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ABSTRACT

This study investigates the corrosion inhibition performance of two cationic Gemini surfactants related
to thiazole and benzo[d]thiazole on AISI 1015 carbon steel in HCI solution using gravimetric weight loss
electrochemical impedance spectroscopy (EIS), potentiodynamic polarization (PDP), and quantum
chemical calculations. The adsorption behavior was analyzed and found to follow the Langmuir
adsorption isotherm model. The thermodynamic and kinetic parameters for both corrosion and adsorption
reactions suggest mixed physical and chemical adsorption. Electrochemical results indicate that both
inhibitors TAC 12 and TBC 12 significantly reduce corrosion rate by forming a protective adsorbed film
on the steel surface, with inhibition efficiency reaching 87-89% at 50 ppm, where TBC 12 provides a
more stable and insulating film over time compared to TAC 12. Potentiodynamic polarization studies
confirm that cationic Gemini surfactants inhibit both cathodic and anodic reactions with a dominant
cathodic inhibition mechanism. Additionally, quantum chemical calculations and molecular dynamics
simulations reveal strong interactions between the inhibitor molecules and the steel surface, validating the
experimental findings. Furthermore, the addition of inorganic salts such as MnCl,, CuCl,, and CoCl,
enhanced the inhibition efficiency through a synergistic effect. Electrochemical studies indicate that salts
facilitate cooperative adsorption, improving surface coverage and stabilizing the protective film. Among
the tested salts, CuCl, exhibited the most significant enhancement due to its strong interaction with the
inhibitor and metal surface. Overall, the results demonstrate that TAC 12 and TBC 12 are efficient
corrosion inhibitors for steel, providing insights into their adsorption mechanism and potential industrial
applications.
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1. INTRODUCTION

Carbon steel is a cornerstone material in modern science, technology, and industry due to its
remarkable strength, affordability, and versatility [1-2]. It plays a pivotal role in applications ranging from
pipelines and machinery to tools and construction, making it indispensable across numerous sectors [3].
However, despite its widespread use, carbon steel faces a significant challenge: its susceptibility to
corrosion, particularly in acidic environments commonly encountered in closed systems such as industrial
boilers, heat exchangers, and storage tanks [4-6]. This vulnerability undermines structural integrity,
escalates maintenance costs, and poses safety risks, making corrosion a critical issue that demands
effective mitigation strategies [7-8].

Among the various approaches to combat corrosion, the use of tailored corrosion inhibitors has emerged
as one of the most effective and practical solutions [9]. These inhibitors interact with the metal surface,
reducing the rate of corrosive reactions and enhancing the material's durability. Gemini cationic
surfactants have gained significant attention due to their superior performance in acidic environments
[10]. Unlike traditional cationic surfactants, Gemini surfactants possess a unique dual-head and dual-tail
molecular structure that facilitates stronger adsorption onto metal surfaces, forming a compact and stable
protective layer [11-14]. This distinctive structure improves corrosion inhibition efficiency, and reduces
the required concentration, making them a cost-effective choice for industrial applications [15-16].

Recent advancements in corrosion inhibition research have focused on functionalizing Gemini cationic
surfactants with heterocyclic groups, such as thiazole and benzothiazole, to enhance their performance
further [17]-[20]. These functional groups, rich in nitrogen and sulfur atoms, provide multiple active sites
for adsorption and form strong coordination bonds with the metal surface [21]. The resulting protective
film is robust, stable, and water-repellent, shielding the metal from corrosive agents. Additionally, the
incorporation of transition metal ions and the influence of ionic strength in the surrounding environment
have significantly impacted these surfactants' adsorption and inhibition efficiency [22-24].

This paper explores the corrosion inhibition potential of Gemini cationic surfactants, with a focus on their
functionalization with thiazole and benzo[d]thiazole groups. It also examines the role of environmental
factors in optimizing their performance, such as temperature, ionic strength, and the presence of transition
metal ions. These examinations were addressed by using individual methods or a combination of the
following approaches; Gravimetric analysis, potentiodynamic polarization (PDP), electrochemical
impedance (EIS), scanning electron microscope (SEM), electron dispersive X-ray (EDX), fourier
transform infrared microscope (FTIR) and computational density functional theory (DFT). By leveraging
the unique properties of these advanced surfactants, this study aims to contribute to the development of
cost-effective, efficient, and environmentally friendly corrosion inhibitors for carbon steel in acidic closed
systems.
2. Experimental section

2.1 Materials and Solutions

The AISI 1015 carbon steel samples used in this study were composed of C (0.14%), Cr (0.10%), Ni
(0.10%), Si (0.024%), Mn (0.05%), P (0.05%), and Fe (balance). This composition was consistently
employed across all chemical and electrochemical measurements. Before testing, the carbon steel surface
was prepared sequentially polishing with abrasive papers of grit sizes 800, 1000, and 1200 to achieve a
uniform finish. The polished electrode and specimens were then thoroughly rinsed with double-distilled
water, cleaned with acetone, and dried using absorbent filter paper to ensure a pristine surface.

200



AJBAS Volume 6, Issue I, 2025 El-Maksoud, et al

All chemicals used in this study were procured from Sigma-Aldrich, a globally recognized supplier
headquartered in the United States. These chemicals, including hydrochloric acid (37%) and acetone
(99.9%), were of analytical grade, eliminating the need for further purification. Additionally, cobalt
chloride, manganese chloride, and copper chloride salts with a purity of 98% were employed in the
experiments.

The corrosion inhibition experiments were conducted in hydrochloric acid solutions without and with
varying concentrations of TAC 12 and TBC 12 cationic Gemini surfactants. The molecular structures of
these surfactants, synthesized in our laboratory following established protocols [25-26], are illustrated in

Structures 1 and 2.
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Structure 1 The molecular structure of TAC 12 cationic Gemini surfactants
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Structure 2 The molecular structure of TBC 12 cationic Gemini surfactants

The corrosive solutions were freshly prepared by diluting high-purity concentrated hydrochloric acid
with double-distilled water (DCT4/DCT10 - ks = 2.5 uS/cm, Chem-Tech, Egypt). The inhibitors were
utilized at concentrations ranging from 5 to 50 ppm to evaluate their corrosion inhibition efficiency.
Additionally, salt solutions of manganese chloride (MnCl,), copper chloride (CuCl,), and cobalt chloride
(CoCl,) were added to the corrosive solution in concentrations varying from 10 to 90 ppm to investigate
their effects on the corrosion behavior and inhibition performance of both inhibitors.

2.2 Gravimetric analysis

The prepared AISI 1015 carbon steel samples (2.0 x 2.0 x 0.2 cm) were weighed using a USS-DBS10
digital analytical balance (readability: 0.1 mg, U.S. Solid, USA). The specimens were immersed in
hydrochloric acid solutions containing varying concentrations of TAC 12 and TBC 12 cationic Gemini
surfactants for 48 hours at controlled temperatures (30°C to 50°C) using a thermostat water bath
(Avantor, VWR, USA). Samples were removed every eight hours, cleaned, dried, and reweighed three
times, with the average final weight recorded for accuracy.

2.3 Electrochemical techniques

The  corrosion  inhibition  efficiency was evaluated using a  high-performance
potentiostat/galvanostat/ZRA (Reference 3000, Gamry Instruments, USA) with a three-electrode system.
The setup included a saturated calomel electrode (SCE) as the reference, a platinum electrode as the
counter, and an AISI 1015 carbon steel plate (surface area equals 1 cm?) as the working electrode. The
carbon steel plate, attached to a copper rod for electrical conductivity, was encased in a Teflon holder and
sealed with epoxy resin. The working electrode was immersed in the corrosive medium for 20 minutes to
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stabilize the open-circuit potential (E,,) before measurements [27]. Electrochemical impedance
spectroscopy (EIS) was conducted over a frequency range of 100 kHz to 0.2 Hz using a 10 mV amplitude
at (Eoep), With impedance data analyzed using Echem Analyst software and equivalent circuit models.
Potentiodynamic polarization curves were recorded by scanning the potential +250 mV relative to (Eqp)
at a scan rate of 1 mV/s, starting from the cathodic to the anodic region. This approach provided precise
insights into the electrochemical behavior and inhibition performance of the TAC 12 and TBC 12
cationic Gemini surfactants.

2.4 Computational quantum chemistry

Quantum simulations were conducted using Gaussian 9.0 software to assess the impact of molecular
structure on inhibition efficiency. Geometry optimization was performed using the B3LYP hybrid
functional with the 6-31G (d,p) basis set [28]. The Gauss View program was used to analyze the energies
of the highest occupied molecular orbital (Exomo), the lowest unoccupied molecular orbital (E,ymo), and
the energy gap (AE).

3. RESULTS AND DISCUSSION
3.1 Gravimetric Analysis

The corrosion rate of AISI 1015 carbon steel samples immersed into 1 M hydrochloric acid solution
without and with the examined inhibitors TAC 12 and TBC 12 at different temperatures (303-323 K) and
concentrations (5-50 ppm) was summarized in Table (1). The corrosion rate and inhibitory efficiency of
both cationic Gemini surfactants were calculated as follows Eq. (1) and (2);

AW
CR=22 (1)
— [4 _ CRiinn.

IE% = [1 . ] x 100 )

Where; AW is the weight loss of carbon steel specimens, A is the total superficial area, t is the
immersion time, C.R.i,n. 1S the corrosion rate of carbon steel in the inhibitor solution, and C.R.;, is the
corrosion rate of carbon steel in the blank solution.

The inhibition efficiencies of TAC 12 and TBC 12 increased with concentration, indicating enhanced
surface coverage [29]. At 30°C, TBC 12 achieved an inhibition efficiency of 85.07% at 50 ppm,
compared to 80.48% for TAC 12 at the same concentration. At 50°C, TBC 12 maintained a higher
efficiency (77.68% at 50 ppm) than TAC 12 (70.79% at 50 ppm), demonstrating better thermal stability
[30]. Both surfactants exhibited decreased inhibition efficiency with increasing temperature, attributed to
the partial desorption of inhibitor molecules from the steel surface [31]. However, TBC 12 showed a
slower decline in efficiency, suggesting stronger adsorption and a more robust protective film than TAC
12. The benzo[d]thiazole moiety in TBC 12 enhances m-electron interactions and hydrophobic effects,
contributing to its superior adsorption and inhibition performance [30-32]. The corrosion rate of steel and
the corrosion inhibition of TAC 12 cationic Gemini surfactant are shown in Fig. (1).
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Fig (1): (&) The corrosion rate of AISI 1015 carbon steel in 1M HCI solution without and with the
addition of different concentration of TAC 12 inhibitor (b) The corrosion inhibition efficiency of TAC 12

under the influence of time.

Table 1: Gravimetric data of AISI 1015 carbon steel immersed in 1 M HCI solution without
and with various concentrations of TAC 12 and TBC 12 at different temperatures

Temp. T=303K T =308 K T=313K T=318K T=323K
Soln. Comp. | Conc. CR. . CR. . CR. . CR. . CR. .
ppPM | mg.cm?h? n% mg.cm?.h?* n% mg.cm?.h? n% mg.cm?h?* n% mg.cm?h?* n%
Blank 0 0.6698 - 1.808 - 2.612 - 3573 - 4533 -
TAC 12 5 0.1878 71.96 0.768 57.51 1.349 48.36 1.929 46.00 2.510 44.63
10 0.1933 71.14 0.737 59.23 1.281 50.96 1.825 48.92 2.369 47.74
20 0.1650 75.36 0.639 64.64 1.114 57.36 1.588 55.55 2.062 54.50
30 0.1508 77.48 0.539 70.21 0.927 64.53 1.314 63.21 1.702 62.45
40 0.1303 80.54 0.496 72.57 0.862 67.00 1.228 65.64 1.593 64.85
50 0.1307 80.48 0.429 76.27 0.728 72.15 1.026 71.28 1.324 70.79
TBC12 5 0.1612 75.93 0.670 62.94 1.179 54.85 1.688 52.74 2.197 51.53
10 0.1715 74.40 0.643 64.46 1.114 57.35 1.585 55.63 2.056 54.63
20 0.1691 74.75 0.564 68.80 0.959 63.27 1.355 62.08 1.750 61.40
30 0.1399 79.11 0.452 74.98 0.765 70.72 1.077 69.85 1.390 69.34
40 0.1206 82.00 0.411 77.29 0.701 73.17 0.991 72.26 1.281 71.74
50 0.1000 85.07 0.328 81.87 0.556 78.72 0.784 78.06 1.012 77.68

3.2 Thermodynamic activation properties

The influence of temperature on the corrosion mechanism of AISI 1015 carbon steel ina 1 M HCI
solution in the presence of inhibitors TAC 12 and TBC 12 was estimated to calculate different activation
parameters. The excluded data include an analysis of activation energy (Ey), enthalpy of activation
(AH™), and entropy of activation (AS*) to elucidate the thermodynamic and Kinetic aspects of the
corrosion process as indicated in Table (2). The calculations were conducted using the Arrhenius
equation Eq. (3) [33] and the transition state theory equation Eq. (4) [34].

_E:l

logK ., = 5303 RT +log A
K R AS* AH*
log ~'F — oo — _
08— OB \n + 2303R  2.303RT
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Where; A is the Arrhenius constant, R is the universal gas constant, T is the absolute temperature, h is the
Planck’s constant, and N is Avogadro’s number. The relationship between log(Kcopr) OF log (Keorr/T)
and (1000/T) is shown in Fig. (2).
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Fig (2): (A) log K o Was plotted against 1000/T (B) log(Kcor/T) Was plotted against 1000/T, both for
AISI 1015 in 1M HCL in the absence and the presence of TAC 12 inhibitor.

The results reveal a positive value for activation energy and enthalpy, consistent with the energy
barrier required for the corrosion reaction to proceed, which proves the endergonic nature of the corrosion
reaction [35]. In the presence of both inhibitors, a significant increase in the activation energy of
corrosion was observed, with the increase of both inhibitor concentrations [36]. The higher suggests that
the inhibitor promotes the formation of a stable, protective layer on the metal surface, reducing the
availability of active sites for the corrosion reaction [37]. Both chemical and physical adsorption
mechanisms have been identified on steel surfaces, as evidenced by the slight increase in activation
energy values between 20-80 kJ/mol [38]. Additionally, the entropy of activation indicates enhanced
orderliness in the system when inhibitors are present, particularly at higher concentrations. The data
extracted from activation calculation showed a similar result for both inhibitors, where TBC 12 proved to
have lower entropy when compared to TAC 12 leading to higher adsorption onto steel surface and higher
inhibition [39].
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Table 2: Activation parameters of AISI 1015 carbon steel corrosion in 1M HCI without and with different
inhibitor concentrations

Solution Name conc. Ea AR as’
ppm kJ/mol-1 kimol* | Jmol'K*
Blank 0 32.0 30.9 -11.5
TAC 12 5 44.0 42.3 65.9
10 46.1 41.0 55.8
20 46.6 41.3 56.8
30 a47.7 39.7 43.8
40 48.9 40.9 52.2
50 49.1 38.0 29.5
TBC 12 5 43.8 42.6 67.0
10 45,7 40.6 52.2
20 48.0 38.3 34.2
30 49.6 37.7 27.6
40 49.0 38.7 34.6
50 50.3 38.0 27.1

3.3 Adsorption isotherm

The corrosion inhibition mechanism of Gemini cationic surfactants TAC 12 and TBC 12 on AlSI
1015 carbon steel surfaces was analyzed using adsorption isotherms which can be clarified by fitting
experimental data to various isotherm models at various temperatures [40]. The Langmuir model shows
the best fit based on the highest correlation coefficient (0.9999) [41], indicating monolayer adsorption as
shown in Fig. (3). The adsorption-desorption equilibrium constant can be calculated from equation Eq.
(5). The enthalpy (AH,,) of adsorption properties can be computed using Eq. (6) which is associated
with Gibbs-Helmholtz [42]. As illustrated in Fig. (3), the adsorption-desorption equilibrium constant
(Kags) and enthalpy (AH ;) can be calculated by fitting the straight line between log K 545 and 1000/T.

Cinh _ 1 .
0 Kads + th (5)
—AH,
logK .45 = 2.303“;; + constant (6)

Where; 0 is the steel’s surface coverage, Ciy, IS the surfactant concentration (mol L™), K,q4s is the
adsorption equilibrium constant M, R is the universal gas constant, and T is the temperature in kelvin. In
an acidic solution, the water concentration is taken into account by factor 55.5 [43]. Both TAC 12 and
TBC 12 inhibitors' adsorption equilibrium constants dropped, suggesting that the temperature increase
reduced the amount of both inhibitors' adsorption away from the steel surface [44]. According to our
analysis, the computed AG,45 values are between -20 and -40 kJ/mol, suggesting that the adsorption
mechanism is mixed in nature [45]. This suggests that both chemical and physical adsorption are involved
in the process. Both inhibitors spontaneously adsorb onto the steel surface, creating a protective adsorbed
layer, as indicated by the negative values of AG,4s [46]. The Gibbs free energy of adsorption (AG,45)
and entropy (AS,,4,) of adsorption properties can be computed using the following equations Eq. (7) and
(8) that are associated with the Gibbs-Modified Van't Hoff and Van't Hoff equations [47]. As illustrated
in Fig. (3), enthalpy can be calculated by fitting the straight line between log K ,45 and 1000/T.

205



El-Maksoud, et al

AJBAS Volume 6, Issue Il, 2025

The values of the adsorption-desorption equilibrium constant (Kg), enthalpy (AH,4,), Gibbs free energy

AGads =
AG

o

ads

= AH

o o

—TAS

ads

ads

—RT In55.5 K 4,

of adsorption (AG,4s), and entropy (Aszds) of adsorption are summarized in Table (3).

Table 3 The adsorption parameters for both inhibitors TAC 12 and TBC 12 on steel surfaces at different

temperature
. . AS ;s
Surfactant Temp Kaas AG 44 AH 446 I mol K-
name K M* kdJmol* |  kJ mol® 1
303 592.4 -26.2 -104.6
308 241.5 -24.3 -108.9
TAC 12 313 157.7 -23.6 -57.9 -109.5
318 141.4 -23.7 -107.5
323 132.8 -23.9 -105.2
303 478.5 -25.7 -52.92
308 268.1 -24.6 -55.51
TBC 12 313 189.4 -24.1 -41.7 -56.23
318 174.5 -24.3 -54.82
323 166.4 -24.5 -53.19
2.8 -
2.7 4
%' 2.6 4
X 5] .
8 23
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Fig (3): Langmuir adsorption isotherm model, €/ vs C for AISI 1015 carbon steel with different
concentrations (5 to 50 ppm) of TAC 12 at different temperatures

The adsorption process becomes exothermic [48] when the negative enthalpy for both TAC 12 and
TBC 12 inhibitors is indicated to be -57.9 and -41.7 kJ/mol respectively, indicating mixed interactions
between the inhibitor molecules and the steel surface, including physical and chemical adsorption [49].
The adsorption process is physisorption when the value is less than -40 kJ mol™ and chemisorption when
the value is greater than -100 kJ mol™. An increase in the negative entropy values for TAC 12 and TBC
12 cationic Gemini surfactants indicates that the adsorption process is becoming more rigid, which
decreases again at higher temperatures 313-323 K, indicating a feature of the mixed adsorption
mechanism that combines physical and chemical adsorption [50-51]. This could be explained by the
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transition from a less ordered adsorption layer to a more structured one as the inhibitor concentration
increases [52].

3.4 Potentiodynamic polarization test
A potentiodynamic polarization test was used to investigate the corrosion behavior of steel specimens
in a 1 M hydrochloric acid solution, both with and without varying inhibitor concentrations which are
shown in Fig. (4) and (5). The extrapolated linear regions of the Tafel plots were used to indicate the
polarization parameters, which include corrosion potential (Ecor), corrosion current density (lcorr), anodic
Tafel slope (B,), and cathodic Tafel slope (B.) which are summarized in Table 4. Additionally, displays
the inhibition efficiencies (IE%6) and surface coverage (0), that can be computed by using Eq. (9).
IE% = 6 x 100 = [1— 2| x 100 9)

Iy

The corrosion current densities of inhibited and uninhibited solutions are denoted by I;,, and Ip,
respectively. One important criterion for determining the type of corrosion inhibitor action is the change
in corrosion potential. An anodic or cathodic inhibitor is usually indicated by a displacement larger than
85 mV, either in the positive or negative direction [53]. Both inhibitors indicated a decrease in the
corrosion reaction in both anodic and cathodic reactions with a dominant displacement toward the
cathodic side (B¢) for both tested inhibitors, TAC 12 and TBC 12, which is greater than 85 mV [54].
Accordingly, the inhibitors are classified as primarily cathodic, demonstrating their important role in
inhibiting the cathodic reaction, especially the evolution of hydrogen gas [55]. The corrosion inhibition
efficiencies in the presence of both inhibitors were increased with increasing concentration. While TBC
12 confirmed more inhibition through adsorbing more on steel surfaces especially at low concentrations
compared to TAC 12 [56].
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Fig (4): Potentiodynamic polarization curves (logI plotted against E vs.SCE) of AISI 1015 carbon
steel in 1M HCI without and with different concentrations of inhibitor (TAC 12)
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Fig (5): Potentiodynamic polarization curves (logI plotted against E vs. SCE) of AISI 1015 carbon
steel in 1M HCI without and with different concentrations of inhibitor (TBC 12)

Table 4 potentiodynamic polarization parameters for both TAC 12 and TBC 12 inhibitors in 1M HCI
solution at 303 K.

Surf. Conc. Ieorr —Ecorr Ba Bc % 0
Name ppm HA Cm~2 mV mV/dec | mV/dec on
Blank 0.0 287 389.00 145.0 381.0 -- --
5 160 423.00 120.9 144.9 44,25 | 0.443
10 72 452.00 150.0 126.3 75.09 | 0.751
TAC 12 20 54 458.00 137.4 183.5 81.18 | 0.812
30 58 451.00 138.8 117.2 79.69 | 0.797
40 50 438.00 117.2 125.6 82.68 | 0.827
50 42 428.00 97.00 148.0 85.37 | 0.854
5 53 410.00 100.2 122.2 81.39 | 0.814
10 53 384.00 89.20 338.8 81.53 | 0.815
TBC 12 20 50 416.00 1195 130.3 82.58 | 0.826
30 48 426.00 141.4 123.1 83.28 | 0.833
40 47 407.00 78.30 145.0 83.62 | 0.836
50 40 401.00 74.10 157.9 86.06 | 0.861

3.5 Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectroscopy analysis was performed to assess the corrosion
inhibition efficiency of TAC 12 and TBC 12 cationic Gemini surfactants on AISI 1015 carbon steel in a
1 M hydrochloric acid solution. A modified constant phase element equivalent circuit was used to model
the impedance response, incorporating electrolyte resistance (R;), pores constant phase element (CPE;),
constant phase element (CPEy), interface resistance (Rp), and charge transfer resistance(R.), as
illustrated in Fig. (6) [57]. The results, summarized in Table 5, reveal key trends in the performance of
both inhibitors.
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Rs CPEdI

Rect CPEf
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Figure 6: The modified equivalent circuit used in fitting the corrosion inhibition mechanism of both
inhibitors on an AISI 1015 carbon steel surface.

The presence of inhibitors led to a significant increase in charge transfer resistance compared to the
uninhibited solution, confirming enhanced resistance to electron transfer at the steel-electrolyte interface
[58]. Additionally, the capacitive loop diameter increased with higher inhibitor concentrations, as shown
in Fig. (7), indicating the formation of a protective inhibitor layer on the steel surface [59]. The decrease
in double-layer capacitance with increasing inhibitor concentration further supports this observation, as it
suggests a reduction in the active surface area exposed to the corrosive medium, reinforcing the
adsorption effectiveness of the inhibitors [60].

The degree of surface heterogeneity varied with inhibitor adsorption, with TBC 12 forming a more
uniform protective layer compared to TAC 12 [61]. The analysis of pore resistance (Rp,) revealed that
TAC 12 resulted in higher values, indicating the formation of pores in the inhibitor layer over time due to
water and chloride ion penetration [62]. These conductive pores, filled with the aggressive electrolyte, led
to an increase in pores resistance [63]. The pore resistance of TAC 12 decreased with increasing
concentrations of inhibitor due to providing greater surface coverage. In contrast, TBC 12 formed a
denser and more dielectric protective layer, as evidenced by its negligible pore resistance values,
suggesting no electrolyte penetration [64].

0

IE% = 0x100 = [1—2«|x 100 (10)
R

ct

The inhibition efficiency (IE%) and surface coverage (0) values, calculated from the impedance data
using the relevant equation Eq. (10), confirmed the effectiveness of both inhibitors in mitigating
corrosion. The Bode plots, presented in Fig. (8), demonstrate that impedance decreases with increasing
frequency across all tested concentrations, consistent with the behavior of well-adsorbed protective layers
[65]. Overall, the findings indicate that TBC 12 provides superior corrosion protection due to its more
compact and homogeneous inhibitor film, whereas TAC 12, despite offering significant inhibition,
exhibits increased porosity over time.
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Fig (7): EIS Nyquist of AISI 1015 carbon steel in 1M HCI without and with different
concentrations of inhibitor (TAC 12)
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Fig(8): EIS Bode of AISI 1015 carbon steel in 1M HCl without and with different concentrations of
inhibitor (TAC 12)

Table 5 EIS parameter values of AISI 1015 carbon steel corrosion in 1M HCI without and with different
concentrations of all Gemini cationic surfactants at 303 K

0.1

conc. | R, Ry, | CPE C. Rpy
n n, |[IE%| ©
(ppm) | Q.em® | Q em?® | UF cm 2 HFem? | Q.cm?
Blank 0 1.73 83 8071 0.130 | 10700 -- 0.120 -- --

5 1.80 197 4980 | 0.123 | 111.0 | 6.85E-04 | 0.750 | 58.33 | 0.853

10 1.77 335 1246 | 0.112 | 111.0 | 6.85E-06 | 0.740 | 75.52 | 0.755

20 1.50 448 223 0.098 | 104.0 | 1.16E-07 | 0.780 | 81.68 | 0.817

TAC 12
30 1.50 464 545 0.083 | 90.00 | 1.60E-06 | 0.820 | 82.32 | 0.823
40 1.88 500 248 0.104 | 47.00 | 2.60E-08 | 0.790 | 83.60 | 0.836
50 2.04 639 456 0.101 | 8.000 | 1.10E-09 | 0.840 | 87.17 | 0.872
5 162 | 286.60 | 173.0 | 0.786 | 3.000 0 0.000 | 71.39 | 0.71
10 1.70 | 407.00 | 183.0 | 0.791 | 2.500 0 0.020 | 79.85 | 0.80
20 2.07 |504.00 | 180.0 | 0.784 | 2.500 0.030 | 83.73 | 0.84

TBC 12

30 1.70 | 522.00 | 173.0 | 0.782 | 2.500 0.050 | 84.29 | 0.84

40 1.60 | 530.00 | 137.0 | 0.819 | 3.200 0.060 | 84.53 | 0.85

o] ol o o

50 1.60 | 755.00 | 142.0 | 0.806 | 2.700 0.080 | 89.14 | 0.89

3.6 Computations for Quantum Chemistry

Quantum simulations using Gaussian 9.0 examined the effect of molecular structure on inhibition
efficiency through complete geometry optimization with the B3LYP functional and 6-31G (d,p) basis set.
Key gquantum chemical parameters were derived from HOMO and LUMO energies. These calculations
provided insights into the electronic properties influencing inhibitor performance as shown in Eq. (11-
16).

Ionization potential (I) = —Enomo (11)

Electron affinity (A) = —E_ymo (12)
I+ A

Electronegativity (y) = — (13)
I—-A

Global hardness () = 5 (14)
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1
Softness (o) = T—] (15)

(Xre — ”Inh)

Electron transfer fraction (AN) =
2(77Fe + nlnh)

(16)

A quantum chemical analysis was conducted to examine the electronic properties and molecular
structures of TAC 12 and TBC 12, with a focus on their role in corrosion inhibition and correlation with
experimental findings from gravimetric and electrochemical studies [66]. The analysis of frontier
molecular orbitals revealed that both inhibitors exhibit high electron-donating potential, as indicated by
their elevated highest occupied molecular orbital (HOMO) energy levels, while their low lowest
unoccupied molecular orbital (LUMO) energies suggest a strong ability to accept electrons.

Comparative evaluation of the two inhibitors demonstrated that TBC 12 possesses a higher HOMO
energy (-2.7067 eV) and lower LUMO energy (-1.6885 eV) than TAC 12 (-2.1655 eV and -1.1247 eV,
respectively), which can be attributed to the presence of additional aromatic rings while maintaining the
same heteroatoms, such as sulfur and nitrogen [67]. This structural difference enhances the adsorption
efficiency of TBC 12 on the metal surface, as illustrated in Table 6. The lower energy gap observed for
TBC 12 (1.0183 eV) compared to TAC 12 (1.0408 eV) further supports its superior reactivity and
adsorption capability [68]. The electronic softness and hardness values reinforce this trend, with the TBC
12 inhibitor displaying higher softness (1.9642) and lower hardness (0.5091) compared to TAC 12
(1.9215) and (0.5204) respectively, indicating a more favorable interaction with the metal surface and
improved inhibition performance [69].

The fraction of electron transfer (AN), which measures the electron-donating capacity of the inhibitors,
was found to be higher for TAC 12 (5.1449) than TBC 12 (4.7163), demonstrating its enhanced ability to
transfer electrons to the metal [70]. While TBC 12 may offer better surface coverage due to bigger
molecular size, planarity, or hydrophobic interactions, leading to more surface coverage and improved
inhibition [71]. TBC 12 has a higher electronegativity (2.1976), and it has a stronger tendency to attract
electrons, which may contribute to its better adsorption efficiency and corrosion inhibition performance
compared to TAC 12 (1.6451) [72].

These quantum chemical findings validate the experimental results, confirming that TBC 12 exhibits
superior adsorption and corrosion inhibition efficiency compared to TAC 12. The theoretical predictions
align with the observed electrochemical and gravimetric data, as summarized in Table 6, reinforcing the
role of molecular structure in determining inhibition effectiveness.

Table 6 Calculated parameters for the TAC 12 and TBC 12 series inhibitors obtained using the DFT
method at the B3LYP/6-31G(d,p) basis set.

Name TAC 12 TBC 12
% ’
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3.7 Synergism of corrosion inhibition under the influence of salts
3.7.1 Potentiodynamic polarization tests

The synergistic effect of Gemini cationic surfactants in conjunction with inorganic salts (CoCls,
MnCl,, and CuClz) on steel corrosion inhibition was analyzed through polarization measurements Fig. (9-
11). The polarization parameters, including corrosion potential (E.r), current density (lrr), and anodic
and cathodic Tafel slopes (B, Bc), are presented in Table 7. The addition of salts resulted in a notable
shift in both anodic and cathodic curves towards lower current density, following the trend CuCl. >
MnCl. > CoCl., which indicates an enhancement in inhibition efficiency [73]. This improvement can be
attributed to synergistic adsorption, wherein chloride anions from the salts initially chemisorb onto the
steel surface [74], forming an active layer that facilitates the subsequent adsorption of inhibitor molecules
[75]. The cationic surfactant components are then adsorbed through electrostatic interactions, leading to
the formation of a protective film that significantly increases surface coverage and corrosion resistance
[76]. The moderate shift in (E.orr) Suggests that the inhibitors function as mixed-type corrosion inhibitors,
reducing both anodic metal dissolution and cathodic hydrogen evolution [77]. The effectiveness of the
inhibitors follows the order CuCl. > MnCl. > CoClz, which can be explained by the physicochemical
properties of the metal ions. Cu?* ions, possessing a higher charge density and smaller ionic radius [78],
exhibit stronger interactions with the inhibitor molecules, resulting in the formation of a more compact
and stable protective layer compared to Mn?* and Co?" [79]. Additional factors, including salt solubility,
modifications in the electrical double layer, and coordination chemistry, further contribute to this trend,
with CuCl. demonstrating the most substantial corrosion protection [80].
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Fig(9): Potentiodynamic polarization curves (logI plotted against E vs. SCE) of AISI 1015 carbon
steel in 1M HCI for TAC 12 surfactant at 50 ppm with the addition of different concentrations of
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Fig(10): Potentiodynamic polarization curves (logI plotted against E vs. SCE) of AISI 1015 carbon
steel in 1M HCI for TAC 12 surfactant at 50 ppm with the addition of different concentrations of
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Fig(11): Potentiodynamic polarization curves (log plotted against E vs.SCE) of AlSI 1015 carbon
steel in 1M HCI for TAC 12 surfactant at 50 ppm with the addition of different concentrations of
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Table 7 Data from PDP test for corrosion of AISI 1015 carbon steel in 1M HCI at 50 ppm of both
cationic Gemini surfactants in the presence of different salt concentrations at 303K

Surf. Salt conc. I —E
Name | Saltname ppm HAE);_Z mc\(;rr mVlj‘zlec m\/@cdec von 0

TAC 12 | Nosalt 0 42.00 428 97.0 148.0 | 85.37 | 0.854
CoCl, 10 28.29 425 73.3 151.9 | 90.14 | 0.901

30 26.10 446 73.8 156.9 | 90.91 | 0.909

50 23.74 426 79.5 133.3 | 91.73 | 0.917

70 20.97 393 73.9 133.9 | 92.69 | 0.927

90 20.79 455 74.9 158.3 | 92.76 | 0.928

CuCl, 10 16.96 426 73.9 130.0 | 94.09 | 0.941

30 14.58 401 66.5 120.0 | 94.92 | 0.949

50 16.20 408 81.8 129.3 94.36 | 0.944

70 10.77 385 62.8 110.0 96.25 | 0.962

90 8.88 427 590.1 110.0 96.91 | 0.969

MnCl, 10 18.30 433 70.0 144.7 | 93.62 | 0.936

30 14.87 386 70.0 156.9 | 94.82 | 0.948

50 16.98 425 89.2 117.3 94.08 | 0.941

70 15.00 435 70.0 164.3 94.77 | 0.948

90 13.94 419 70.0 171.8 95.14 | 0.951

TBC 12 | Nosalt 0 40.00 401 74.1 157.9 | 86.06 | 0.861
CoCl, 10 25.43 446 88.7 101.7 91.14 | 0.911

30 24.04 463 82.0 111.7 91.62 | 0.916

50 22.52 412 67.0 153.3 92.15 | 0.922

70 21.69 430 87.8 113.0 92.44 | 0.924

90 20.19 449 87.5 119.6 92.97 | 0.930

CucCl, 10 16.75 431 60.00 290.0 94.16 | 0.942

30 12.35 388 60.00 113.0 95.70 | 0.957

50 21.59 387 108.6 223.0 92.48 | 0.925

70 9.17 365 50.00 107.2 | 96.80 | 0.968

90 8.25 344 50.00 100.9 | 97.13|0.971

MnCl, 10 17.65 429 61.90 138.3 | 93.85 | 0.939

30 16.05 387 55.70 124.5 94.41 | 0.944

50 15.44 412 52.60 117.6 94.62 | 0.946

70 14.53 367 49.50 110.0 94,94 | 0.949

90 11.87 344 46.40 103.7 95.86 | 0.959

3.7.2 Electrochemical impedance spectroscopy test

The synergistic inhibition of steel corrosion in 1 M HCI was investigated in the presence of CoCl,
MnClz, and CuCls, revealing a significant enhancement in inhibition efficiency when combined with TAC
12 and TBC 12 cationic Gemini surfactants. Electrochemical impedance spectroscopy (EIS) data were
analyzed using various equivalent circuits, with Randall’s circuit providing the best fit, as illustrated in
Fig. (12) [81].

Nyquist plots Fig. (13-15) demonstrated an increase in semicircle diameter with rising salt
concentrations, indicating improved corrosion resistance [82]. Among the salts studied, CuCl. exhibited
the largest semicircle diameter, signifying the highest inhibition efficiency, followed by MnCl. and
CoCl.. This trend was further corroborated by an increase in polarization resistance (Rp) and a concurrent
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decrease in constant phase element (CPE) values, confirming the formation of a stable and protective
inhibitor layer, particularly in the presence of CuCl. [83]. The Bode curves shown in Fig. (16-18)
reinforced these observations, with CuCl: displaying the most pronounced enhancement in impedance
magnitude and phase angle, indicative of superior corrosion resistance [84].

The increase in impedance magnitude with higher salt concentrations reflects improved surface
protection, with CuCl. forming the most stable and adherent inhibitor layer compared to MnCl. and
CoCl.. These findings, summarized in Table 8, underscore the superior corrosion inhibition efficiency of
CuCl: due to its ability to facilitate stronger interactions with inhibitor molecules, leading to the formation
of a more compact and protective surface film [85].
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Fig(14): EIs Nyquist of AlSI 1015 carbon steel in 1M HCI with the highest concentration of inhibitor
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1600 -

—=— 50 ppm TAC 12

—e— 50 ppm TAC 12 + 10 ppm MnCl,,

—— 50 ppm TAC 12 + 30 ppm MnCl,|

—+— 50 ppm TAC 12 + 50 ppm MnCl,|
50 ppm TAC 12 + 70 ppm MnCl,|
50 ppm TAC 12 + 90 ppm MnCl,

1400

= =
o IN]
=] =]
S S
1 1

8004

400 4

200 4 //‘\\

0 T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600

Zy1ng» (Ohm.cm?)
(=23
8

Zreal ’ (ohm.cm‘z)

Fig(15): EIs Nyquist of AlSI 1015 carbon steel in 1M HCI with the highest concentration of inhibitor
(TAC 12) in the presence of different concentrations of MnCl, salt

215



El-Maksoud, et al

AJBAS Volume 6, Issue Il, 2025

12004

1000 4

800

Zmode: (Oh m -CmAz)
2
S

—=— 50 ppm TAC 12

—=— 50 ppm TAC 12 + 10 ppm CoCl,|
—— 50 ppm TAC 12 + 30 ppm CoCl,
—— 50 ppm TAC 12 + 50 ppm CoCl,
50 ppm TAC 12 + 70 ppm CoCl,
50 ppm TAC 12 + 90 ppm CoCl,|

T T + T T
100 1000 10000 100000
Log Freq. , (Hz)

Fig(16): EIS Bode of AISI 1015 carbon steel in 1M HCI at 50 ppm of inhibitor (TAC 12) with the
addition of different concentrations of CoCl, salt

2000 4

1500 4

(ohm.cm™)

~ 1000 4

Zmode

500

—=— 50 ppm TAC 12

—e— 50 ppm TAC 12 + 10 ppm CuCl,|

—— 50 ppm TAC 12 + 30 ppm CuCl,)

—v— 50 ppm TAC 12 + 50 ppm CuCl,
50 ppm TAC 12 + 70 ppm CuCl,|
50 ppm TAC 12 + 90 ppm CuCl,|

1 10

100
Log Freq. , (Hz)

1000 10000 100000

Fig(17): EIs Bode of AISI 1015 carbon steel in 1M HCI at 50 ppm of inhibitor (TAC 12) with the
addition of different concentrations of CuCl, salt

1600

1400

1200

Zpge  (0NM.CM?)

4004

200

0

T T
0.1 1 10

1000

800

600

[~+—S50ppm TAC 12

|—+— 50 ppm TAC 12 + 10 ppm MnCl,

|—+— 50 ppm TAC 12 + 30 ppm MnCI,

|50 ppm TAC 12 + 50 ppm MnCl|
50 ppm TAC 12+ 70 ppm MnCl,
50 ppm TAC 12 + 90 ppm MnCl,

T - T . T - : T
100 1000 10000 100000
Log Freq. , (Hz)

Fig (18): EIs Bode of AISI 1015 carbon steel in 1M HCI at 50 ppm of inhibitor (TAC 12) with the
addition of different concentrations of MnCl, salt

216



AJBAS Volume 6, Issue I, 2025 El-Maksoud, et al

Table 8 Data from PP test for corrosion of AISI 1015 carbon steel in 1M HCI at 50 ppm of different
Gemini cationic surfactants in the presence of different concentrations of CoCl, salt at 303K

Surf. name Salt name Saltconc. | Rp CPE IE % 0
ppm Q.cm? UF cm 2
TAC 12 No salt 0 639 0.0000456 87.17 0.872
CoCl, 10 759 0.0000241 90.45 0.905
30 835 0.0000232 90.84 0.908
50 911 0.0000223 91.00 0.910
70 986 0.0000142 91.96 0.920
90 1062 0.0000020 93.50 0.935
CuCl, 10 1206 0.0000045 93.20 0.932
30 1274 0.0000040 93.56 0.936
50 1343 0.0000031 94.32 0.943
70 1612 0.0000028 95.21 0.952
90 1880 0.0000027 95.86 0.959
MnCl, 10 1137 0.0000029 92.79 0.928
30 1194 0.0000023 93.66 0.937
50 1251 0.0000020 93.93 0.939
70 1376 0.0000019 94.04 0.940
90 1438 0.0000018 94.30 0.943
TBC 12 No salt 0 755 0.0000030 89.14 0.891
CoCl, 10 809 0.0000098 91.47 0.915
30 854 0.0000074 91.92 0.919
50 899 0.0000056 92.32 0.923
70 989 0.0000031 93.02 0.930
90 1087 0.0000024 93.65 0.937
CuCl, 10 1289 0.0000064 94.65 0.947
30 1378 0.0000041 94.99 0.950
50 1469 0.0000029 95.30 0.953
70 1614 0.0000023 95.72 0.957
90 1760 0.0000021 96.08 0.961
MnCl, 10 886 0.0000096 92.21 0.922
30 978 0.0000067 92.94 0.929
50 1070 0.0000030 93.55 0.936
70 1177 0.0000026 94.14 0.941
90 1287 0.0000021 94.64 0.946

3.8 Mechanism of inhibition

The inhibition mechanism of Gemini cationic surfactants is governed by the formation of a protective
film on the steel surface, following the Langmuir adsorption isotherm. Adsorption occurs through a
mixed physisorption and chemisorption process, where electrostatic interactions between the positively
charged quaternary ammonium groups and the negatively charged steel surface facilitate physical
adsorption, aided by the presence of bromide (Br") and chloride (CI") ions. Concurrently, chemical
adsorption occurs via covalent bonding and donor-acceptor interactions involving heteroatoms and
aromatic rings, leading to the stabilization of the protective layer and a reduction in the hydrogen
evolution reaction at cathodic sites. The TAC 12 inhibitor forms a protective film that, over time,
transfers porosity, allowing corrosive chloride ions to penetrate and compromise its integrity, resulting in
a conductive and less effective barrier. In contrast, TBC 12 inhibitor establishes a denser, non-porous,
and insulating layer, offering superior corrosion resistance. Experimental and theoretical analyses
confirmed that TBC 18 exhibits higher surface coverage and inhibition efficiency than TBC 6,
demonstrating the impact of molecular structure on performance. The addition of CoCl., MnCl., and
CuCl. alters the inhibition mechanism from predominantly cathodic to a mixed-type inhibition. The
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cooperative adsorption of chloride ions from these salts generates a negatively charged layer on the steel
surface, enhancing the attraction of cationic surfactant molecules. Simultaneously, metal cations (Mn*",
Co?", Cu*") interact with both the surfactant and the steel surface, reinforcing the protective film and
improving its ability to inhibit both hydrogen evolution and iron dissolution. This synergistic effect
significantly enhances corrosion resistance, particularly in the presence of Cu?** ions, which form a more
stable and compact inhibitor layer.

4. CONCLUSION

This study demonstrates the efficacy of cationic Gemini surfactants with distinct structural head
groups-thiazole (TAC 12) and benzo[d]thiazole (TBC 12)—as corrosion inhibitors for steel in 1M HCI
solution. Experimental and theoretical analyses confirm the formation of a protective adsorption film that
follows the Langmuir adsorption isotherm. Gravimetric weight loss measurements indicate high
inhibition efficiencies, reaching 85% for TBC 12 and 80% for TAC 12. However, inhibition efficiency
declines with increasing temperature, correlating with reduced surface coverage. Activation and
adsorption parameters confirm a mixed adsorption mechanism, influencing both iron dissolution and
hydrogen evolution reactions, with a predominant cathodic control. Distinct inhibition behaviors were
observed: TAC 12 formed a porous, conductive film, allowing penetration of the corrosive medium,
whereas TBC 12 created a dense, non-porous insulating layer, offering superior corrosion protection. The
incorporation of inorganic salts (CoClz, MnCl., CuCl2) enhanced inhibition efficiency by stabilizing the
protective film and shifting the inhibitors' behavior towards a mixed-type inhibition mechanism.
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