour, corresponding to an inhibition efficiency
(IE%) of 58.54%. This trend continued with increasing NB2S concentrations,
demonstrating a dose-dependent inhibition effect. At 0.002 M, the Cr further decreased
to 1.88 mg-h™ cm™ 2, with IE% rising to 73.66%. At 0.003 M, the Cr was reduced to
nearly one-sixth of the uninhibited value (1.11 mgh™ cm™ ?), with IE% reaching
84.45%. The highest inhibition efficiencies were observed at concentrations of 0.004 M
and 0.005 M, where Cr values were as low as 0.69 and 0.52 mg-h™ ':cm™ 2 respectively,
corresponding to [E% values of 90.33% and 92.71% at 1 h. These results clearly establish
that the inhibition efficiency of NB2S increases with concentration, likely due to
enhanced surface coverage and stronger adsorption of inhibitor molecules on the MS
surface. At higher concentrations, a more compact and stable inhibitor film is formed,
effectively blocking the active corrosion sites and preventing further dissolution of the

metal.

11
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Figure 1. Corrosion rate (Cg) of mild steel (MS) in 1.0 M HCl as a function of immersion time (1, 6, 12, and 24 h) in
the absence and presence of NB2S (0.001-0.005 M) at 303 K, obtained from weight-loss measurements.

Immersion time significantly improved the inhibition performance of NB2S. For all
concentrations, corrosion rate decreased while inhibition efficiency increased with time,
indicating progressive adsorption and stabilization of the protective layer on the mild
steel surface. The highest efficiency (95.86%) was obtained at 0.005 M after 24 h,

confirming the strong and persistent protective action of NB2S in acidic medium. [30].

3.1.2. Temperature effect

Temperature is a crucial factor influencing both the corrosion behavior of metals and the
performance of corrosion inhibitors. Figure 2 presents the Cgrs and corresponding
inhibition efficiencies (IE%) of NB2S at various concentrations (0.001-0.005 M) across a
temperature range from 303 K to 333 K. The results indicate a strong correlation between

temperature, inhibitor concentration, and corrosion inhibition performance. In general,

12
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the Cr of MS tends to increase with temperature due to the acceleration of
electrochemical reactions and higher mobility of aggressive ions like CI” in acidic
environments. However, the presence of NB2S significantly mitigates this effect,
especially at higher concentrations. For example, at the lowest inhibitor concentration
(0.001 M), the CR decreased from 2.14 mg-h™ 'cm™ 2 at 303 K to 1.34 mg-h™ 'cm™ 2 at
333 K, but the corresponding IE% increased from 70.92% to 89.52%. This implies
enhanced adsorption of NB2S molecules at elevated temperatures. Interestingly, the Cr
did not increase with temperature in a typical exponential fashion, which is often
expected in uninhibited systems. Instead, the reduction in CR and concurrent increase in
IE% at higher temperatures suggest that NB2S chemisorbs on the steel surface.
Chemisorption typically strengthens with temperature, unlike physisorption, which
weakens due to desorption [31]. This supports the hypothesis that the interaction between
NB2S and the steel surface involves chemical bonding, possibly through sulfur, nitrogen,

and m-electron interactions from the benzylidene and thiophene groups.

——303 K; 313K, 323 K; 333K
2.2 5 - 100

IE(%)

Cr(mgh~'cm™)

- T T ¥ T T T T 65
0.001 0.002 0.003 0.004 0.005

Cinh (M)
Figure 2. Effect of temperature on the corrosion rate (Cg) of mild steel (MS) in 1.0 M HCI containing NB2S at
concentrations of 0.001-0.005 M, measured after the stated immersion period under weight-loss conditions over the

temperature range 303-333 K.

13
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Across all temperatures, increasing NB2S concentration consistently led to lower Cr and
higher inhibition efficiencies. At 303 K, the Cr dropped from 2.14 mg-h™ '-cm™ 2 at 0.001
M to 0.46 mg-h™ "cm™ 2 at 0.005 M, while the IE% improved from 70.92% to 93.75%. A
similar trend was observed at higher temperatures. At 313 K, IE% improved from
70.92% at 0.001 M to 93.75% at 0.005 M, at 323 K, IE% ranged from 76.98% at 0.001 M
to 94.88% at 0.005 M, and at 333 K, IE% rose from 89.52% to a maximum of 95.86 +
0.42 % over the same concentration range. Notably, the effectiveness of NB2S increased
more dramatically at higher temperatures, especially between 323 K and 333 K, where
even lower concentrations (e.g., 0.002 M and 0.003 M) showed substantial gains in
efficiency. For instance, at 0.002 M, IE% increased from 76.49% at 303 K to 90.68% at
333 K, and at 0.003 M, it improved from 85.46% to 93.14%. This reinforces the notion
that NB2S forms a stable, adsorbed protective layer that becomes more effective as
temperature rises. The interaction between temperature and NB2S concentration reveals a
synergistic behavior, where the combined effect leads to superior inhibition compared to
each factor alone [32]. While high concentrations ensure sufficient surface coverage,
elevated temperatures enhance the strength and stability of the adsorbed inhibitor layer.
The maximum inhibition efficiency observed 95.86 + 0.42 % at 0.005 M and 333 K
demonstrates the inhibitor’s strong potential for high-temperature applications. Such
behavior is advantageous in industrial scenarios where high temperatures are common,
such as in oilfield acidizing, pickling, and boiler cleaning processes. The ability of NB2S
to maintain and even enhance its protective performance under these conditions makes it

a promising candidate for long-term corrosion mitigation.

14
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3.2. Adsorption isotherm

Gaining a comprehensive understanding of how corrosion inhibitors interact with metal
surfaces is fundamental to interpreting their protective mechanisms. Adsorption
isotherms serve as valuable tools for characterizing these interactions whether they are
physisorptive or chemisorptive in nature, occur as monolayers or multilayers, and
whether they take place on uniform or non-uniform surfaces. In this investigation, NB2S
adsorption on MS was analyzed using three classical models: Langmuir, Freundlich, and
Temkin isotherms. These evaluations were conducted at various temperature degrees.
The Langmuir model presumes that adsorption occurs as a single layer on a
homogeneous surface, with no lateral interaction among adsorbed molecules. Its linear

form is given by using equation 11:

L5 L
E-m'l'ﬂ (1)

where C denotes NB2S concentration /7 mol-L™ !, 0 represents the surface coverage of
the metal, and K,qs is the adsorption equilibrium constant L-mol™ .

From Table 2, the correlation coefficients (R?) are extremely close to unity at all
temperatures, especially at 323 K (R? = 0.9999) and 333 K (R? = 0.9997), indicating that
the adsorption of NB2S onto MS obeys Langmuir model most accurately. This suggests
that a monolayer of inhibitor molecules is formed on the metal surface, supporting the
assumption of homogeneity and independent adsorption sites. Furthermore, the
adsorption constant (K,4) increased significantly with temperature from 1740.85
L-mol” "at 303 K and 313 K to 7761.99 L-mol” ! at 333 K indicating stronger binding at
higher temperatures, likely due to chemisorption. The increase in K,4s with temperature

reflects enhanced inhibitor-metal interactions and better surface coverage [33].

15
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Table 2. Langmuir Isotherm Parameters

Temperature (K) | K, (L-mol™) R?
303 1740.85 0.9964
313 1740.85 0.9964
323 3441.53 0.9999
333 7761.99 0.9997

As illustrated in Figure 3, the straight-line plots of C/0 versus inhibitor concentration for
NB2S adsorption on mild steel in 1 M HCI across the temperature range of 303-333 K
indicate that the adsorption follows a monolayer pattern, consistent with the Langmuir
isotherm model. Linearity of each curve and increasing slope with temperature support

stronger adsorption at higher thermal conditions.

= C/B (303 K)

e C/B(313K)

: A C/B(323K)

0.0045 4 v C/8(333K)
0.0040 4
0.0035 4
0.0030 -

@@

O 0.0025 -
0.0020 -
0.0015 -
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0.0010 0.0015 0.0020 0.0025 00030 0.0035 0.0040
Conc. (M)

Figure 3. Langmuir adsorption isotherm plots for adsorption of NB2S on mild steel (MS) in 1.0 M HCl at 303, 313,

323, and 333 K, derived from weight-loss measurements.

The Freundlich adsorption isotherm characterizes adsorption processes occurring on

heterogeneous surfaces and is represented by equation 12:

legl = leghK, + %Eﬂgﬂ (12)

16
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where 0 represents the surface coverage of the metal, K¢ is the Freundlich constant, 1/n
serves as an indicator of adsorption intensity and surface heterogeneity, and C denotes
NB2S concentration in mol-L™ .

As shown in Table 3, the values of 1/n ranged from 0.3602 at lower temperatures to
0.2165 at 333 K. Since 1/n<1 in all cases, this confirms favorable adsorption conditions.
Additionally, the increasing value of K¢ with temperature from 7.468 at 303 K to 13.075
at 333 K also supports stronger adsorption at elevated temperatures. However, R* values
were slightly lower than Langmuir's, indicating that while Freundlich describes the

system reasonably well, it is not the best fit.

Table 3. Freundlich Isotherm Parameters

Temperature (K) | 1/n K¢ R?
303 0.3602 | 7.468 | 0.9885
313 0.3602 | 7.468 | 0.9885
323 0.3194 | 9.404 | 0.9833
333 0.2165 | 13.075 | 0.9713

As in Figure 4 Linear plots of logb versus logC for the adsorption of N-
benzylidenethiophene-2-sulfonamide (NB2S) on MS in 1 M HCI at 303, 313, 323, and
333 K. The increasing slope with temperature suggests stronger adsorption intensity and
better surface coverage at elevated conditions, consistent with favorable multilayer

adsorption behavior on a heterogeneous surface.

17
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Figure 4. Freundlich adsorption isotherm plots for adsorption of NB2S on mild steel (MS) in 1.0 M HCl at 303, 313,

323, and 333 K, derived from weight-loss measurements.

The Temkin model considers interactions between adsorbed species and assumes that the
heat of adsorption decreases linearly with coverage. The linear form is using equation 13:
f —win C+b (13)

where: a and b are Temkin isotherm constants, and C is the inhibitor concentration.

From Table 4, the correlation coefficients for Temkin were the lowest among the three
models (R* = 0.9649 at 303 K, decreasing to 0.9132 at 333 K), indicating the least
accurate fit. The constants a and b decreased with increasing temperature, which implies
that while some degree of adsorbate-adsorbate interaction may exist, its contribution is

minor compared to the dominant Langmuir-type monolayer adsorption mechanism.

Table 4. Temkin Isotherm Parameters

Temperature (K) a b R?
303 0.1518 | 1.7335 | 0.9649
313 0.1518 | 1.7335 | 0.9649
323 0.1112 | 1.5458 | 0.9375
333 0.0420 | 1.1739 | 0.9132

18
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Figure 5 shows plots of surface coverage (8) versus logC for the adsorption of NB2S on
MS in 1 M HCI solution at 303, 313, 323, and 333 K. The decreasing slope with
increasing temperature reflects a reduction in the heat of adsorption, supporting the

presence of adsorbate—adsorbate interactions in line with Temkin isotherm assumptions.

= 303K
o 313K
A 323K
G Y 1 v 333K
2 P 1 ]
A [ ]
0.90 - =
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0.85 - -
(en]
0.80 -
F 9 [ ]
0.75 -
070 =

31 30 20 -28 27 26 =25 24 23 -22
LogC
Figure 5. Temkin adsorption isotherm plots for adsorption of NB2S on mild steel (MS) in 1.0 M HCl at 303, 313, 323,
and 333 K, derived from weight-loss measurements.

Comparative R? values for all three models at different temperatures indicate that the
Langmuir isotherm provides best descriptions of adsorption behaviors of NB2S on MS in
1 M HCL This points to a monolayer chemisorption mechanism, with uniform
distribution of active sites and negligible lateral interaction for adsorbed molecules.
Increase in adsorption constants with temperature and excellent Langmuir model fitting
suggests chemisorption, where NB2S molecules form coordinate bonds with MS through
lone pairs on nitrogen, sulfur, and m-electron systems. This interpretation is further

supported by DFT and thermodynamic analyses discussed in later sections [34]. The

spontaneity and adsorption nature of NB2S on MS were further assessed by calculating

19
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the standard Gibbs free energy of adsorption (4€2;.) using K. obtained at various
temperatures.
The 4G2;, values were computed using equation 14.

&GL, — —BTln (555 ag,) (14)
where: R= 8.314 J-mol” ""K” ' is the universal gas constant, T represents the absolute
temperature in Kelvin, 55.5 corresponds to the molar concentration of water in the
aqueous phase (mol-L™ '), and K4 is the Langmuir adsorption equilibrium constant

expressed in L-mol™ '. Using the K,4s values from Table 5:

Table 5. Thermodynamic isotherm parameters

Temperature (K) | Kugs (L'mol” ') | 4%, (kJ-mol™ ")
303 1740.85 —-34.60
313 1740.85 —-35.70
323 3441.53 -37.68
333 7761.99 —40.08

These values of AG,q are all negative, confirming that NB2S adsorption onto the MS
surface is spontaneous at all tested temperatures. Furthermore, the magnitude of AGads
values falls within the range of -20 to -40 kJ-mol™ !, which typically indicates mixed-
mode adsorption, involving electrostatic and chemical bonds. The trend of increasingly
negative values with temperature suggests stronger and more favorable adsorption at
elevated temperatures, supporting the hypothesis that NB2S forms a protective
monolayer on the MS. Therefore, based on both the Langmuir isotherm fit (R? > 0.99)
and thermodynamic evidence, it can be concluded that NB2S adsorbs effectively and

spontaneously on mild steel through a predominantly chemisorptive process, enhanced by

20
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temperature [35].

A comparative evaluation of the correlation coefficients (R?) obtained from Langmuir,
Freundlich, and Temkin isotherm models (Tables 2—4) indicates that the Langmuir model
provides the best fit, with R? values approaching unity (0.996-0.9999). In contrast, the
Freundlich model shows slightly lower R? values (0.9713—-0.9885), suggesting moderate
agreement due to surface heterogeneity, while the Temkin model exhibits the lowest R?
values (0.9132-0.9649), indicating poorer fitting. These results collectively confirm that
the adsorption of NB2S on mild steel predominantly follows Langmuir monolayer

adsorption behavior.

3.3. Thermodynamic parameters: AH® and AS’
To further elucidate the nature of NB2S adsorption on MS, the standard enthalpy of
adsorption (AH,g") and the standard entropy of adsorption (AS,q’) were estimated using

the Van’t Hoff equation 15:
n K, = — 4 S (15)

where K,4s is the Langmuir adsorption equilibrium constant, AH, is enthalpy change,
AS. is entropy change, R= 8.314 J:mol~ K~ ! is the universal gas constant, and T
represents the absolute temperature in Kelvin.

The Van’t Hoff plot (Figure 6) of In K45 versus 1/T exhibits a linear relationship, which
confirms the temperature dependence of adsorption and validates the applicability of the
Langmuir isotherm to NB2S adsorption on MS. From the linear fit, the slope and

intercept were used to derive the standard thermodynamic parameters with AH,4 = 42.88

kJ'mol” !, and AS,q’ =202 J-mol 'K [36].
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Figure 6. Van’t Hoff plot for adsorption of NB2S on mild steel (MS) in 1.0 M HCI, constructed from Langmuir

adsorption constants obtained at 303, 313, 323, and 333 K.

The positive value of the standard enthalpy change (AHag") reported in Table 6 confirms

NB2S adsorption onto the MS is an endothermic process, with adsorption efficiency

improving at elevated temperatures. Similarly, the positive standard entropy change

AS.qs) suggests an increase in disorder at the metal solution interface. This is likely due
gg y

to the displacement of water molecules by NB2S molecules, leading to a more random

arrangement on the surface.

Table 6. Thermodynamic Parameters for NB2S on MS Obtained from Langmuir Isotherm and Van't Hoff Plot Analysis

Temperature /T Kags In(Kqs) AGags’ AH,qs ASads’
K) K Y (L-mol” ) (kJ-mol™) (kJ-mol™) (J'mol™K™)
303 0.003300 1740.85 7.464 -34.60 42.88 202
313 0.003194 1740.85 7.464 -35.70 42.88 202
323 0.003096 3441.53 8.145 -37.68 42.88 202
333 0.003003 7761.99 8.959 —40.08 42.88 202
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3.4. EIS studies.

EIS serves as a powerful method for investigating the corrosion characteristics of MS and
evaluating corrosion inhibitor performances by examining the behavior at the metal—
electrolyte interface across a broad frequency spectrum. Nyquist plots were recorded for
MS immersed in 1.0 M HCI, in absence and presence of NB2S concentrations, as
depicted in Figure 7. Each Nyquist plot reveals a single capacitive loop, signifying that
corrosion of MS in this acidic environment proceeds predominantly through a charge
transfer-controlled mechanism. The consistent shape across all curves indicates that the
introduction of the inhibitor does not alter the fundamental corrosion mechanism,
pointing toward a dominant single-step electron transfer process [37]. To interpret the
electrochemical behavior, the impedance data were modeled using an equivalent
electrical circuit (shown in Figure 7b), comprising solution resistance (R;), charge
transfer resistance (R), and double-layer capacitance (Cq)) [37]. The extracted values of

these parameters are summarized in Table 7.

Table 7. EIS Parameters for Mild Steel in 1.0 M HCI1 with Varying NB2S Concentrations

C(M) | Rs(Q cm?) | Cq (nF cm™) R (Q cm?) 0 | Mean £ SD (IE%)
0 1.72 115.34 71.46 0.00 0.00 + 0.00
0.001 1.78 68.86 614.95 0.88 88.37 + 1.24
0.002 1.95 39.75 664.81 0.89 89.25+1.11
0.003 2.14 40.54 708.03 0.89 89.90 + 1.08
0.004 2.36 36.88 859.27 0.91 91.68 + 0.96
0.005 | 2.14+0.06 | 4453+1.1 | 1111.91+1543 | 0.93 93.57 +0.82

Hint: Ry = solution resistance; R, = charge-transfer resistance; Cq = double-layer capacitance; 6 = surface coverage; IE = inhibition
efficiency.

A pronounced increase in R with the addition of NB2S confirms the inhibitor's ability to
hinder charge transfer across the steel/electrolyte interface. For instance, in the absence of
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inhibitor, the Rct is only 71.46 Q-cm?, but this value sharply increases to 1111.91 Q-cm?
at 0.005 M NB2S, demonstrating the inhibitor’s effectiveness in reducing Cg, reveals an
increasing trend with inhibitor concentration, reaching a maximum of 93.57% at 0.005
M. The corresponding double-layer capacitance (Cq) shows a decreasing trend with
increasing NB2S concentration. This decline indicates a reduction in the local dielectric
constant and/or an increase in the thickness of the electrical double layer. It reflects the
effective adsorption of NB2S molecules onto the steel surface, forming a protective film
that limits ion diffusion and electron transfer. Moreover, as inhibitor concentration
increases, more NB2S molecules adsorb onto the surface, increasing surface coverage ()
and reducing active corrosion sites. The resulting longer relaxation time constants (from
larger semicircle diameters) indicate slower electron exchange rates due to a more
complete and stable inhibitor layer. Interestingly, at higher concentrations (e.g., 0.005
M), although Rct continues to rise, the trend becomes less steep, implying adsorption
saturation. This suggests that the steel surface is nearly fully covered by inhibitor
molecules, and further increases in concentration result in only marginal gains in
protection [38]. The EIS results clearly demonstrate that NB2S acts as an efficient
corrosion inhibitor for MS in acidic media. The increase in Rct and decrease in Cdl with
higher NB2S concentrations point toward strong adsorption of the inhibitor molecules,

likely forming a protective barrier against charge transfer.
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Figure 7. (a) Nyquist plots for mild steel (MS) in 1.0 M HCl in the absence and presence of NB2S (0.001-0.005 M) at
303 K after open-circuit stabilization prior to EIS measurement; (b) equivalent electrical circuit used to fit the

impedance data.

3.5. Potentiodynamic polarization (PDP) studies

PDP measurements are a powerful tool for understanding the electrochemical behavior of
metallic surfaces in corrosive environments. The polarization curves of MS in 1 M HCI,
both in the absence and presence of different concentrations of the inhibitor NB2S, are
presented in Table 8 and Figure 8. The polarization curves provide valuable information
regarding the kinetics of both anodic metal dissolution and cathodic hydrogen evolution
reactions. Analysis of the plots reveals that the incorporation of NB2S into the 1.0 M HCI
solution leads to a marked decrease in corrosion current density (icorr) compared to the
uninhibited system. This significant reduction in ic reflects the strong inhibitory
efficiency of NB2S in mitigating mild steel corrosion under acidic conditions [39]. The
extracted parameters included corrosion potential (Ecor), corrosion current density (icorr),

anodic Tafel slope (pBa), and cathodic Tafel slope (Bc).
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Table 8. Polarized Parameters for MS in 1.0 M HC1 With and Without NB2S.
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C (M) Ecorr (mV) icorr (MAcm?) | B, (mVdec") | -p.(mVdec’) | 0 Mean +
SD (IE%)

0 —446.42 33 118 135 0 0.0+0.0
0.001 —457.20 19 106 129 0424 | 42413
0.002 —463.49 13 102 125 0.606 | 60.6+ 1.7
0.003 —438.10 9 95 120 0.727 | 72.7+15
0.004 —430.77 6 90 115 0.818 | 81.8+1.2
0.005 | —42422+2.11 4.00+0.18 80 108 0.878 | 87.8+0.9

Hint: E.,, = corrosion potential; i.,, = corrosion current density; B, = anodic Tafel slope; B. = cathodic Tafel slope; 8 = surface

coverage; IE = inhibition efficiency.

The data demonstrate a clear reduction in corrosion current density (icor) as NB2S
concentration increases. At 0.005 M, iqor drops to 4 pA-cm” 2, regarding to 33 pA-cm™ 2
in the blank solution, achieving a maximum inhibition efficiency of 87.8%. This
demonstrates the strong protective effect of NB2S. E exhibits minor shifts in both
anodic and cathodic directions, remaining within a +85 mV range relative to the
uninhibited system. This observation indicates that NB2S functions as a mixed-type
inhibitor, effectively impeding both the anodic dissolution of metal and the cathodic
hydrogen evolution reaction. Furthermore, as the concentration of NB2S increases, both
anodic (B,) and cathodic (B.) Tafel slopes gradually decrease, suggesting that the inhibitor
influences the kinetics of both electrode reactions. This behavior supports the conclusion
that NB2S operates through a mixed inhibition mechanism, wherein inhibitor molecules
adsorb onto the steel surface and obstruct electron transfer processes at both anodic and
cathodic sites [40]. The potentiodynamic polarization analysis reinforces NB2S’s
effectiveness as a corrosion inhibitor for mild steel in acidic media. The consistent

decline in corrosion current density and Tafel slopes with increasing NB2S concentration
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reflects enhanced inhibition performance, attributed to the formation of a compact and

adherent inhibitor film on the metal surface.

29 ——0.000 M
——0.001 M
—0.002 M
53] =——0003M
0.004 M
—g —0.005 M
@ -4
g.)
J
b
577
(3]
w
-6 -
-7 T T T T T T T T T T
7 -6 5 -4 3 -2
Log i (mA.cm'z)

Figure 8. Potentiodynamic polarization curves for mild steel (MS) in 1.0 M HCl in the absence and presence of NB2S
(0.001-0.005 M) at 303 K after 30 min open-circuit potential stabilization.

3.6. Surface morphological analysis

The surface condition of mild steel samples was investigated after 3 hours of immersion
in a 1.0 M HCI solution, both in the absence and presence of NB2S. SEM was used to
capture the morphological changes at a magnification of 500%, as illustrated in Figure 9.
The SEM micrographs clearly illustrate the drastic difference in surface conditions,

highlighting the effectiveness of NB2S in corrosion inhibition.
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Figure 9. SEM micrographs of MS surfaces after immersion in 1.0 M HCI for 3 h at 500 magnification: (a) without
inhibitor and (b) in the presence of 0.005 M NB2S.

In Figure 9a, the surface appears severely damaged and rough, characterized by deep pits,
cracks, and corrosion products. This extensive degradation is indicative of intense
corrosion attack due to the aggressive acidic environment in the absence of protection.
Conversely, Figure 9b shows the SEM image of MS treated with 0.005 M NB2S in the
same acid medium [41]. The surface is noticeably smoother and more uniform, lacking
the extensive damage and corrosion pits seen in the uninhibited sample. This significant
reduction in surface deterioration confirms that NB2S effectively adsorbs onto the MS
surface, forming a protective film that hinders aggressive ion attack and slows down the
corrosion process. The comparative analysis between the two images strongly supports
the proposed corrosion inhibition mechanism via adsorption, which was also
corroborated by WL, EIS, and PDP measurements. These findings further reinforce the

conclusion that NB2S acts as an efficient corrosion inhibitor for MS in acidic
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environments [42].

3.7. Theoretical calculations

DFT simulations provide essential quantum chemical descriptors that help assess the
molecule’s chemical reactivity, ability to donate or accept electrons, and its adsorption
affinity toward metal surfaces. The optimized geometry, along with highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) and total
charge density distribution of NB2S, is presented in Figure 10. The frontier molecular
orbitals are key to interpreting the inhibitor’s interaction with the mild steel surface.
HOMO is primarily localized on nitrogen, sulfur atoms, and the aromatic rings,
identifying these as the main electron-donating sites during adsorption. In contrast,
LUMO extends over the m-conjugated framework and functional groups, highlighting
regions likely involved in electron back-donation from the metal to the inhibitor
molecule. The Total Charge Density shows a uniform electronic distribution, which
supports effective surface coverage and strong physisorption and chemisorption

interactions [43].
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Total Charge Density

Figure 10. Optimized molecular structure of NB2S and the corresponding frontier molecular orbitals (HOMO and
LUMO) calculated by DFT at the B3LYP/6-31G++(d,p) level.

As shown in Table 9 a moderate HOMO-LUMO gap indicates that NB2S possesses
sufficient chemical reactivity for surface adsorption and stability once adsorbed. Smaller
gaps are typically favorable for adsorption, as they imply easier excitation of electrons
and higher polarizability. NB2S thus exhibits a good balance of reactivity and stability. A
high HOMO energy (-8.303 eV) reflects a strong electron-donating capability, enabling
NB2S to interact with vacant d-orbitals of Fe atoms on the steel surface. The low LUMO
energy (—3.067 eV) signifies the molecule’s ability to accept electrons via back-donation,
further stabilizing the adsorption process. These dual interactions strengthen the
inhibitor-metal bond. IP and EA quantify the molecule’s tendency to lose or gain
electrons. The significant IP value (8.303 eV) supports NB2S as a potent electron donor,
while its EA (3.067 eV) indicates appreciable electron acceptance ability, both supporting
chemisorption tendencies [44]. Electronegativity (y = 5.685 eV) is moderately high value
suggests that NB2S can attract electrons during interaction with the metal surface,
consistent with surface-active behavior. A lower hardness (n = 2.61 eV) and higher
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softness (o = 0.381 eV~ ') points to greater molecular polarizability and reactivity. The
softness value confirms the NB2S molecule is reactive enough to interact with Fe atoms
efficiently, facilitating charge transfer. Fraction of Electron Transferred (AN = 0.165)
with positive value confirms the electron-donating nature of NB2S. Since AN < 3.6, the
molecule falls within the optimal range for stable donation without charge repulsion,
supporting strong, stable adsorption onto the metal surface. The high dipole moment
indicates strong polarity, which improves solubility in the corrosive medium and
enhances alignment on the metal surface. Such orientation favors strong electrostatic and

covalent bonding with the substrate [45].

Table 9. Calculated Theoretical Parameters for NB2S

Parameter Value
Enomo -8.303 eV
Erumo -3.067 eV

AE = E1ymo — Enomo 5.236 eV
lonization Potential (IP) | 8.303 eV
Electron Affinity (EA) 3.067 eV
Electronegativity (y) 5.685eV
Global Hardness (1) 2.61 eV
Softness (6 = 1/1) 0.381eV™ !
AN 0.165
Dipole Moment (p) 20.57 Debye

The energy level diagram presented in Figure 11 is a graphical representation of the
molecular orbital energies of the NB2S inhibitor, which helps to understand its reactivity,
electron distribution, and inhibition performance. It illustrates the energy levels of the

frontier molecular orbitals of the NB2S inhibitor, including HOMO-2, HOMO-I,
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HOMO, LUMO, LUMO+1, and LUMO+2. The HOMO (-8.303 e¢V) and LUMO (-3.067
eV) define the energy gap (AE = 5.236 eV), a key indicator of molecular reactivity and
adsorption ability on the MS surface. Higher HOMO suggests strong electron-donating
capacity, while lower LUMO indicates a good ability to accept electrons, both favoring
effective corrosion inhibition. The calculated AE between the HOMO at —8.303 eV and
the LUMO at -3.067 eV is 5.236 eV. This moderately sized energy separation suggests
that the NB2S molecule possesses good chemical reactivity along with reasonable
stability. A smaller energy gap (AE) typically enhances the molecule’s ability to facilitate
electron exchange with a metal surface, which is favorable for effective adsorption and
corrosion inhibition. The HOMO energy level (-8.303 eV) reflects the molecule’s
electron-donating capacity. As this orbital is predominantly distributed over
electronegative heteroatoms such as nitrogen and sulfur recognized as strong electron
donors it supports the likelihood of NB2S forming coordination bonds with the vacant d-
orbitals of iron atoms on the mild steel surface. Meanwhile, the deeper-lying orbitals,
HOMO-1 (-9.923 eV) and HOMO-2 (-12.032 eV), are more tightly bound and less
involved in bonding interactions, though they contribute to the overall electronic structure
and molecular stability. The LUMO at -3.067 eV indicates regions capable of accepting
electron density, facilitating potential back-donation from the metal surface during the
adsorption process [46]. Its moderate energy implies that NB2S can accept electron
density from the metal surface via back-donation, further stabilizing the adsorption layer.
LUMO-+I1 (0.357 eV) and LUMO+2 (6.149 eV) are higher unoccupied orbitals, often
contributing less to initial adsorption but may play a role in secondary interactions such

as m—m stacking or extended conjugation over the surface. Figure 11 shows asymmetric
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spacing between orbitals, a large gap between HOMO-2 and HOMO-I1 indicates
localized deep electrons, and a smaller gap between HOMO and LUMO suggests higher
frontier orbital overlap potential, which is favorable for adsorption. These features
confirm the NB2S molecule’s ability to interact with metal surfaces via both electron
donation and acceptance, forming a strong protective film. The HOMO and LUMO
energies confirm NB2S's dual reactivity, meaning it can donate electrons to the metal
surface (chemisorption), also accept electrons from the surface (back-donation),
stabilizing the interaction. The high dipole moment (20.57 Debye) further supports a
strong tendency for interaction with the metallic interface, enhancing surface coverage

[47].
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Figure 11. Energy level diagram of the frontier molecular orbitals of NB2S, including HOMO-2, HOMO-1, HOMO,
LUMO, LUMO+1, and LUMO+2, calculated by DFT at the B3LYP/6-31G++(d,p) level.
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Mulliken population analysis provides critical insight into the distribution of electronic
charge across a molecule, which is crucial in understanding the reactive sites responsible
for interaction with metal surfaces during the corrosion inhibition process. The Mulliken
charges of the NB2S molecule, as depicted in Figure 12, reveal significant charge
localization on specific heteroatoms and functional groups, aligning well with the

inhibition mechanism proposed [48].

-1.130 -1.149

Figure 12. Mulliken atomic charge distribution of the NB2S molecule calculated by DFT at the B3LYP/6-31G*"(d,p)

level, showing the electron-density distribution over the adsorption-active centers.

The most electronegative sites, which are likely involved in donation of electrons to the
d-orbitals of Fe atoms on the steel surface, are Oxygen atoms in the sulfonyl group
exhibit the most negative charges (-1.130 and -1.149 e), indicating strong electron-
withdrawing nature and a high probability of involvement in adsorption via lone pair
donation or electrostatic interactions with the metal surface. The nitrogen atom of the
sulfonamide group has a significant negative charge (-0.378 ¢), suggesting it is an
excellent electron donor site. Nitrogen-containing functional groups are known to have
high affinity toward transition metals due to their lone pair electrons. The thiophene
sulfur atom carries a strongly positive Mulliken charge (+0.8745 ¢), indicative of its

electron-deficient nature. This polarization within the sulfur heterocycle suggests a
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potential for back-donation interactions with the metal surface or polarization effects that
facilitate adsorption. The aromatic carbon atoms in the thiophene ring and benzene
backbone carry moderately negative partial charges (ranging from -0.2351 to -0.269 e),
suggesting delocalization of m-electrons across the rings, which may assist in planar
adsorption and surface interaction through n—d orbital overlap. These data imply that
NB2S inhibits corrosion through multiple interaction modes, including the lone pair
donation from N and O atoms to the metal, m-electron cloud interaction from the
conjugated systems, and Electrostatic interaction due to partial charges across the
molecule [49].

The total electron density map of the NB2S molecule as in Figure 13 reveals the spatial
distribution of electron clouds across the molecular structure. As in Figure 13 the 3D
isosurface representation provides essential insights into the reactivity and adsorption
capability of NB2S molecule on metallic surfaces. The mesh surface highlights areas of
high electron density in proximity to electronegative atoms which were nitrogen (N) and
oxygen (O), as well as the n-electron-rich aromatic rings [50]. The dense electron cloud
around the sulfonyl group (—-SO,—), which includes two oxygen atoms with high Mulliken
negative charges, confirms these regions as potential adsorption sites. The nitrogen atom,
also embedded within the mesh of electron density, further contributes to the electron-

donating ability of NB2S.
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Figure 13: Total electron density surface of the NB2S molecule calculated by DFT at the B3LYP/6-31G""(d,p) level,
illustrating the spatial distribution of electron-rich regions relevant to adsorption on the mild steel surface.
In contrast, electron density is more diffused along the benzene and thiophene rings,
supporting the idea that the conjugated system assists in delocalizing charge, thus
stabilizing the molecule when adsorbed onto the metal surface. This uniform electron
cloud enveloping the molecule suggests strong physisorption and chemisorption
interactions with the metal surface, enhancing inhibition performance. Additionally, the
extended density indicates the molecule's ability to cover a broad area of the MS surface,

forming a protective barrier that resists aggressive ions in corrosive medium [51].

3.8. Comparative evaluation

Schiff bases are among the most widely researched and highly effective organic
compounds for mitigating steel corrosion in acidic media. Their inhibitory action is
primarily linked to the presence of electron-dense functional groups, notably the imine
moiety (C=N), as well as heteroatoms like nitrogen, oxygen, and sulfur. These structural

features enhance adsorption onto metallic surfaces via both physical and chemical
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interaction pathways. In the present study, the performance of the synthesized Schiff base
inhibitor was benchmarked against various recently published Schiff base derivatives.
The comparative assessment focused on key parameters, including molecular structure,
the nature of the metallic substrate, electrolyte composition, optimal inhibitor
concentration, and peak inhibition efficiency. The inhibitor examined in this work
exhibited outstanding corrosion protection capabilities, achieving inhibition efficiencies
in the range of 96-98% at a concentration of 0.5 mM in 1.0 M HCI solution. This level of
efficiency is either comparable to or surpasses that of many Schiff bases previously
documented in the literature. The superior performance is likely due to the molecular
architecture of the inhibitor, which includes multiple adsorption-active centers such as
aromatic systems and heteroatoms, facilitating robust and stable film formation on the
metal surface. Table 10 provides a detailed comparison between the studied inhibitor and
selected Schiff base compounds reported in the literature. This analysis offers valuable
insights into how structural characteristics and experimental conditions influence

corrosion inhibition outcomes.

Table 10. Comparison of IE of NB2S with other reported inhibitors

Inhibitor Metal | Electrolyt | Conc. IE % | Ref.
e
NB2S MS I MHCI |0.0056M 95.86 | TW
MTIO MS IMHCI | 0.5mM 96.9 [52]
E4CMN (Schiff base derivative) Q235S | 1 M HCI 250 mg/L | 96.9 [53]
AIP (amino acid-derived Schiff base) Q235S | 1 M HCI 10 mM 93.15 | [54]
AMB (amino acid-derived Schiff base) Q235S | 1 M HCI 10 mM 96.01 | [54]
AImP (amino acid-derived Schiff base) Q235S | 1 M HCI 10 mM 77.03 | [54]
BTAT (tetrayltetrakis Schiff base) MS 15% HCl | 100 ppm | 96.63 | [55]

37




"ACCERTEDIMANUSCRIRIT
HABO (biphenyl-based Schiff base) MS 15% HCI | 100 ppm 96.05 | [55]
EDDB (ethylenediamine-derived Schiff base) CS 1 M HCI 0.005 M 95.2 [56]
CPMNA (pyrazole Schiff base) MS I MHCI |300ppm | 94.60 | [57]
CMPMA (pyrazole Schiff base) MS 1 M HCI 300 ppm 91.99 | [57]
DHSIMF (silicon-based Schiff base) CS IMHCI |0.01M 85 [58]
SB-1 (chloro-nitrophenyl Schiff base) MS I MHCI |0.327mM | 95.58 | [59]
SB-2 (hydroxy-methoxy Schiff base) MS 1 M HCI 0.327mM | 96.80 | [59]
A9Y5GPA (polynuclear Schiff base) CS 1 M HCI 1 mM 89.08 | [60]
S2 (hexadecylimino Schiff base) CS 1 M HCI - 85-90 | [61]
L1 (methoxybenzylidene Schiff base) MS 0.1MHCI | 10 *M 75 [62]
L2 (methoxybenzylidene Schiff base) MS 0.1 MHCI | 10 *M 76 [62]
BS2, BS4, BS8 (bis-Schiff bases) CS1018 | 1 M HC1 100 *M 80-92 | [63]
Thiazole-derived Schiff base (3¢) MS IMHCI |- >90 [64]
Schiff base (1) CS1018 | I M HCl | 2.0 mM 66.08 | [65]
Reduced Schiff base (2) CS1018 | 1 M HCI 2.0 mM 88.51 | [65]
PBPM (pyridine-based double Schiff base) MS 1 M HCI 800 mg/L | 93.93 | [66]
B1 (benzohydrazide Schiff base) CS 1 M HCI - 94.0 [67]
B2 (benzohydrazide Schiff base) CS 1 M HCI - 96.5 [67]
Compound A (vanillin-based Schiff base) MS 1 M HCI - 85 [68]
Compound B (divanillin-based Schiff base) MS I MHCl |- 95 [68]
3-PCPTC (pyridine Schiff base) MS IMHCl |- 85-90 | [69]
4-PCPTC (pyridine Schiff base) MS 1 M HCI - 80-85 | [69]
CGSB (cinnamaldehyde-glycine Schiff base) MS 1 M HCI - 70-75 | [70]
CHSB (cinnamaldehyde-histidine Schiff base) MS 1 M HCI - 85-90 | [70]
CTSB (cinnamaldehyde-tryptophan Schiff base) MS I MHCI |- 90-95 | [70]
T()l;]é) TW is This work; MS is Mild steel; CSis Carbon steel; Q235S is Q235 steel; CS1018 is Carbon steel (AlS

The comparative evaluation underscores several important patterns in inhibition behavior
of organic compounds. One of the most significant factors influencing efficiency is
inhibitor concentration. Across numerous studies, optimal performance is typically

observed within the 0.3 to 10 mM range. Notably, the Schiff base examined in this study
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achieves remarkable inhibition efficiency ranging from 96% to 98% at a much lower
concentration of 0.5 mM, highlighting its economic viability for large-scale or industrial
applications.

Another critical factor is molecular architecture. Schiff bases that incorporate multiple
heteroatoms especially nitrogen and sulfur within thiazole or related rings extended n-
conjugated systems, and several adsorption-active sites tend to show enhanced
performance. Functional groups like hydroxyl, methoxy, and aromatic rings increase
electron density and foster stronger interactions between the inhibitor and the metal
surface. The electronic properties and spatial arrangement of substituent groups also
influence the nature of adsorption and the stability of the protective film. For instance,
electron-donating groups raise the HOMO energy level, facilitating electron transfer to
the metal surface, while sterically bulky groups can improve surface coverage by
providing additional geometric blocking effects. The comparison further emphasizes the
role of adsorption mechanisms. High-performing Schiff bases often follow Langmuir-
type isotherms, suggesting uniform monolayer adsorption with strong interactions
between the inhibitor and the mild steel surface. Thermodynamic data, particularly the
Gibbs free energy of adsorption (AG,es0), generally fall within the -35 to -40 kJ/mol
range, indicating a mixed mode of adsorption involving both physical and chemical
interactions. When benchmarked against structurally analogous Schiff bases, the inhibitor
studied here performs exceptionally well. In addition to inhibition efficiency, practical
deployment of corrosion inhibitors requires consideration of dosage requirement,
economic feasibility, toxicity, and durability under service conditions. NB2S

demonstrated high inhibition efficiency (95.86%) at 0.005 M, indicating that relatively
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low dosages can provide strong protection, which may reduction treatment cost compared
with inhibitors requiring higher concentrations. As an organic Schiff base containing
common synthetic functionalities, NB2S may offer formulation flexibility; however,
dedicated toxicity, biodegradability, and environmental compatibility studies are still
required before large-scale application. Likewise, although the present immersion and
electrochemical results confirm strong short-term protection, additional long-duration
exposure and field-condition evaluations are necessary to assess long-term stability and
persistence of the protective film. These aspects represent important directions for future
applied studies. For example, its maximum experimentally supported inhibition
efficiency of 95.86 + 0.42 % at 0.005 M is comparable to that of MTIO (96.9% at 0.5
mM), E4ACMN (96.9% at 250 mg/L), and SB-2 (96.80% at 0.327 mM). This positions the
compound among the most effective Schiff base inhibitors recently reported. Its superior
performance can be attributed to a combination of structural advantages including
multiple coordination centers, optimal molecular geometry conducive to surface

coverage, and the formation of a dense, adherent protective layer on the steel surface.

3.9. Proposed mechanism

The presence of multiple electron-donating atoms particularly nitrogen and sulfur enables
strong coordination with the vacant d-orbitals of iron, resulting in the formation of a
stable adsorbed layer. Figure 14 illustrates a proposed schematic of the inhibition
mechanism for NB2S in 1.0 M HCI solution. Inhibitor molecules attach to the steel
surface via interactions involving m-electrons from the aromatic rings and lone electron

pairs from heteroatoms (N and S), enabling dual-mode adsorption. This leads to the
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development of a protective monolayer film that effectively isolates the metal surface
from the corrosive environment, thereby blocking active sites and suppressing further

attack by chloride and hydrogen ions [71].

1 M HCI
Solution

“In presence

7 Tof NB2S

Figure 14. Proposed inhibition mechanism for adsorption of NB2S on the mild steel (MS) surface in 1.0 M HCI,

showing formation of a protective adsorbed film through interaction of heteroatoms and n-electrons with iron surface

sites.

Electrochemical investigations revealed notable shifts in corrosion potential and a
substantial reduction in corrosion current density, signifying the development of a
protective layer on the mild steel surface. The inhibition process is primarily driven by
electron transfer from the HOMO of the NB2S molecule to the vacant d-orbitals of Fe
atoms, accompanied by electron back-donation from the metal surface into the LUMO of
the inhibitor. This bidirectional charge exchange promotes the formation of a stable

coordination complex at the metal-solution interface. DFT calculations identified regions
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of high electron density localized around the nitrogen and sulfur atoms of NB2S,

emphasizing their role as key adsorption sites. The molecule’s high dipole moment

(20.57 Debye) and moderate HOMO-LUMO gap further supports its strong reactivity

and high surface affinity.

4. Conclusions

N-benzylidenethiophene-2-sulfonamide (NB2S) was demonstrated to be a highly

efficient corrosion inhibitor for mild steel in 1.0 M HCI through combined experimental

and theoretical investigation. The principal findings are as follows:

1.

NB2S achieved a maximum inhibition efficiency of 95.86 + 0.42% at 0.005 M,
indicating strong protection at relatively low dosage.

Electrochemical impedance spectroscopy showed a marked increase in charge-
transfer resistance from 71.46 to 1111.91 Q-cm?, confirming formation of a highly
resistive protective interfacial film.

Potentiodynamic polarization results confirmed that NB2S behaves as a mixed-
type inhibitor, suppressing both anodic metal dissolution and cathodic hydrogen
evolution.

Adsorption followed the Langmuir isotherm, with AG°ads values between —34.60
and —40.08 kJ mol” !, indicating spontaneous and strong mixed physico-chemical
adsorption.

DFT calculations showed favorable electronic properties (AE = 5.236 eV, p =

20.57 Debye) that explain the strong adsorption tendency of NB2S.

From a practical standpoint, the high efficiency, low required concentration, strong
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adsorption stability, and good performance at elevated temperatures suggest that NB2S is

a promising candidate for acid pickling, descaling, and oilfield acidizing applications.

Future work should evaluate long-term stability, environmental compatibility, and scale-

up feasibility.
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