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Abstract

Carbon steel is widely employed across various industrial sectors due to its advantageous
properties. However, corrosion remains a significant issue, particularly in acidic environments.
In this study, we employed two novel organic compounds: 2-(propylaminecarbonyl)-N-((1-
(benzyl)-1H-1,2,3-triazol-4-yl)methyl)benzenesulfonamide (BTMB) and 2-((1-(4-bromo-
phenyl)-1H-1,2,3-triazol-4-yl)methyl)benzo[d]isothiazol-3(2H)-one  1,1-dioxide = (BPMYS).
These compounds were evaluated for the first time as corrosion inhibitors for E24 steelina 1 M
HCI solution. The inhibitory performance of BTMB and BPMS was assessed using various
electrochemical  techniques coupled with computational chemistry approaches.
Potentiodynamic polarization (PDP) curve data revealed that the inhibition efficiency of both
BTMB and BPMS increases with concentration, reaching maximum efficiencies of 92.33% and
89.37%, respectively, at 1 mM concentration. Additionally, the PDP curves indicated that
BTMB and BPMS act as mixed-type inhibitors. Both inhibitors demonstrated significant
efficacy across a broad temperature range (293—-323 K). The adsorption behavior of these
inhibitors on the E24 steel surface adhered to the Langmuir adsorption isotherm. To elucidate
the experimental findings at the electronic and atomic scales, computational studies were
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conducted using density functional theory (DFT), Monte Carlo (MC) simulations, and
molecular dynamics (MD) simulations.
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1. Introduction

One of the primary challenges faced by industrialized nations is the phenomenon of metal
corrosion [1]. In various industrial applications, such as metal pickling, chemical treatments,
and sedimentation removal, acidic media like hydrochloric acid are commonly used [2].
Despite its widespread use, E24 steel exhibits poor resistance to corrosion when exposed to
hydrochloric acid solutions [3].This results in the production of significant amounts of waste
annually due to the aggressive nature of the acidic medium, which accelerates metal
corrosion [4]. Therefore, identifying a suitable solution to mitigate this issue is crucial [5].
A cost-effective and efficient method for protecting metals involves the use of synthetic
organic corrosion inhibitors [6]. The effectiveness of these inhibitors is largely dependent on
their functional groups, which enable them to adhere to the metal surface. Most effective
organic inhibitors contain heterocyclic rings and atoms such as oxygen, sulfur, and nitrogen,
along with conjugated double bonds that collectively facilitate their adsorption onto the
metal surface [7]. These inhibitors function by creating a barrier layer that isolates the
corrosive medium [8], a process that often involves chemical, physical, or mixed adsorption
mechanisms [9]. Recently, computational chemistry has gained prominence in various
branches of chemistry, including the study of corrosion inhibitors. It has proven to be a
powerful tool for understanding the mechanisms of inhibitors and their interactions with
metal surfaces [10]. In particular, Density Functional Theory (DFT) has demonstrated its
ability to accurately predict molecular geometric properties, binding energies, and the
interactions between inhibitors and metal surfaces [11]. However, to achieve a more precise
and comprehensive understanding of these empirical phenomena, atomic-scale modeling
methods such as molecular dynamics (MD) and Monte Carlo (MC) simulations are also
essential [12].This study aims to evaluate the effectiveness of two inhibitors, BTMB and
BPMS, in preventing the corrosion of E24 steel in a solution containing 1 M hydrochloric
acid (HCI). The evaluation was conducted using both stationary and transient
electrochemical methods. Additionally, a thorough investigation was performed to assess the
impact of inhibitor concentration and temperature. Theoretical calculations, including DFT,
MC, and MD, were employed to validate the findings. These calculations are frequently used
to identify the relevant adsorption sites of the inhibitors by providing a comprehensive
understanding of their geometry and adsorption energy on the metal surface at a molecular
scale.
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2. Experimental

2.1. BTMB and BPMS synthesis

2.1.1. The synthesis procedure for 2-(propylaminecarbonyl)-N-((I1-(benzyl)-1H-1,2,3-
triazol-4yl)methyl) benzenesulfonamide (BTMB)

The procedure for creating BTMB (5) (Figure 1) is as follows: N-propargyl saccharin (1)
(1 mmol), benzyl chloride (2) (1:10* mol), NaNj3 (3) (1.2:107° mol), and propyl amine (4)
(2:1073 mol) were placed in a pressure closed-vial with Ag;PO,—MEA (10 wt.%) and 10 mL
water. Next, the blend underwent irradiation for 20 minutes at 80°C, utilizing a microwave
digestion system capable of reaching a maximum power of 1600 W. The reaction’s
completion was confirmed using TLC (thin-layer chromatography Following completion,
the solid catalyst was retrieved via filtration, while the reaction mixture underwent extraction
using DCM (3:10 mL). The amalgamated organic layer was then rinsed with a 1 N HCI
acidic solution (2x0.015 L), dried using anhydrous MgSQO,, and concentrated using a
vacuum. After undergoing recrystallization in Ethanol, the target product (5) was obtained
through additional purification [13].

o) Cl
§-0
\
N—\
§ A\
1 2
Ag;PO,-MEA(10%WH.
g3PO0y4 (10%Wt.) N=N H
<
* N / //s\\o

NaN, _/_NH2 H,0, 80°C, 20min o o N\H\\
3 4 5
Figure 1. The procedure for creating of BTMB.

This passage describes the synthesis and characterization of BTMB (compound 5). The
product is a yellow viscous oil with an 84% yield. The compound was analyzed by TLC,
which revealed an Rr value of 0.48 using a solvent mixture of cyclohexane and AcOEt (2/8,
v/v). DMSO-d6 was used as a solvent to obtain the nuclear magnetic resonance (NMR)
spectra of the compound. The spectra showed characteristic peaks at 6 8.69 (t, J=5.7 Hz,
1H), 7.84 (s, 1H), 7.78 (dd, J=7.9, 1.2 Hz, 1H), 7.60 (td, J=7.5, 1.3 Hz, 1H), 7.51 (td,
J=17.7,1.4 Hz, 1H), 7.45-7.39 (m, 2H), 7.35-7.25 (m, 3H), 7.19 (d, J=6.3 Hz, 2H), 5.44
(s, 2H), 4.10 (d, J=6.0 Hz, 2H), 3.15 (t, J=7.1, 5.8 Hz, 2H), 1.54—-1.43 (m, 2H), 0.86 (t,
J=7.4 Hz, 3H). The peaks observed in the carbon-13 NMR (*C NMR) spectra include
signals at 8 168.9, 144.0, 137.7, 136.4, 136.3, 133.1, 130.3, 129.7, 129.3 (2C), 128.9, 128.7,
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128.5 (2C), 123.8, 53.2,41.6, 38.9, 22.5, and 11.9, which are characteristic of the compound
under investigation. The mass spectrometry (MS) analysis showed an ion with a mass-to-
charge ratio (m/z) of 412.1 [M+H]" in the electrospray ionization positive mode (ESI").

2.1.2. The synthesis procedure for 2-((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)-
benzo[d]isothiazol-3(2H)-one 1, 1-dioxide (BPMS)
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Figure 2. The procedure for creating of (BPMS).

The compound (BPMS) (3) was obtained as a white solid with a yield of 86%. Its Ry
value in TLC, employing a solvent mixture of cyclohexane and acetone ethyl acetate (2:8,
v/v), was determined to be 0.5. The compound’s proton NMR spectrum, recorded at
400 MHz in DMSO, showed signals at 6 8.88 (s, 1H), 8.35 (d, J=7.6 Hz, 1H), 8.17 (d,
J=17.5Hz, 1H), 8.11-8.00 (m, 2H), 7.89 (d, /=8.8 Hz, 2H), 7.80 (d, J=8.8 Hz, 2H), and
5.10 (s, 2H). The carbon NMR spectrum, recorded at 101 MHz in DMSO, showed signals
at 0 157.8, 142.2, 136.4, 135.4, 135.1, 134.8, 132.3 (2C), 125.8, 124.7, 121.7, 121.4 (2C),
121.1, 120.9, and 32.9. The mass spectrum in ESI" mode exhibited a peak at m/z 420.9
[M+H]" for the compound.

2.2. Metal chemical composition and corrosive solution preparation

Table 1 presents the chemical composition of E24 steel employed in this study. Corrosive
test solutions were formulated by diluting analytical grade concentrated hydrochloric acid
(37%) with distilled water. Inhibitor concentrations were varied from 0.05 mM to 1 mM for
the experiments.

Table 1. Composition of E24 steel.

Compositions C Si Mn Cr P S Ti Co Fe
(Wt.%) 0.11 0.24 0.47 0.077  0.021  0.016  0.011 0.009  99.046

2.3. Electrochemical techniques

In our study, electrochemical experiments were conducted using a PGZ-100 potentiostat
managed by the Volta Master software. We utilized a three-electrode cell configuration: an
E24 steel working electrode (WE), a platinum counter electrode (CE), and a saturated
calomel electrode (SCE) serving as the reference electrode. Prior to performing polarization
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and electrochemical impedance spectroscopy (EIS) measurements, the working electrode
was stabilized to reach the open-circuit potential (OCP) in the test solution. Polarization
curves were acquired by scanning from —0.8 V to —0.1 V at a rate of 1 mV/s relative to the
OCP. EIS was carried out over a frequency range from 100 kHz to 10 mHz, and the resulting
data were displayed on Nyquist plots. Analysis of the experimental data was conducted using
the EC-Lab software. The inhibition efficiency (IE%) was calculated using specific
equations provided in the study [14]:

iO I|nh
IE%_ corr corr 100 (1)
ICOIT
Where i and i represent the corrosion current density without and with inhibitor
respectively.
Rlnh RO
IE% = ———%-100 (2)

ct

Where R and R represent the charge transfer resistance respectively with and without
inhibitor.

2.4. Quantum chemical calculations

The quantum chemical modeling results were obtained using the Dmol3 module within the
Materials Studio program [15] Calculations were conducted for inhibitor molecules in both
neutral and protonated states employing the M-06L exchange-correlation function and the
DNP basis set with polarization [16]. The aqueous phase was simulated using the COSMO
model [17]. Vibrational analysis confirmed the minimum point as the lowest energy point on
the potential energy surface [18]. DFT was employed to compute electronic structure
properties, including the highest occupied molecular orbital (Enomo), lowest unoccupied
molecular orbital (ELumo), energy gap (AE), ionization potential (/), electron affinity (4),
electronegativity (), global hardness (1), global softness (c), chemical potential (p), global
electrophilicity (w), electron-accepting (o") power, electron-donating () power, net
electrophilicity (Aw®), fraction of transferred electrons (AN), energy from inhibitor to metals
(Avy), and back donation (AFEpack-donation). These parameters are defined by the following
relationships (3—16):

I =—Enowmo 3)

A= —Erumo (4)

AE = Erumo — Enomo (5)
| + A

el ©)
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Where yr. is the work function (4.81 eV-mol™) of iron surface (Fe (110)) which is reportedly
more stable and has a greater stabilization energy and the n, is the absolute hardness of iron

(Mre=0 eV -mol ™).

2.5. MD/MC simulations

The Forcite module from the MatS package was utilized to carry out a blend of Monte Carlo
(MC) and Molecular Dynamics (MD) simulations with the objective of exploring the binding
capacity of inhibitor molecules to the iron surface. The simulations were performed in a
simulation box employing periodic boundary conditions, with dimensions of
2.73 nmx2.73 nmx1.26 nm, accompanied by a 3.5 nm vacuum layer. For the studied
system, the Fe (110) surface with a 7-layer slab comprising 847 atoms was chosen due to its
superior stability compared to two other common iron crystallographic configurations[19].
Previous literature has extensively detailed the methodologies of MD simulations [20]. The
simulation slab model integrated one inhibitor, 800 water molecules, 10 hydronium ions, and
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5 chloride ions. In essence, the COMPASSIII force field [21], in conjunction with the NVT
ensemble at a temperature of 295 Kelvin was employed for these simulations, which were
executed over a duration of 800 picoseconds using a time step of 1 femtosecond [22].

3. Results and Discussion

3.1. Open circuit potential OCP

The variation of OCP with time in the absence and presence of inhibitors is depicted in
Figure 3. Clearly, in a corrosive setting without inhibitors, the Open circuit potential shifts
towards positive potentials and stabilizes after an hour of being submerged. On the other
hand, the introduction of BTMB and BPMS results in a rise in the free potential as the
concentration of BTMB/BPMS increases. This phenomenon can be ascribed to the
adsorption of inhibitors onto the metal surface and the formation of an inhibitory layer that
protects the metal from corrosive particles.
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Figure 3. Evolution of the open circuit potential (Eocp) for E24 steel in a 1 M HCI solution
with and without BTMB and BPMS over time.

3.2. PDP study

3.2.1. Concentration effect

The polarization curves depicted in Figure 4 elucidate the influence of BTMB and BPMS on
the behavior of E24 steel in 1 M HCI across various concentrations. Electrochemical
parameters extracted from these curves are summarized in Table 2. The incorporation of
BTMB and BPMS effectively mitigates the cathodic hydrogen evolution reaction and
attenuates the anodic corrosion of the steel. This is substantiated by a significant reduction
in current density and a shift of the corrosion potential towards more positive values. These
observed effects can be attributed to the adsorption of inhibitors onto the surface of the
substrate [23].
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Figure 4. Polarization curves of E24 steel in a 1 M HCI at different concentrations of BTMB

and BPMS

Table 2. Electrochemical parameters for E24 in 1 M HCI at various concentrations of BTMB and BPMS.

[C] Ecorr icorr be ba IEY%
(mM) (mV/Ag—AgC(Cl) (LA /cm?) (mV/dec) (mV/dec)
0 —488 174.8 —94.7 933
BTMB
0.05 —469 45.03 —127.5 75.2 74.24
0.1 —458 34.23 —128.8 71 80.42
0.5 —445 24.59 -109.9 84.3 85.93
1 —433 13.41 —-119.9 96.9 92.33
BPMS
0.05 —-470 52.28 —-130 61.2 70.09
0.1 —454 32.98 —-136.1 68.5 81.13
0.5 —440 29.03 —128.2 44.5 83.39
1 —421 18.58 -93.8 47.3 89.37

Based on the findings acquired (Figure 1 and Table 1), the rise in inhibitor
concentration correlates with a decline in current density, accompanied by a subtle shift in
the corrosion potential towards less negative values. This trend underscores the inhibitory
efficacy of the utilized products in mitigating the corrosion of E24 steel in a 1 M HCI
solution. As previously observed, the corrosion current (iqr) diminishes in the presence of
inhibitors, leading to an augmented inhibition efficiency (/E%). This augmentation reached
a maximum of 92.33% and 89.37% for 1 mM of BTMB and BPMS, respectively. This
phenomenon is likely attributable to the adsorption of inhibitor molecules onto active sites
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on the surface of the E24 steel, forming a protective barrier that delays both anodic and
cathodic corrosion reactions at the substrate surface.

3.2.2. Temperature effect

When inhibitors are present or absent, temperature can alter how the E24 steel electrode
interacts with acidic media [24] The aim was to assess how changes in temperature affect
the inhibition efficiency of BTMB and BPMS, polarization studies were done at
temperatures ranging from 293-323 K, without and with 1 mM inhibitors.
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Figure 5. Tafel plots were produced to evaluate the behavior of E24 in a hydrochloric acid
solution of 1 mM concentration with and without the addition of 1 mM of BTMB and BPMS
at temperatures ranging from 293 K to 323 K.

The findings are presented in Figure 5, while Table 3 provides the corrosion potentials
(Ecorr), corrosion current densities (icorr), and inhibition efficiencies (/E%). Analysis reveals
that as temperature increases, the corrosion current density also rises, albeit at a slower rate
compared to when inhibitors are absent. This indicates a decrease in inhibition efficiency,
likely attributed to the adsorption of BTMB and BPMS inhibitors onto the metal surface
across all temperatures examined. For instance, the /E% values decreased from 92.3% at
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293 K to 79.36% at 323 K for BTMB and from 89.37% at 293 K to 74.01% at 323 K for
BPMS, respectively. These trends are commonly associated with physical adsorption [25].

Table 3. PDP curves outcomes for E24 steel in a 1.0 M hydrochloric acid (HCI) solution with and without
1 mM of BTMB and BPMS at 293-323 K.

[C] T Ecorr icorr

(1)
(mM) (K) (mV/Ag—AgCl) (uA/cm?) IE%
293 —488 174.8 -
303 —-476 234.7 -
0 mM
313 —473 341.7 —
323 -466 735.6 -
293 —433 13.41 92.33
303 —443 44 .45 81.06
BTMB
313 —472 65.27 80.89
323 —485 151.83 79.36
293 —421 18.58 89.37
303 —459 43.33 81.54
BPMS
313 —479 74.32 78.25
323 -491 191.2 74.01

A process of the Arrhenius type, the corrosion reaction’s rate is given by (Equation 17)
[26]:

Ini :_—Ea-l+InA (17)
R T

corr

The Arrhenius pre-exponential factor, symbolized as A4, the universal gas constant,
denoted by R, and the apparent activation energy for corrosion, represented by E,, are utilized
to generate Arrhenius plots depicting the corrosion density of E24 steel at a concentration of
1 mM under inhibited and uninhibited conditions, as depicted in Figure 6. Table 4
encapsulates the results obtained from experiments determining the apparent activation
energy of corrosion (E,) for E24 steel in 1 M HCI, both with and without inhibitors, derived
from the slopes of In(icorr) versus 1/T plots. The data indicate that the presence of inhibitors
leads to higher E, values compared to solutions without inhibitors. This observed increase in
E, values in the presence of inhibitors can be attributed to physical adsorption or weak
chemical interactions between inhibitor molecules and the metal surface. These interactions

are recognized to heighten the energy barrier for the corrosion process in the presence of
inhibitors [27].
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Figure 6. Arrhenius curves were generated for E24 steel in 1 M HCI solution without and with
1 mM of BTMB and BPMS over a temperature range spanning from 293 K to 323 K.

The activation parameters that were computed include enthalpy (AH,) and entropy

(AS,) [28]:
S ERWLAN s
T R T Nh R

The activation parameters related to the dissolution process were determined using the
entropy (AS,) and enthalpy (AH,), with Planck’s constant represented by “4” and Avogadro’s
number represented by “N”. The results are shown in Table 4, which includes the values of
AH, and AS,. The Arrhenius plots of Ln(icon/T) versus 1/T displayed straight lines with a
slope of (—-AH,/R) and an intercept of (Ln(R/Nh) + AS,/R), as illustrated in Figure 7. These
parameters were used to estimate AH, and AS, values. The positive values of AH, suggested
that the E24 steel dissolution process absorbed heat from its surroundings, making it an
endothermic process [29]. In addition, the presence of BTMB and BPMS inhibitors causes
the standard entropy (AS,), which characterizes the system’s unpredictability, to increase,
which denotes a spontaneous reaction.
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Figure 7. The natural logarithm of icorr/ T varied with 1000/7 at 293—323 K in 1 M HCl
without and with the addition of 1 mM of BTMB and BPMS.

The results of the thermodynamic analysis for activating adsorption activity are
presented in Table 4, which includes the calculated values of standard activation energy (£,),
enthalpy (AH,), and entropy (AS,) obtained through the use of equations (Equations 17, 18).

Table 4. Activation features of E24 steel corrosion in 1.0 M HCI solution without and with 1 mM of BTMB
and BPMS at temperatures ranging from 293 K to 323 K.

Inhibitor Ea (kJ/mol) AH; (kJ/mol) AS; (J/mol)
Blank 36.61 34.06 -86.53
BTMB 60.45 57.90 —24.53
BPMS 59.19 56.63 —27.27

3.3. Electrochemical Impedance Spectroscopy (ELS)

For a more comprehensive examination of the corrosion prevention mechanism of E24 steel,
we have conducted additional analyses including the electrochemical impedance spectrum
(Figure 8), as well as the Bode and phase angles (Figure 9).
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Figure 8. Nyquist plots were obtained for E24 steel in a 1 M HCI solution both in the absence
and the presence of BTMB and BPMS.
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Figure 9. Bode (module (a) / phase (b)) plots were obtained for E24 steel ina 1 M HCI
solution both in the absence and in the presence of BTMB and BPMS.

The Nyquist plot exhibited a singular capacitive loop, which expanded in width with
increasing concentrations of the two inhibitors. Moreover, the semicircles appeared
flattened, indicating a non-ideal capacitive behavior at the electrolyte/metal interface,
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potentially attributable to irregularities in the electrode surface [30]. Analysis of the Bode
diagrams revealed a solitary time constant, with the protective effects of both inhibitors in
acidic solutions exhibiting concentration-dependent trends, as evidenced by the augmented
absolute impedance at lower frequencies. Phase angle measurements exceeding 60°
underscored the substantial efficacy of both inhibitors [31]. These findings lay the
groundwork for further investigation into the corrosion resistance of E24 steel. Phase angle
plots across all concentrations unveiled the presence of a singular time constant associated
with the charge transfer process. By simulating the Nyquist diagrams using the Ec-Lab
program, an equivalent circuit model (see Figure 10) was established. This electrical model
integrated the resistance for charge transfer (R.) and the double-layer capacitance (Cq) in
series with the electrolyte resistance, thus facilitating the simulation of impedance diagrams
for the electrolyte/metal interface. Parameters derived from the Nyquist diagrams were
tabulated in Table 5. The charge transfer resistance (R.) and solution resistance (R;) were
identified, alongside the inhibition efficiency (/E%) and double-layer capacitance (Cq). The
tabulated data indicated an inhibition efficiency reaching values of 91.29% and 88.60% at
1 mM concentrations of BTMB and BPMS, respectively. This was supported by a notable
increase in charge transfer resistance, rising from 39.67 Q-cm? in the blank scenario to
455.5 Q-cm? and 347.98 Q-cm? for | mM BTMB and BPMS concentrations, respectively.
Concurrently, the corresponding double-layer capacitance (Cq) decreased from
401.1 pF-cm2 (blank) to 55.21 pF-cm™ (BTMB) and 45.87 pF-cm™ (BPMS). The decline
in double-layer capacity could be attributed to either a reduction in the surrounding dielectric
constant or an increase in the thickness of the electrical double layer.

Table 5. EIS Measurements of E24 Steel in 1.0 M HCI solution with different concentrations of BTMB and
BPMS at 293 K.

[C] Rs Ret CPEa IE 0
(mM) (Q-cm?) (Q-cm?) (uF-cm™) (%)
0 1.920 39.67 401.1 - -
BTMB
0.05 1.952 149.8 167.7 73.52 0.7352
0.1 1.892 185.4 135.6 78.60 0.7860
0.5 1.802 297.2 84.61 86.65 0.8665
1 1.798 455.5 55.21 91.29 0.929
BPMS
0.05 1.952 142.1 112 72.08 0.7208
0.1 1.810 189.7 83.90 79.09 0.7909
0.5 1.564 225.1 70.70 82.38 0.8238

1 1.047 347.98 45.87 88.60 0.8860
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Figure 10. Equivalent electrical circuit with similar functional characteristics.

3.4. Adsorption isotherm

In order to ascertain the nature and potency of the adsorption of BTMB and BPMS inhibitors
on E24 steel, the experimental data was matched against different adsorption isotherms,
including Temkin, Frumkin, Freundlich and Langmuir. Out of all the adsorption isotherms
considered, the Langmuir adsorption isotherm (Figure 11) provided the most precise
representation of the inhibitors’ adsorption performance [32].

Temkin: e?=K_C., (19)
Frumkin: (ijem -K,C.. (20)
1-6
Freundlich: log6 =logK,, +nlogC,, (21)
C. 1
Langmuir: —h —_— 4+ C 22
gmu O K inh ( )

ads

The term K,q4s signifies the adsorption equilibrium constant, whereas Ci,n indicates the
inhibitor concentration. The curves showing the fluctuation of Cin/0 in relation to the
concentration of Ciy, for the BTMB and BPMS chemicals are shown in (Figure 11). Table 6
contains the coefficients for the Gibbs free energy of adsorption (AGg, ) calculated from the

equation (Equation 23), as well as the K,4s measurements obtained by inverting the intercept

of the Langmuir isotherm line.
1 AG?
K., =——exp| ——2& 23
“* 555 p( RT J @)

The gas constant is denoted by R and has units of J-mol!-K"!. T is the temperature of
the experiment in Kelvin, and the solution has the water concentration of 55.55 (mol/L).
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Figure 11. Plots illustrating adsorption isotherms: (a) Temkin, (b) Frumkin, (c) Freundlich,
and (d) Langmuir for E24 steel in 1 M HCI of the BTMB and BPMS at different
concentrations.

The exceptional adsorption capacity of BTMB and BPMS inhibitors on the surface of
E24 steel in 1.0 M acidic HCI was demonstrated by their values of adsorption equilibrium
constants, indicating that these inhibitors are best suited for preventing corrosion in locations
where it can be most successfully prevented. The fact that the values of AG, for BTMB
and BPMS are negative (-19.58 kJ-mol™ and —19.54 kJ-mol™, respectively) indicates that
there are spontaneous interactions between the inhibitor molecules and the metal surface
[33]. As reported in previous studies, values of AG, that are equal to or greater than
—20 kJ/mol are typically linked to electrostatic interactions (physisorption) between the
sample surfaces and inhibitor. On the other hand, values of AG,, that are approximately
—40 kJ/mol or more negative suggest that the inhibitor and metal surfaces engage in charge
sharing (chemisorption). However, in this particular case, the AG), values suggest that

ads

BTMB and BPMS attach to the E24 steel surface through a physisorption process [34].
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Table 6. The adsorption coefficient values (Kads) and the adsorption-free enthalpy (AG:dS) were determined
for various concentrations of BTMB and BPMS in 1.0 M HCI.

Inhibitor Kaas, (mol!-L) R? AG;S , kJ-mol!
BTMB 48.64 0.99951 —19.58
BPMS 47.69 0.99873 -19.54

3.4. DFT considerations

To speed up the computations, a conformer search is performed before the DFT calculations.
The search technique is random sampling, the number of conformers is 1000, and the force
field used is the COMPASSIII force field (Figure 12).

26 - ' A' ' k' 41 BTMB

Relative Energy [kcal/mol]
1
C

T T T T T 1
0 200 400 600 800 1000
Conformer Number

Figure 12. Conformer energy profile search and the resulting lowest energy of BTMB/BPMS.

This research employed density functional theory (DFT) calculations to investigate of
the studied inhibitors (BTMB/BPMS) on the metal surface. The Frontier Molecular Orbital
(FMO) concept, commonly referred to as FMO theory, is a crucial element in the approach
used to determine the chemical properties of corrosion-inhibiting molecules [35].

The Frontier Molecular Orbitals (FMOs) are intimately linked with the energy levels of
the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) within the compound. These orbitals govern the compound's interactions with
other molecular species. Prior studies have elucidated that the attachment of corrosion-
resistant materials at interfaces occurs via a donor-acceptor mechanism [25]. In this
mechanism, electron-rich regions of the inhibitor donate electrons to electron-poor regions
of the metal (such as the unoccupied d orbitals of Fe atoms), facilitating bonding interactions.
Conversely, the inhibitor may also accept electrons from electron-rich regions of the metal
(occupied orbitals). The extent of these donor-acceptor interactions, or the degree of
interfacial charge-sharing, is dictated by the characteristics of the HOMO and LUMO
orbitals [36]. Furthermore, analysis of the HOMO diagram reveals areas of the molecule
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predisposed to donating electrons to electrophilic species, while the LUMO diagram
highlights regions inclined to accept electrons from nucleophilic species. Figure 13
illustrates a graphical representation of the HOMO and LUMO distributions of a
BTMB/BPMS compound obtained through quantum mechanics modeling using the Density
Functional Theory (DFT) method [37]. As depicted in Figure 13, for BTMB/BPMS, the
HOMO domains are localized predominantly on the ring substituent, whereas the LUMO is
distributed over the ring with the sulfonic group. The Molecular Electrostatic Potential (ESP)
of the inhibitors was also analyzed to assess their electron density in acidic environments, as
shown in Figure 13. This analysis serves to identify regions of high (red, orange, or yellow)
or low (blue) electron density within the compound, with green indicating neutral regions
[38]. Specifically, the benzene ring, oxygen, sulfur, and nitrogen atoms exhibit high electron
density, while low electron density is concentrated around the C and H atoms for
BTMB/BPMS. Additionally, employing Mulliken Atomic Charges enables a precise
evaluation of the atoms serving as inhibitory sites in the metal adsorption process, which can
be inferred from the analysis of Mulliken Atomic Charges (MAC) data. Various hypotheses
have been proposed to elucidate the enhanced interaction between specific atoms on the Fe
(110) surface and a range of BTMB/BPMS compounds [39]. To elucidate this phenomenon,
these hypotheses have been developed, and theoretical frameworks have been constructed to
enhance our understanding of these interactions [40]. This phenomenon has garnered
considerable attention, with several theories proposed to elucidate and shed light on its
underlying mechanisms [41].
BTMB BPMS
N \

= | | -2.110eV i i i -2.882 eV
()

e AE 3.820 eV AE 3.367 eV

o0

S

b -6.437 eV H l i -6.249 eV
Lu Vi

Figure 13. Optimized geometry, HOMO/LUMO and ESP plots of the BTMB/BPMS.
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Figure 14. MAC (most negative values) of the BTMB/BPMS.

Table 7 provides the quantum chemical parameters of BTMB and BPMS. Analyzing
these descriptors is a practical and recommended approach to improving our understanding
of BTMB/BPMS adsorption activities onto metal surface [42].

Table 7. Calculated the theoretical chemical parameters for the BTMB/BPMS.

Descriptor BTMB BPMS
Enomo (V) —6.4370 —6.2490
Erumo (eV) -2.1100 —2.8820
AE (Enomo—ErLumo) (eV) 4.3270 3.3670
Ionization energy (/) (eV) 6.4370 6.2490
Electron affinity (4) (eV) 2.1100 2.8820
Electronegativity (y) (eV) 4.2735 4.5655
Global hardness (1) (eV) 2.1635 1.6835
Chemical potential (p) (eV) —4.2735 —4.5655
Global softness (o) (eV ) 0.4622 0.5940
Global electrophilicity (o) (eV) 4.2207 6.1906
Electron-donating (") power (eV) 6.6278 8.6838
Electron-accepting (") power (eV) 2.3543 4.1183
Net electrophilicity (Ao™) (eV) 2.2035 4.0031
Fraction of transferred electrons (AN) (eV) —0.2412 —0.3966
Energy from Inhb to Metals (Ay) (eV) 0.1258 0.2649
AFEback-donation (€V) —-0.5409 —-0.4209

It is commonly believed that the capacity of BTMB and BPMS to interact with the
Fe(110) surface during adsorption is influenced by their capability to exchange electrons.
This phenomenon is mostly ascribed to their high ionization potential and low electron
affinity [43]. The reason for this is the inhibitors’ limited tendency to attract electrons, which
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results in their low electron affinity. It is believed that BTMB and BPMS have a profound
effect because of the high ionization potential that they possess. This situation arises directly
from the inhibitors’ substantial electron aftinity (Table 7) [44].The chemical structure offers
the appearance of being able to donate electrons as well as receive them. It is anticipated that
the exchange of lone pair electrons between heteroatoms (O, S, and N) and the unoccupied
iron d-orbital would result in a slight enhancement of surface adsorption [45]. This is since
the lone pair of electrons will be transferred from one to the other. As a consequence of this
alteration in the metal, the surface absorption will increase to some degree. There will be an
increase in surface adsorption, at least to some degree [46].

3.5. MD/MC simulations

Starting with the Fe(110) surface simplifies the calculation of the system’s adsorption
energy. Following the completion of MC calculations (Figure 15), a considerable amount of
effort was dedicated to investigating the adsorption structure of the BTMB and BPMS to
ensure the accuracy of the outcomes [47]. To evaluate the equilibrium state achieved by the
MC simulation, the energy values at steady state were compared to those at the beginning of
the simulation, and the difference between the two sets of values was calculated. The
simulation had advanced to a stage where the system required the minimum energy to
continue operating and was operating at its lowest possible energy consumption. The precise
arrangement of the active state of adsorbent BTMB/BPMS is depicted in Figure 15.

In the Molecular Dynamics (MD) approach, the BTMB/BPMS molecule adheres to the
Fe(110) surface with an orientation that maximizes contact with its oxygen, sulfur, and
nitrogen atoms (see Figure 15). This alignment ensures optimal interaction between these
atoms and the inhibitor. Our research team suggests that the adsorption pattern illustrated in
Figure 15 can be attributed to the binding of the BTMB/BPMS molecule’s backbone with
the surface atoms of the Fe(110) plane. Substantial evidence supports this hypothesis.
BTMB/BPMS molecules exhibit adsorption tendencies, facilitated by their ability to draw
their heteroatoms (O, S, and N) and electron rings closer to the surface. The adsorption
capability of these molecules arises from their capacity to bring their heteroatoms and
electron rings into close proximity with the surface [45].

When inhibitors adhere to the metal surface, they induce a notable change in the surface
energy (FEads), as depicted in Figure 16. This phenomenon arises from the heightened
adsorption energies displayed by the BTMB/BPMS molecules, leading to a robust
interaction with the metal surface. Consequently, a protective layer forms on the metal
surface, imparting resistance against corrosion and preserving its original integrity.
Researchers advocate for Molecular Dynamics (MD) simulations as they offer a more
authentic representation of adsorption dynamics. As illustrated in Figure 17, minimal
temperature fluctuations observed during the MD simulation validate its successful
execution.
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Figure 15. The simulated corrosion media with A. MC and B. MD show minimal
BTMB/BPMS adsorption configurations on the Fe (110) substrate.
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Figure 16. MC calculations were used to obtain the distribution of adsorption energies for the
BTMB /BPMS utilized in the simulated corrosion media.
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Figure 17. Temperature fluctuations during MD simulation.

The NVT simulation results clearly indicate that the inhibitors depicted in Figure 16
tend to assume a planar configuration along the periphery of the rings upon contact with the
metal surface. Upon extending the simulation duration, it became evident that the
BTMB/BPMS compounds exhibit robust adherence to the iron surface, suggesting a
mechanism for their strong adsorption. Utilizing the radial distribution function (RDF)
analysis on the molecular dynamics (MD) trajectory obtained from corrosion simulations
represents a reliable and uncomplicated approach to scrutinize the adsorption behavior of
corrosion inhibitors on metal surfaces, as outlined in reference. Notably, this analytical
method was seamlessly integrated into the simulation process, requiring no intricate
procedures[48].

The function that describes the radial distribution is commonly referred to as the RDF,
often known as g, is an excellent tool for assessing the interactions between BTMB/BPMS
molecules and surfaces in MD simulations (7). As described in references, the peak of the
RDF for chemisorption occurs within the range of 1 to 3.5 A, whereas the peak for
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physisorption occurs beyond 3.5 A [49]. Figure 17 displays the radial distribution function
of the BTMB/BPMS, which indicates that the BTMB/BPMS is located at a distance from
the Fe (surface) that is less than 3.5 A. The BTMB/BPMS exerts a significant interaction on
the metal surface during contact, as evidenced by the highly negative energy value and the
peaks in the RDF. According to the RDF graph, the inhibitor interacts primarily with the iron
atoms through the incorporation of oxygen, nitrogen, and sulfur atoms.

T T T T T T T T T T T T T 1
2 4 [ 8 10 12 14 16 18 20 2 4 [ 8 10 12 14 16 18 20
rA] riA]

Figure 18. The analysis of the MD trajectory allowed for the determination of the RDF of
oxygen, nitrogen, and sulfur atoms of the BTMB/BPMS on the Fe (110) surface.

4. Conclusion

The study’s conclusions enable the following inferences:

According to electrochemical techniques, BTMB and BPMS compounds are effective
inhibitors that aid in preventing corrosion of E24 steel in an acidic media

Polarization studies indicate that BTMB and BPMS exhibit inhibitory characteristics that
are of a mixed nature.

Electrochemical impedance investigations verified the polarization results and showed
that BTMB had a better inhibitory efficiency than BPMS.

The investigation of the impact of temperature on inhibitory effectiveness demonstrates
that it decreases as the temperature rises, confirming that the adsorption of the inhibitor
molecules on the substrate surface is achieved via physical adsorption.

DFT investigations strongly explore the active adsorption sites of BTMB and BPMS
compounds.

The findings from the MD/MC simulations suggest that the inhibitors adopt a somewhat
flat-adsorbed structure on the metal surface which optimizes the interaction with oxygen,
nitrogen and sulfur atoms. This configuration is responsible for the inhibitor’s protective
surface effect. The experimental results provide further support for the notion that the
inhibitor has substantial negative adsorption energies.
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