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Abstract
 Schiff base was synthesized and characterized, namely: 4-(1-(4-(dimethylamino)benzyl)-5-methyl-1H-benzo[d]imi-
dazol-2-yl)-N,N-dimethylaniline (L). The molecular chemical structure of L was determined using 1H NMR, FT-IR, 
UV-Vis spectroscopy, and elemental analysis. The performance and inhibition mechanism of compound L against the 
corrosion of carbon steel in 1 M HCl and 0.5 M H2SO4 were studied by the weight loss method and by electrochemical 
techniques (Tafel polarization and electrochemical impedance spectroscopy (EIS)). Outcome data obtained from these 
methods displayed that with increasing the concentration of compound L, its inhibition efficacy (η %) increases and 
reached 82.85% at 1 × 10–2 M, 25 °C using weight loss method. On the other hand, % η declined to 75.25% at the same 
concentration and at 55 °C. The polarization curves indicate that this compound behaves as mixed-type inhibitor. The 
adsorption of this compound was found to obey the Langmuir adsorption isotherm. The morphological appearance of 
the carbon steel surface of compound L using scanning electron microscopy (SEM) photos and atomic force microsco-
py (AFM) confirmed that compound L was adsorbed on carbon steel forming a film. The kinetic and thermodynamic 
parameters were calculated and discussed. Furthermore, the quantum chemical parameters were determined using the 
Density Functional Theory (DFT) method. This study confirms that there is agreement between experimental and the-
oretical results.

Keywords: Carbon steel; Corrosion inhibition; Density Functional Theory; Hydrochloric acid; Schiff base; Sulphuric 
acid.

1. Introduction
Carbon steel is a highly versatile material with nu-

merous applications. Its excellent mechanical properties, 
low cost, and versatility make it an excellent choice for a 
variety of applications in chemical processing, building 
construction, fossil fuel processing, metal processing 
equipment, marine applications, nuclear fuel power plants, 
mining, pipelines, and petroleum refining production, 
among many other areas.1 However, particularly in an 
acidic environment, its corrosion resistance is rather low.

Nonetheless, acidic environments are often used in a 
variety of industrial processes, including pickling, deposi-
tion, cleaning, and acidification of oil wells, all of which 
can severely corrode metallic surfaces.2,3 Cleaning agents 
like sulfuric and hydrochloric acids are employed in a 
range of cleaning and rust removal procedures on the met-
al surface after operations are finished, exposing industrial 
equipment to corrosion. To prevent the metal from cor-
roding in this situation, the corrosion protection model 
must be used.4,5 Schiff bases have been the subject of nu-
merous studies due to their interests in the industry.
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Compounds containing a group >C=N- are known 
as imines or azomethines, but in general, they are known 
as "Schiff ' bases" in honor of Schiff, who synthesized these 
types of compounds.6 The advantages of these Schiff bases 
are mainly due to : i) their easy preparation process (they 
can be obtained in a single step) and were obtained in 
good yields, ii) their great thermal and photonic stability, 
as well as their incredible power of coordination in solu-
tion or the solid state, concerning the various acidic enti-
ties, both organic and metallic.7 Due to these advantages, 
these compounds are applied in different fields of chemis-
try, namely, catalysis, liquid-liquid extraction, and corro-
sion, where they are used as inhibitors.8–11 Corrosion in-
hibitors are an effective method for preventing metal 
corrosion. They have the originality of being the only 
means of preventing from the corrosive environment, 
which makes them easy to implement and an inexpensive 
method of corrosion control. Inhibitors have a very im-
portant role in the control of steel corrosion under acidic 
conditions.12,13 Acidic conditions necessitate inhibitors 
having a polar group for attaching the molecule to the 
metal surface. Molecule size, orientation, and shape are 
critical parameters in corrosion inhibition.14-16 Organic 
compounds are the most commonly employed inhibitors 
in acidic settings. The inhibitors initially adsorb onto the 
metal surface before impeding the corrosion reactions to 
reduce them.17,18 According to the literature, in recent 
years, benzimidazole and its non-toxic derivatives are 
highly regarded in chemistry due to their impressive 
chelating abilities. Thus, they allow an effective inhibition 
of corrosion due to their powerful adsorption on the metal 
surface.19,20

The adsorption can take place using physisorption 
and chemisorption. This chemisorption adsorption type 
can happen when the inhibitor has free electron pairs and 
π electrons in the molecular structure.21 The adsorption 
process, inhibitory efficiency, and inhibiting mechanism 
are influenced by the inhibitor's electrical and structural 
properties, surface type, temperature, reaction pressure, 
flow rate and the composition of the aggressive environ-
ment.22,23

Heterocyclic organic compounds have been found to 
be effective in inhibiting steel corrosion in acidic environ-
ments, such as 2-(2-pyridyl) benzimidazole (2PB),24 
1-(4-methoxybenzyl)-2-(4-methoxyphenyl)-1H-benzimi-
dazole,25 2-nonyl-1H-benzo [d] imidazole (NB), and 
2-benzyl-1-hexyl-1H-benzo [d] imidazole (HB),26 ionic 
benzimidazolium,27 N,N’-bis(3-aminopropyl)piperazine 
(I1),N,N’-bis(3-(2-thenylidenimino)propyl) piperazine 
(I2), and its reduced form, N,N’-bis(3-(2-thenylamino) 
propyl) piperazine (I3), in inhibiting the electrochemical 
behavior of P460N in a 3.5 wt. % NaCl solution,28 three 
morpholine-based compounds,N1-(2-morpholinoethyl)-
N1-([pyridine-2-yl]methyl)propane-1,3-diamine (H1), 
2-((3-(2-morpholinoethylamino)-N3-((pyridine-2-yl)
methyl) propylimino)methyl)pyridine (H2), and N1-(2-

morpholinoethyl)-N1,N3-bis(pyridine-2-yl methyl) pro-
pane-1,3-diamine (H3) were used as inhibitors for carbon 
steel corrosion in 0.5 M H2SO4 media,29 and N1-(2-mor-
pholinoethyl)-N1-((pyridine-2-yl)methyl)propane-1,3- 
diamine has been studied as a corrosion inhibitor for the 
protection of steel in acidic solution.30 They are prevented 
by attaching to the metal surface through adsorption, fa-
cilitated by O, N-H, double bonds, conjugates, or aromatic 
rings in their chemical composition.

Similar studies have been carried out by several re-
searchers who have reported the synthesis, identification, 
and the study of the anticorrosive effect of these ligands on 
steel in HCl medium. 2-(2-(4-chlorophenyl)-1H-benzo 
[d] imidazol-1-yl)-N-(p-tolyl)acetamide(CBIN-1),2-((2-
(4-chlorophenyl)-1H)benzo[d]imidazol-1-yl)-N-(3,5-di-
methylphenyl)acetamide (CBIN-2) and 2-(2-(4-chloro-
phenyl)-1H-benzo [d] imidazol-1-yl)-N-phenyl acetamide 
(CBIN-3),31 2-(1-(morpholinomethyl)-1Hbenzo[d]imi-
dazol-2-yl) phenol (MBP), 2-(1-((piperazine-1-yl) 
methyl)-1H-benzo [d] imidazol-2-yl) phenol (PzMBP) 
and 2-(1-((piperidin-1-yl) methyl)-1H-benzo [d] imida-
zol-2-yl) phenol (PMBP)32 and (2(-4 (chloro phe-
nyl-1H-benzo [d] imidazol)-1-yl) phenyl) methanone 
(CBIPM).33 The polarization curves demonstrate the ben-
zimidazole derivatives exhibit mixed-type behavior and 
adhere to the Langmuir isotherm, on the steel surface by 
chemisorption and physisorption. The UV-visible electron 
absorption spectra after immersion time in aggressive en-
vironments confirm the formation of the complex of the 
compounds studied with Fe ions on the surface of the steel.

Quantum chemistry study confirmed the experi-
mental results and showed that the studied inhibitors 
strongly tend to adsorption on the surface. On the other 
hand, Pournazari et al34 studied the synthesis of a new in-
hibitor using a combination of benzene-1,2-diamine and 
benzaldehyde with FeCl3 and use it as corrosion inhibitor 
for mild steel in a H2SO4 solution by electrochemical, 
chemical, quantum chemistry investigations, and optical 
microscopy at various temperatures. The efficiency reached 
to 97%, according to the electrochemical results. Optical 
microscopy shows reduced corrosion when using inhibi-
tors. The quantum chemical analysis demonstrates that the 
benzene ring and the N atoms can be suitable sites for the 
adsorption on the metal surface.

Schiff bases have N atoms as their basic elements. 
Schiff base derivatives containing donor atom can act as 
good chelating agents for the transition of metal ions. Re-
search shows that, Schiff bases and their metal complexes 
have been widely studied due to their import antiparasitic, 
fungicidal-bactericidal, and anticancer properties. Schiff 
bases are widely employed as catalysts, dyes, polymer sta-
bilizers, pigments and corrosion inhibitors. The π or tri-
dentate Schiff base ligands with transition metals form 
very stable complexes having medicinal applications.

Due to these advantages and the importance of Schiff 
bases, we propose to use the synthesized 4-(1-(4-(dimeth-
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ylamino) benzyl)-5-methyl-1H-benzo[d]imidazol-2-yl)- 
N,N-dimethylaniline (L) as a corrosion inhibitor for car-
bon steel in HCl and H2SO4 solutions and to study its 
inhibitory power using weight loss, Tafel polarization and 
EIS techniques. A correlation between the molecular 
structure of this compound and the inhibitory activity was 
carried out using DFT and Molecular Dynamics Simula-
tion (SDM) methods.

2. Experimental
2. 1. Synthesis of Compound L

4-(1-(4-(dimethylamino)benzyl)-5-methyl-1H-ben-
zo[d]imidazol-2-yl)-N,N-dimethylaniline (L) was synthe-
sized by a chemical condensation reaction as described in 
the literature.35,36 In a 100 ml flask, we dissolved (1 mmol, 
0.122 g) of an aromatic diamine (3,4-diaminotoluene) in 
20 ml of absolute methanol while hot and stirred for 10 
min. After complete solubility, one adds dropwise (2 
mmol, 0.298 g) of aldehyde (4-dimethylaminobenzalde-
hyde) diluted in 20 ml of methanol (Scheme 1). The mix-
ture is brought to reflux and stirring for 6 hours while 
maintaining the temperature of the solution at 60 °C. The 
products obtained in the form of a solid precipitate of yel-
low color are recovered by filtration under vacuum; the 
material was dried under a vacuum after being washed 
twice with hot methanol. The products are recovered with 
a yield of 60% and a melting point (mp) = 241 °C. Anal. 
Calc. for C25H28N4: C, 78.12; H, 7.29; N, 14.59%. Found: C, 
78.60; H, 7.07; N, 15.34%. IR (ν cm–1): 1624 (C=N), 1550 
(C=C), 1460 (C=C), 3036 (C-H); UV-Vis (Ethanol, λmax 
nm): λmax (269), λmax (316); 1H RMN (500 MHz, CDCl3, 
δppm): 7.80 (d, J = 8.14 Hz, 1H), 7.64 (d, J = 8.67 Hz, 2H), 
7.13-7.04 (m, 4H), 6.77-6.17 (m, 4H), 5.43 (s, 2H, CH2), 
3.03 (s, 6H, CH3), 2. 97 (s, 6H, CH3), 2.45 (s, 3H, CH3).

2. 2. Spectroscopic Analysis
A Kofler Bank 7779 was used to determine the melt-

ing point of the ligand. Elemental analyses (C, H, S, N) 
were performed on a Perkin Elmer "2400 Elemental Ana-

lyzer". The IR spectra were collected with an FT/IR-JASCO 
4200 instrument in the range of 500-4000 cm–1. Electronic 
spectra were recorded on a UV spectrum in ethanol using 
a "U-650 JASCO spectrophotometer" with quartz cells. 1H 
NMR measurements were taken at room temperature us-
ing a BRUKER Avance DPX250 Spectrometer (frequency 
is 250 mHz).

2. 3. Metal Samples
Carbon steel samples are composed of the following 

components: C 0.52-0.50%, Mn 0.5–0.80%, Si 0.40%, P 
0.035%, S ≤ 0.035% and Fe being the balance. The carbon 
steel surface was sanded with abrasive papers before each 
measurement, with different grade sizes (500-800-1200-
2000, and 2500 grade). The samples were washed many 
times with distilled water, treated with acetone to elimi-
nate oil residue, dried with Josef 's paper, and subsequently 
immersed in an experimental solution.

2. 4. Working Solutions
The Schiff base solutions (L) were prepared in ag-

gressive electrolyte solutions of 0.5 M sulphuric acid 
(H2SO4 98%) and 1 M hydrochloric acid (HCl 37%). 
Freshly prepared medium was used for each experiment 
without stirring. A concentration range of 10–2 M to 10–6 
M Schiff base (L) was used.

2. 5. Gravimetric Measurement
To investigate the effect of different concentrations, 

on the inhibitory potency of the test produit, carbon steel 
samples of 9.106 cm2 are submerged in acid, both with 
and without adding inhibitor (L). The inhibitory effective-
ness is assessed following a 6 hours immersion period at 

25 °C. The gravimetric tests were performed in a 50 mL 
beaker. The volume of the electrolyte is 30 mL. They are 
immersed in the solution in an upright position. The ex-
periments were set up in 6 different environments, one 

Scheme 1. Synthesis of 4-(1-(4-(dimethylamino) benzyl)-5-methyl-1H-benzo[d]imidazol-2-yl)-N, N-dimethylaniline (L).
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was a control experiment and the other five experiments 
in which different concentrations of inhibitor L (10–6,  
10–5, 10–4, 10–3, 10–2 M) in H2SO4 and HCl. Before any 
measurement, the surface condition of the sample in-
cludes abrading with the abrasive paper, washing with bi-
distilled water, degreasing with acetone, and drying under 
a flow of air. The sample is weighed on a ±0.0001 g preci-
sion balance and immediately added to the electrolyte. 
After soaking for 6 hours, the materials are extracted, 
rinsed with bidistilled water and acetone, dried, and 
weighed again.

2. 6. Electrochemical Measurements
Electrochemical tests were performed in an aerated 

environment without agitation using a VoltaMaster 4 soft-
ware-controlled Voltalab 40. The setup included a cylin-
drical three-electrode cell with a volume of 200 mL and a 
double Pyrex glass top. 

The reference electrode is a saturated calomel elec-
trode (SCE), the counter electrode is a graphite rod, and 
the working electrode is a steel disc with a 0.19 cm2 active 
surface area.

The polarization Tafel curves are plotted in a poten-
tial domain of (–700 to –300 mV/SCE) at a scanning speed 
of 0.5 mV/s at 25 °C. This low speed allowed us to carry 
out tests in quasi-stationary conditions. Before plotting 
the polarization curves, the electrode is held at its dropout 
potential for 30 min to attain steady state. The Tafel polar-
ization technique studied the effect of temperature (25, 35, 
45, and 55 °C) on the corrosion rate without and with var-
ying levels of concentrations of L in HCl and H2SO4 medi-
um. EIS measurements are conducted after 30 minutes of 
immersion in the acidic media. The sinusoidal voltage's 
amplitude is applied within the frequency range of 100 
kHz to 10 mHz, with 10 points each decade.

2. 7. �Scanning Electron Microscope 
Measurements
After about 6 hours of immersion in the two acid 

solutions without and with the optimum L concentration 
at room temperature, the surface morphology of the sam-
ples was analyzed with a miniature scanning electron mi-
croscope SEM (JEOL Neoscope JCM-5000).

2. 8. Quantum Chemical Data
Quantum chemical calculations of the compound 

studied (L) were analyzed to determine the correlation be-
tween the parameters derived from the compound's struc-
ture and the experimental corrosion inhibition results.37 
The DFT (B3LYP) was utilized using the 6-31G (d, p) basis 
set for the calculation, and the 09W Gaussian program.38,39 
The inhibitor L was geometrically optimized in both gas 
and aqueous phases.

The many molecular quantum characteristics, such 
as dipole moment (μ), absolute electronegativity (χ), abso-
lute hardness (η), softness (σ), electron affinity (A), ioniza-
tion potential (I), and energy gap (ΔEgap), are defined by 
the following equations:40–42

� (1)

� (2)

The following equations are used to determine the 
overall hardness η and the chemical softness σ:

� (3)

� (4)

The global electrophilic index ω was introduced and 
is given by the following relation43.

� (5)

where χ is the electronic chemical potential, such that:

� (6)

This index evaluates the tendency of a chemical spe-
cies to receive electrons. A lower value of μ, ω indicates a 
more reactive and effective nucleophile.

The calculation for the number of electrons trans-
ported (ΔN) was determined as follows:44

� (7)

χFe and χinh reflect the absolute electronegativity of iron 
and the inhibitor molecule, while ηFe and ηinh imply the 
absolute hardness of iron and the inhibitor molecule, re-
spectively. Theoretical values of χFe = 7.0 eV and ηinh = 0 
are employed to determine the quantity of transported 
electrons.45

� (8)

ΔE is the minimum energy for the excitation of an electron 
in a molecule. Consequently, high inhibitory efficacy re-
sults from a low value of ΔE. EHOMO refers to the energy of 
the highest occupied molecular orbital, while ELUMO rep-
resents the energy of the lowest unoccupied molecular or-
bital. The Molecular dynamic simulation (MDS) was per-
formed using BIOVIA Materials Studio 8.0 software, 
marketed by Accelrys, Inc. USA.46,47 In this study, we used 
three modules: First, the Forcite module is used to opti-
mize the Examine the molecular structure of the inhibitor 
in the gas phase geometrically. The adsorption localization 
module was utilized to detect potential adsorption pat-
terns. A simulation box measuring 17.38 × 17.38 × 27.16 Å 
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examines the interaction between the inhibitor molecule 
and the Fe (1 1 0) surface. Periodic boundary conditions 
were implemented in a three-dimensional space, and the 
equations of motion were included in the standard NVT 
ensemble. The simulation box included a Fe plate, a water 
plate with the inhibitor being studied, and a void layer. The 
experiment was performed at a temperature of 298 K using 
the COMPASS force field with nostril control.

3. Results and Discussion
3. 1. Elemental Analysis

The results obtained from elemental analysis of 
Compound L are in agreement with those calculated for 
the proposed formula.

3. 2. FT-IR Spectra
Among the most notable bands, characterizing the L 

Schiff base is the one corresponding to the azomethine 
groups. The band at 1624 cm–1 is attributed to the imine 
group.48 Besides this primary function, the low-intensity 
bands observed in the 1439 and 1550 cm–1 region are due 
to the vibrations of the skeletons (C=C) in the plan and 
generally characterize the aromatic structures. The vibra-
tions of the aliphatic C–H bonds are characterized by low 
intensity bands at 2917 and 3036 cm–1.49

3. 3. UV-vis Analysis
The absorption spectra of compound L show an in-

tense band at 269 nm attributed to the π → π* transition of 
the aromatic rings, an intense band at 316 nm correspond-
ing to the n→ π* transition of the imine group.50

3. 4. 1H RMN Analysis
The computed chemical shifts corresponding to the 

molecule are obtained from the CDCl3 solution. The 1H 
NMR spectrum of compound L shows the disappearance 
of four ethylenic NH and CH protons of the imine, con-
firming the presence of a heterocyclic group. We also note 
the appearance of a singlet at 5.43 ppm due to the proton of 
the -CH2- group, while the methyl groups resonate in the 
form of three singlets between 3.03 and 2.45 ppm. The aro-
matic protons resonate between 7.80 and 6.17 ppm.51–53

3. 5. Gravimetric Measurement
The weight loss method was used to investigate the 

inhibition performance of L at 25 °C and at various con-
centrations of inhibitor L at 25 °C and at various concen-
trations of inhibitor L in both HCl and H2SO4 media. This 
method measures the mass loss Δm of the sample contact 
surface (s) with the medium during the immersion time 

(t). The corrosion rate (Wcorr) was determined using equa-
tion (9):

� (9)

Δm = mi – mf , Δm: Mass loss in mg. mi: initial mass in mg 
before immersion, mf: Final mass in mg after the sample 
has been immersed in the solution for a time t, s: surface 
area in cm2   t: Time in hours. The inhibitory efficacy (ηw) 
of a compound is calculated by the relationship (10):

� (10)

w0 and wi reflect the corrosion rates without and with the 
compound respectively.

The Wcorr (mg cm–2 h–1) and inhibitory efficacy ηw 
were found gravimetrically for a 6-hours immersion peri-
od of compound L at various concentrations compared to 
the corrosion of carbon steel in HCl and H2SO4 at 25 °C 
(Table 1).

Table 1. Corrosion parameters of carbon steel in HCl and H2SO4 
without and with different concentrations of inhibitor L from gravi-
metric measurements at 25 °C for 6 h.

	 Acid solution	 HCl		  H2SO4	
Inhi-	 Concen-	 WCorr	 ηw	 WCorr	 ηw	
bitor	 tration (M)	 (mg cm–2 h–2)	 (%)	 (mg cm–2 h–2)	 (%)

	 Blank	 0.2397	 –	 0.2800	 –
	 10–6	 0.0988	 58.00	 0.1881	 32.67
L	 10–5	 0.0878	 63.24	 0.1611	 42.47
	 10–4	 0.0750	 68.60	 0.1090	 60.77
	 10–3	 0.0585	 75.49	 0.0677	 75.81
	 10–2	 0.0420	 82.38	 0.0347	 87.58

These results indicate that the tested compound L in-
hibits steel corrosion in the environment. Its inhibitory 
efficacy increases with increasing inhibitor concentra-
tion.54

This behavior is due to the significant adsorption of 
inhibitor L on the carbon steel surface in acidic media. At 
a 10–2 M the inhibitory efficiency of H2SO4 is greater than 
that of HCl.55

The results are due to the spontaneous reactivity of 
steel (ferritic steel) in acidic conditions, resulting in the re-
lease of hydrogen and metal oxidation processes. Com-
pound L in an acidic environment hinders the reduction 
and oxidation reactions that cause steel deterioration; 
hence, higher L concentrations enhances the adsorption of 
molecules of inhibitor L onto the metal surface.

Fig. 1 presents the evolution of Wcorr and ηw of car-
bon steel in HCl and H2SO4 for 6 hours as a function of the 
concentration of compound L. Increasing the concentra-
tion of L decreases the corrosion rate and increases the in-
hibitory efficacy, as indicated from the data.
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Figure 1. The graphs show the variation of the inhibition efficiency and the corrosion rate as a function of the concentration of the compound L in 
HCl and H2SO4 at 25 °C.

Table 2. Inhibition rates of carbon steel in HCl and H2SO4 solutions with and without the addition of 10–2 M of compound L as a function of im-
mersion duration.

	                    t = 06 hours	                  t = 168 hours	                   t = 336 hours	                 t = 504 hours	                   t = 672 hours
	 Δm	 Rinh	 Δm	 Rinh	 Δm	 Rinh	 Δm	 Rinh	 Δm	 Rinh
	 (g)	 (%)	 (g)	 (%)	 (g)	 (%)	 (g)	 (%)	 (g)	 (%)

H2SO4	 0.1333	 –	 0.168	 –	 0.3744	 –	 0.4154	 –	 0.5901	 –
H2SO4 + L	 0.0911	 31.65	 0.1473	 12.32	 0.1615	 56.86	 0.1669	 59.82	 0.1768	 70.04
HCl	 0.0016	 –	 0.0392	 –	 0.0739	 –	 0.0898	 –	 0.1077	 –
HCl + L	 0.0011	 31.25	 0.0317	 19.13	 0.0409	 44.65	 0.0449	 50.00	 0.0538	 50.04

Gravimetric measurements were obtained using the 
optimum 10–2 M concentration of compound L in aggres-
sive HCl and H2SO4 media at 25 °C and at different im-
mersion times (6–672 hours). Parameters such as Δm and 
the inhibition rate  of carbon steel in HCl and H2SO4 are 
summarized in Table 2. The inhibition rate) is obtained 
from equation (11):

� (11)

The weight loss of carbon steel varies proportionally 
and slightly with the immersion time in HCl and H2SO4 
with compound L compared to without addition (Fig. 2a). 
This behavior could be attributed to the significant adsorp-
tion and formation of a durable layer of compound L on 
the surface of the carbon steel. On the other hand, Fig. 2b 
shows that the inhibition rate of carbon steel increases 
progressively with the immersion time and that the best 
inhibition results are obtained in the H2SO4 medium 
(70.04%) than in the HCl medium (50.04%). These results 
showed that HCl reacts less aggressively than H2SO4. So, 
inhibitor L can retard metal corrosion by covering the car-

bon steel surface with a thin film, thus reducing weight 
loss.56

3. 6. Tafel Polarization Neasurements
Figs 3a, b shows the Tafel polarization curves of car-

bon steel in HCl (a) and H2SO4 (b) at varying concentra-
tions of inhibitor L at 25 °C

The results showed that the presence of compound L 
resulted in lower current densities at the anode and cath-
ode in both media.

The inhibition efficiency ηP (%) was calculated from 
the polarization curves using the equation (12):

� (12)

where i°
corr and icorr are the current densities extrapolated 

from the anodic and cathodic Tafel curves after a 30 min-
ute immerse in HCl or H2SO4 at 25 °C, respectively, with-
out and with the inhibitor added. The different corrosion 
parameters of compound L in HCl and H2SO4 at 25 °C, 
such as Ecorr (mV/SCE), icorr (mA cm–2), cathodic Tafel 



297Acta Chim. Slov. 2025, 72, 291–312

Haffar et al.:   Investigation of the Corrosion Inhibition of Carbon Steel   ...

Table 3. Corrosion parameters of carbon steel at 25 °C in HCl and H2SO4 at different concentrations of compound L, determined by plotting polar-
ized curves.

	 Concentration	 –Ecorr	 icorr	 ba	 –bc	 θ	 ηp
	 (M)	 (mV/SCE)	 (mA.cm–2)	 (mV/dec)	 (mV/dec)	 	 (%)

	 blank	 547.6	 0.60	 81.4	 97.2	 –	 –
	 10–6	 523.0	 0.24	 77.4	 113.4	 0.60	 60.2
HCl	 10–5	 520.9	 0.21	 76.0	 115.1	 0.65	 65.1
	 10–4	 519.8	 0.19	 94.9	 122.4	 0.68	 68.3
	 10–3	 518.0	 0.16	 73.4	 90.2	 0.73	 73.3
	 10–2	 508.9	 0.12	 57.2	 107.3	 0.80	 80.3
	 blank	 557.2	 0.70	 116.1	 100.4	 –	 –
	 10–6	 534.0	 0.44	 84.1	 78.0	 0.37	 37.14
H2SO4	 10–5	 539.2	 0.31	 72.2	 90.1	 0.56	 55.71
	 10–4	 538.7	 0.24	 91.3	 95.8	 0.66	 65.71
	 10–3	 511.1	 0.18	 44.8	 117.1	 0.74	 74.28
	 10–2	 527.0	 0.12	 113.7	 106.0	 0.83	 82.85

Figure 2. Mass loss (a) and inhibition rate (b) of carbon steel in HCl and H2SO4 as a function of immersion time, with and without L 10–2 M at 25 °C.

Figure 3. Tafel curves for carbon steel at altered concentrations of compound L in HCl (a) and H2SO4 (b) solutions.
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slopes bc (mV/dec), anodic Tafel slopes ba (mV/dec) and 
The inhibitory efficacy ηP (%) for various concentrations 
are presented in Table 3.

The corrosion current density (icorr) values decreased 
with increasing concentration of compound L, from 0.6 
mA cm–2 to 0.12 mA cm–2 in 1 M HCl and from 0.70 mA 
cm–2 to 0.12 mA cm–2 in 0.5 M H2SO4. Note that bc > ba 
means that the cathode is more polarized, and the kinetics 
of dissolution of the steel is limited by the cathodic reac-
tion of the proton discharge at the metal surface. The ca-
thodic and anodic polarization curves indicate that the 
addition of compound L decreases the corrosion current 
densities and slightly modifies the values of Ecorr. The re-
sults confirm that compound L acts as a mixed-type inhib-
itor, since the shift of the Ecorr in the different concentra-
tions of compound L is less than 85 mV compared to the 
corrosion potential without inhibitor.57 Consequently, the 
values of ηp (%) increase with increasing concentration of 
compound L, reaching a maximum value of 82.85% and 
80.3% at 10–2 M for H2SO4 and HCl, respectively.58

The results show that the presence of compound L 
reduces the anodic dissolution of Fe2+ and slows down the 
evolution of the H+ ion discharge, which can be explained 
by the presence of an adsorption film on the metal surface; 
on the other hand, in the cathodic region, the curves show 
parallel Tafel lines, suggesting that the reduction of H+ on 
the steel surface obeys a pure activation mechanism. This 
compound L effectively inhibits steel corrosion in both 
H2SO4 and HCl solutions. This suppression is likely caused 
by an electron-donating group within its chemical compo-
sition. The presence of non-binding electron pairs on ni-
trogen atoms and π electrons in aromatic rings can lead to 
conjugation that facilitates the adsorption of the inhibi-
tor.59,60

3. 7. EIS Tests
Fig. 4 shows the Nyquist and Bode plots obtained at 

open circuit potential after immersion for 30 minutes in 
HCl and H2SO4 solutions at 25 °C, both with and without 

Figure 4. Nyquist plots of carbon steel in HCl (a) and H2SO4 (b) at various concentrations of compound L at 25 °C.

Figure 5. Phase angle and the Bode diagram for different concentrations of the compound L in HCl at 25 °C.
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varying amounts of compound L. The Nyquist spectra are 
presented as a single capacitive loop, confirming that the 
corrosion of carbon steel in acidic media in the presence 
and absence of inhibitor is mainly controlled by the 
charge transfer process.61 All of the Nyquist plots are 
semi-circular and their diameters are affected by changes 
in inhibitor concentration. This indicates a more exten-
sive coverage of the compound on the surface of the car-
bon steel, suggesting greater inhibition.25 The resulting 
semicircles can be observed on the real Z of the Nyquist 
plot. This is often due to frequency dispersion caused by 
the roughness of the metal surface 62. In the Bode plots 
(Figs. 5 & 6), it can be seen that the log (Z) values in-
creased for different inhibitor concentrations, parallel to 
the decrease in the frequency values; this can be attribut-
ed to the formation of a protective layer on the surface of 
the carbon steel. On the other hand, the phase angle val-
ues increase up to a more negative value of 70o for an 
optimal concentration of 10-2 M compared to the blank 
(45o) which implies that the tested inhibitor is effective. 
The equivalent circuit representing the carbon steel/solu-
tion interface, without (a) and with (b) inhibitor, is shown 
in Fig. 7. This circuit consists of the electrolytic resistance 
(Rs), the charge transfer resistance (Rct), and the constant 
phase element (CPE). The double layer capacitance (Cdl) 
allows a more accurate correction of the experimental re-
sults.63 The use of a constant phase element (CPE) in-

stead of a regular capacitor is recommended to represent 
the frequency dispersion caused by surface heterogeneity 
due to corrosion in an acidic environment. The capacitive 
response of corrosion product films is represented by Cf. 
The parameter 'CPE' is usually referred to as the prefactor 
of a constant phase element (CPE), CPE does not specify 
a value for the capacitance. It has to be calculated accord-
ing to the following equation: 𝐶𝑥=[(𝑅𝑥𝑄𝑥)1𝑛𝑥⁄] 𝑅𝑥⁄ 
where 'x' represents the number for each RC- loop in the 
EEC (x =1,2 …).

As the inhibitor concentration increases, the thick-
ness (e) of the double layer capacitance increases. Increas-
ing the concentration of the inhibitor decreases Cdl. This 
decrease in Cdl, which can result from a decrease in the 
local dielectric constant ((ε) and/or an increase in the 
thickness (e) of the electric double layer, suggested that the 
inhibitors function by adsorption at the metal/solution in-
terface. This can be verified according to the formula in the 
Helmholtz model64:

� (12)

where (εo) is the relative dielectric constant.
The use of a constant phase element (CPE) instead of 

a regular capacitor is recommended to represent the fre-
quency dispersion caused by surface heterogeneity due to 
corrosion in an acidic environment.

Figure 6. Phase angle and the Bode diagram for different concentrations of the compound L in H2SO4 at 25 °C.

Figure 7. Equivalent circuit diagram (a) is used to fit carbon steel in blank solution, and (b) is used to fit carbon steel in solution containing L (Rf is 
a film resistance).
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The Rct values are determined by analyzing the im-
pedance difference between high and low frequencies 
along the real axis, as suggested by Tsuru and Haruy-
ama.65,66 The Cdl values are determined using the equation 
(13):

� (13)

Where, Cdl: double layer capacitance; Rct: charge 
transfer resistance; and ωmax: high frequency. The corro-
sion inhibition efficiency of carbon steel is determined by 
the charge transfer resistance using the equation (14) 67:

� (14)

Rct0 and Rcti values of the charge transfer resistances of the 
carbon steel after immersion in HCl and H2SO4 in the ab-
sence and presence of inhibitors L, respectively.

EIS was used to evaluate the electrochemical charac-
teristics and inhibition efficacy of inhibitor L at different 
concentrations for carbon steel corrosion in HCl and 
H2SO4 solutions, as shown in Table 4.

These results allow us to conclude that:
1) �The ηz increases with increasing the concentration of 

inhibitor L, confirming that this compound has an in-
hibiting power for the carbon steel in HCl and H2SO4.

2) �The double layer formed at the electrode-solution inter-
face acts as an electrical capacitor. Its capacitance (Cdl) 
decreases as water molecules are replaced by inhibitor 
molecules that adsorb onto the steel surface, forming a 
protective layer.

3) �As the inhibitor concentration increases, the thickness 
of the adsorbed layer increases i.e. Rct increases. This 
finding is consistent with existing research on steel cor-
rosion inhibition.68,69

4) �Inhibition efficiencies reported by gravimetric, electro-
chemical impedance spectroscopy and Tafel polariza-
tion are in agreement.

5) �It is clear from Fig. 4 that the experimental and theoret-
ical curves are fitted well. The calculated values of chi-
square (χ2) (Table 4) supported the good fitting and the 
suitable equivalent circuits used.

6) �Yo is the magnitude of the CPE, n is the CPE exponent. 
The CPE which is considered a surface irregularity of 
the electrode causes a great depression in Nyquist sem-
icircle diagram, where the metal-solution interface acts 
as a capacitor with irregular surface. The values of Yo 
and n decreases by increasing the concentration of com-
pound L indicating that the adsorption of the com-
pound onto the carbon steel surface is not uniform, so 
the surface is relatively homogeneous. The adsorption 
of the compound L on the carbon steel can occurs di-
rectly by acceptor-donor interactions between the un-
bonded electrons of N, the π-electrons and the vacant 
(d) orbital of the iron.70

3. 8. Adsorption Isotherm
The inhibition of metal corrosion by inhibitor L is 

attributed to adsorption. The corrosion current density, 

transfer resistance and corrosion rate of the inhibited steel 
are proportional to the ratio of the area covered by the in-
hibitor (θ = η (%)/100). Different types of isotherms were 
tested to identify the appropriate type of adsorption corre-
sponding to this inhibitor: Langmuir, Temkin and Frum-
kin. The Langmuir isotherm given by equation (15) was 
found to be the most appropriate:71,72

� (15)

Cinh: inhibitor concentration, Kads: adsorption equilibrium 
constant, and θ: surface coverage expressed by the ratio η 
/100.

The variation of the  ratio as a function of Cinh is 
linear for the three methods of gravimetric, EIS, and Tafel 
curves at 25 °C (Fig. 8). These results indicate that the ad-

Table 4. Impedance parameters of carbon steel in HCl and H2SO4 at different concentrations of compound L at 25 °C.

Corrosive	 Concn.	 Rs	 n	 Yo (µ Ω
–1

 s
n

 cm
–2

)	 Rct	 Cdl	 θ	 ηZ	 of Fit2

medium	 (M)	 (Ω.cm2)		  ×10–6	 (Ω.cm2)	 (µF/cm–2)	 	 (%)	 Goodness

HCl	 Blank	 1.06	 0.944	 1144	 25.1	 1128	 –	 –	 18.24 × 10–3

	 10–6	 1.49	 0.942	 542	 68.4	 520	 0.633	 63.3	 16.47 × 10–3

	 10–5	 2.25	 0.935	 340	 78.1	 322	 0.679	 67.9	 14.25 × 10–3

	 10–4	 1.67	 0.931	 281	 95.7	 262	 0.738	 73.8	 15.74 × 10–3

	 10–3	 3.51	 0.928	 253	 103.7	 229	 0.758	 75.8	 13.57 × 10–3

	 10–2	 2.18	 0.914	 147	 153.2	 103	 0.836	 83.6	 11.32 × 10–3

H2SO4	 Blank	 1.12	 0.939	 722	 25.3	 705	 -	 -	 15.77 × 10–3

	 10–6	 1.32	 0.927	 589	 44.2	 568	 0.428	 42.8	 17.22 × 10–3

	 10–5	 2.15	 0.912	 561	 52.2	 542	 0.515	 51.5	 19.87 × 10–3

	 10–4	 2.44	 0.911	 457	 70.2	 445	 0.640	 64.0	 18.24 × 10–3

	 10–3	 1.65	 0.907	 377	 110.5	 358	 0.771	 77.1	 16.24 × 10–3

	 10–2	 1.65	 0.901	 216	 163.6	 208	 0.845	 84.5	 18.55 × 10–3
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sorption of inhibitor L on carbon steel in HCl and H2SO4 
media is represented by Langmuir adsorption isotherm, 
with linear correlation coefficients (R2 = 0.9999) close to 1 
and all slope values close to unity.73 

The values of Kads (Adsorption constant) were deter-
mined from the intersection with the / axis (Fig. 8). 
Equation (16) relates the Kads constant to the standard free 
adsorption energy (ΔG°

ads).74

� (16)

R: ideal gas constant (8.314 J mol–1 K–1); T: temperature 
(K). The value 55.55 is the concentration of water in solu-
tion (mol. L–1).

Table 5 shows the values of Kads and ΔG°
ads obtained 

from the Langmuir isotherm.

Table 5. Thermodynamic parameters for compound L adsorbed on 
carbon steel in HCl and H2SO4 at 25 °C for all three methods

Methods	 Medium	 R2	 Kads..10–4	 –ΔG°
ads

			   (M–1)	 (kJ mol–1)

Gravimetric	 1 M HCl	 0.9985	 2.99	 35.48
	 0.5 M H2SO4	 0.9997	 2.90	 35.41
Tafel	 1 M HCl	 0.9999	 3.09	 35.57
	 0.5 M H2SO4	 0.9998	 2.80	 35.32
EIS	 1 M HCl	 0.9998	 2.93	 35.43
	 0.5 M H2SO4	 0.9999	 2.90	 35.41

The values of the adsorption constant Kads are more 
significant in the H2SO4 medium than in the HCl medium: 
the compound L is adsorbed faster on the active sites of the 
steel in H2SO4 solution than in the HCl solution.75 Fur-
thermore, the negative values of ΔG°

ads and the high values 
of Kads reflect the spontaneity of the adsorption process 

and the strength of the adsorption layer on the steel.76 
Generally, values of ΔG°

ads close to –20 kJ mol–1 or lower 
energies are associated with interactions between charged 
molecules and metal charges through physisorption. On 
the other hand, those close to –40 kJ mol–1 or higher in-
volve a charge transfer between the inhibitor molecules 
and the metal surface through the formation of covalent or 
coordination bonds (chemisorption).76 The values of 
ΔG°

ads of the inhibitor L on the steel in the medium of HCl 
and H2SO4 are between –35 and –40 kJ mol–1 (Table 5); 
this compound L is demonstrated to undergo physisorp-
tion and chemisorption on the steel surface.77,78

3. 9. Effect of Temperature
Temperature can affect how a chemical behaves in a 

corrosive environment. It can alter the interaction between 
steel and inhibitor in a certain environment. Rising temper-
ature speeds up corrosion reactions and can reduce the cor-
rosion resistance of steel. We conducted a potentiodynamic 
study with and without compound L at different concentra-
tions and temperatures. The values of icorr, Ecorr, and ηp of 
compound L versus temperature are shown in Table 6.

These results confirm that this inhibitor is almost 
stable for temperatures between 25 and 55 °C. The ηp of the 
compound L decreases slightly with the increase of the 
temperature T. This indicates the stronger adsorption 
binding of compound L to the surface. It can be concluded 
that chemisorption is present in addition to physisorption. 
The evolution of the corrosion currents in the corrosive 
media (HCl and H2SO4) without compound L shows an 
increase in the metallic dissolution with the increase in 
temperature T. The increase of the current density with the 
temperature at a constant concentration of the inhibitor is 
lower than in the absence of the inhibitor.

These results confirm that compound L inhibits cor-
rosion at different temperatures, suggesting physical and 

Figure 8. Langmuir adsorption isotherms for carbon steel in HCl (a) and H2SO4 (b) in the presence of compound L for all three methods.
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chemical adsorption.79 Indeed, the decrease in inhibitor 
efficacy with temperature was explained by Van der Waals 
type physical interactions between the steel surface and 
the inhibitor.80 These interactions are sensitive to thermal 
agitation and are easily disrupted as the temperature in-
creases. As the temperature increases, the balance between 
adsorption and desorption shifts towards desorption, re-
ducing the inhibitory effect of the compound..17

3. 9. 1. �Determination of Activation 
Parameters

Many authors81,82 have used the Arrhenius equation 
to study the effect of temperature (T) on the corrosion cur-
rent density in an acidic environment, showing that the 
logarithm of the corrosion current density (icorr) is linearly 
correlated with T–1. The activation parameters of the cor-
rosion process were determined at different temperatures, 
both with and without inhibitor L. The activation energy 
(Ea) was calculated utilizing the Arrhenius equation (16).83

� (16)

where Ea: the activation energy and A: the pre-exponential 
factor.83

Fig. 9 shows the variation of the logarithm of the cor-
rosion current density as a function of the reciprocal tem-
perature. The activation energies calculated from the Ar-
rhenius relationship in Table 7 for different inhibitor 
concentrations in HCl and H2SO4 are determined by line-
ar regression (Fig. 9).

These results show an increase in activation energies 
for the different inhibitor concentrations compared with 
HCl and H2SO4 without inhibitor. According to Radovic's 
theory, a classification of inhibitors is based on the com-
parison of the activation energies obtained without inhib-
itor (Ea) and with inhibitor (Eai). When Eai > Ea, the inhib-
itors are adsorbed on the substrate by bonds of an 
electrostatic nature (weak bonds).

This type of bond is temperature sensitive and will 
not provide effective corrosion control as the temperature 
increases. Generally, the temperature affects the corrosion 
phenomena. The inhibitor is physically adsorbed at low 
temperatures, while chemisorption is favored at high tem-
peratures. As temperature increases, the increase in activa-
tion energy results from a decrease in inhibitor adsorption 

Table 6. Variation of temperature on the electrochemical properties of carbon steel in HCl and H2SO4 with different concentrations of compound L

Acid Solutions		  1M HCl			   0.5 M H2SO4
Temp.	 CInh	 Ecorr	 icorr	 ηp	 Ecorr	 icorr	 ηp
(°C)	 (M)	 (mV/SCE)	 (mA cm–2)	 (%)	 (mV/SCE)	 (mA cm–2)	 (%)

25	 00	 547.2	 0.60	 -	 557.2	 0.70	 -
	 10–6	 523.0	 0.24	 60.1	 534.0	 0.44	 37.14
	 10–5	 520.9	 0.21	 65.2	 539.2	 0.31	 55.71
	 10–4	 519.8	 0.19	 68.33	 538.7	 0.24	 65.71
	 10–3	 518.0	 0.16	 73.33	 511.1	 0.18	 74.28
	 10–2	 508.9	 0.12	 80.2	 527.0	 0.12	 82.85

35	 00	 552.5	 1.45	 -	 559.7	 1.06	 -
	 10–6	 551.3	 0.57	 60.3	 555.7	 0.79	 25.47
	 10–5	 547.2	 0.50	 65.51	 555.8	 0.57	 47.16
	 10–4	 542,2	 0.46	 68.27	 548,0	 0,42	 61,32
	 10–3	 561.2	 0.40	 72.41	 559.4	 0.33	 69.81
	 10–2	 556.2	 0.29	 80.2	 561.8	 0.22	 80.01

45	 00	 561.8	 1.79	 -	 565.8	 3.06	 -
	 10–6	 565.8	 0.96	 46.36	 554.1	 2.39	 21.89
	 10–5	 547.1	 0.78	 56.42	 559.1	 1.84	 39.86
	 10–4	 544.8	 0.60	 66.48	 564.3	 1.14	 62.74
	 10–3	 548.8	 0.51	 71.50	 555.9	 0.82	 73.20
	 10–2	 538.6	 0.41	 77.09	 559.1	 0.70	 77.12

55	 00	 529.0	 3.55	 -	 559.6	 4.93	 -
	 10–6	 544.0	 2.67	 24.78	 567.8	 4.20	 14.80
	 10–5	 563.0	 1.72	 51.54	 559.2	 3.94	 20.08
	 10–4	 565.4	 1.43	 59.71	 555.2	 2.14	 56.59
	 10–3	 575.0	 1.09	 69.29	 564.0	 1.79	 63.69
	 10–2	 593.8	 0.90	 74.64	 647.5	 1.23	 75.25
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on the steel surface.84,85 This behavior is attributed to the 
physisorption of the inhibitor on the metal surface.86 The 
corrosion of steel in the presence of an inhibitor is influ-
enced by the reaction taking place on the bare steel surface 
and the diffusion of Fe2+ ions through the inhibitor layer. 
Let us recall the formula of the Arrhenius equation, which 
determines the activation of enthalpy and the activation of 
entropy:

� (17)

where: h: Planck's constant, N: Avogadro's number, ΔH°
a: 

enthalpy of activation, and ΔS°
a: entropy of activation.

The variation of Ln  as a function of  is a straight 
line with slope  and y-intercept equal to (Ln ) 
(Fig. 10). The values of enthalpies ΔH°

a and entropies ΔS°
a 

in HCl and H2SO4 are given in Table 7.
The values of the enthalpy (ΔH°

a) show the endo-
thermic nature of the dissolution process of the carbon 
steel. The increase in enthalpy with increasing concentra-
tion reflects a decrease in the dissolution of the metal. 
The negative entropy (ΔS°

a) values indicate that the acti-
vated complex represents an associating step rather than 
a dissociating step, meaning that a decrease in disorgani-
zation occurs from the reactants to the activated com-
plex.87

Figure 9. Arrhenius plots for carbon steel in HCl (a) and H2SO4 (b) solutions with different concentrations of compound L

Figure 10. Arrhenius plots for carbon steel in HCl (a) and H2SO4 (b) solutions at different concentrations of the compound.
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3. 9. 2. �Adsorption Isotherms at Various 
Temperatures

To compare the ΔG°
ads of the different temperatures 

studied at different concentrations of compound L from 
the Tafel curves, we plotted  as a function of C of com-
pound L (Fig. 11).

The plot of  versus the concentration C is linear 
(Fig. 11), confirming that the adsorption of the compound 
(L) occurs according to the Langmuir isotherm model 
with a correlation of unity. The thermodynamic quantities 
Kads and ΔG°

ads obtained from the adsorption isotherm 
under the same conditions mentioned above are regrouped 
together in the Table 8.

The ΔG°
ads values reflect the spontaneity of the ad-

sorption process and the stability of the adsorbed layer on 
the steel surface.88 The calculated values of ΔG°

ads are be-

tween –33 and –36 kJ mol–1, showing that inhibitor L can 
be defined as physisorption and chemisorption on the 
steel surface89 (Table 8). The values of ΔG°

ads decrease with 
T (become more negative), so the adsorption process is 
endothermic.90 In conclusion, the inhibition power de-
creases significantly at high temperature, but the activa-
tion energy increases in the presence of the compound.91,92 
The adsorption mode can be considered as physical and 
chemical adsorption.87

3. 10. Surface Examination
3. 10. 1. SEM Analysis

To complete and confirm the corrosion inhibition re-
sults, we used scanning electron microscopy (SEM). SEM 
images of carbon steel after immersion for 6 h in HCl and 
H2SO4 without and with compound L at an optimum con-
centration of 10–2 M are shown in Fig. 12. SEM observations 
were made on steel samples before immersion (steel alone 
(a)) and after immersion for 6 h in HCl (b), H2SO4 (c), HCl 
+ L 10–2 M (d) and H2SO4 + L 10–2 M (e). By comparing the 

Table 7. Thermodynamic characteristics of carbon steel in HCl and 
H2SO4 at different concentrations of the compound L.

Acid	 Concentration	 Ea	 ΔH°
a	 – ΔS°

a
Solutions	 (M)	 (kJ mol–1)	 (kJ mol–1)	 (J mol–1 K–1)

	 Blank	 44.90	 41.76	 109.32
	 10–6	 62.55	 59.65	 58.01
1 M HCl	 10–5	 54.61	 51.91	 84.53
	 10–4	 51.12	 48.21	 97.67
	 10–3	 48.58	 45.63	 106.32
	 10–2	 51.70	 49.05	 98.50
	 Blank	 55.57	 52.99	 71.58
	 10–6	 63.40	 60.82	 49.01
0.5 M H2SO4	 10–5	 70.89	 68.31	 27.20
	 10–4	 60.95	 58.37	 62.36
	 10–3	 62.87	 60.29	 58.40
	 10–2	 65.63	 63.05	 52.39

Table 8. Thermodynamic parameters for compound L adsorbed on 
carbon steel in HCl and H2SO4 at 25–55 °C 

Acid	 T (°C)	 R2	 Kads.10–4	 –ΔG°
ads

solutions			   (M–1)	 (kJ mol–1)

	 25	 0.9999	 3.09	 35.57
1 M HCl	 35	 0.9992	 2.71	 35.24
	 45	 0.9988	 3.27	 35.71
	 55	 0.9994	 2.69	 35.22
	 25	 0.9979	 2.81	 35.33
0.5 M H2SO4	 35	 0.9956	 1.22	 33.26
	 45	 0.9963	 2.30	 34.83
	 55	 0.9962	 1.77	 34.18

Figure 11. Model of the Langmuir adsorption isotherm of carbon steel in HCl (a) and H2SO4 (b) at different concentrations of L for T = 25, 35, 45 
and 55 °C.
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surface finish between the untreated samples (Fig. 12a) and 
the treated samples (Fig. 12b, c, d, e). As shown in Fig. 12b, 
c in the absence of an inhibitor L, the surface is severely 
damaged with many pits and cavities, confirming that the 

steel is dissolving in the aggressive medium. Sulfuric acid 
(H2SO4) reacts aggressively with crevice corrosion83 com-
pared to HCl, which attacks steel by pitting. This is con-
firmed by the mass loss (Table 2) and the SEM image. In the 

Figure 12. SEM micrographs of the carbon steel surface after immersion for 6 h: (a) bare, (b) in 1.0 M HCl alone (c) in 0.5 M H2SO4 alone, (d) 
treated with L 10–2 M in HCl, (e) treated with L 10–2 M in H2SO4.
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presence of an inhibitor, the morphology of the HCl depos-
its is different from that of the H2SO4 deposits (Fig. 12d, e). 
Fig. 12e shows a slight decrease compared to Fig. 12c, on the 
other hand, Fig. 12d shows an excellent inhibition com-
pared to Fig. 12b due to the addition of L, which forms a 
protective film against corrosion adsorbed on the surface.47 
It is discovered that the steel is much less attacked in the 
presence of L, confirming the inhibition that occurs at the 
metal surface. This surface treatment is credited with creat-
ing a protective coating or reducing the rate of corrosion on 
the steel surface.93

3. 10. 2. �Atomic Force Microscopy (AFM) Analysis
AFM photos with three dimensional are a significant 

examination for determining the metal surface roughness 

at highest resolution in nanometer fraction. An AFM anal-
ysis was conducted on the carbon steel surface to check the 
existence of an inhibitor film.94 AFM images and force 
curves are shown in Fig. 13. Fig. 13a shows free carbon 
steel, Fig. 13b, c display metal after 6 hours of exposure in 
1.0 M HCl and 0.5 M H2SO4 solutions, respectively. Fig. 
13d treated with L 10–2 M in HCl, and Fig. 13e treated with 
L 10–2 M in H2SO4. The mean roughness value of the car-
bon steel surface that was exposed to a 1.0 M HCl and 0.5 
M H2SO4 solution but was not treated with the inhibitor 
was substantially greater at 320 nm and 390 nm respective-
ly. The corrosive effects of the acid over the course of the 6 
hour rust test period left the carbon steel surface with a 
porous structure and deep fractures, which led to this 
heightened roughness. However, when the tested inhibi-
tors are applied at the optimum concentration (10–2 M), 

Figure 13. AFM micrographs of the carbon steel surface after immersion for 6 h: (a) bare, (b) in 1.0 M HCl alone (c) in 0.5 M H2SO4 alone, (d) 
treated with L 10–2 M in HCl, (e) treated with L 10–2 M in H2SO4.
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the average roughness for 10–2 M dissolved in HCl & 10–2 

M treated with H2SO4 is reduced to 90 & 120 nm, respec-
tively. The test inhibitor effectively maintains the hardness 
of the carbon steel as indicated by the drop in the rough-
ness value.95

3. 11. Theoretical Studies
3. 11. 1. �Quantum Chemical Study and 

Mechanism of Inhibition Action
DFT is used to confirm the experimental results ob-

tained. Electronic properties and quantum chemical cal-
culations were used to evaluate how the molecular struc-
ture affects the inhibitory efficacy of compound L. The 
optimized structure and molecular density distributions of 
the boundary orbitals (HOMO and LUMO) of compound 
L are determined by the B3LYP/6-31G (d, p) method, as 
illustrated in Fig. 14.

Eqs. 1 to 7 were used to calculate these quantum 
chemical parameters (EHOMO, ELUMO, ΔEgap, dipole mo-
ment (μ), absolute electronegativity (χ), absolute hardness 
(η), softness (σ), electrophilicity index (ω), and fraction of 
electrons transferred (ΔN)96 for the estimated structure of 
compound L in the gas and aqueous phases (Table 9).

EHOMO, ELUMO, and ΔEgap are consistent with the in-
hibition efficiency.97 In all cases, decreasing ΔEgap and 
ELUMO and increasing EHOMO indicate high inhibition effi-
cacy.96 If the value of ΔEgap is not high, then the electrons 
taken from the HOMO do not require much energy. This is 
in agreement with the experimental results and the calcu-
lated values of ΔN.97 An inhibitor L can either take elec-

trons from the d-orbital of the metal or contribute an elec-
tron to the vacant d-orbital of the metal ion, forming a 
covalent bond. Therefore, the formation of the latter de-
pends on the value of ELUMO. The low value of ELUMO = 
-0.45 eV indicates that it is easy to receive electrons from 
the d-orbital of a metal.98,99 The parameter ΔEgap affects 
the adsorption ability of the inhibitor molecule on the steel 
surface. The results show that our inhibitor L has a low 
ΔEgap value of 4.4 eV, confirming its reactivity with metal 
atoms.100 The inhibitory potential of a molecule is related 
to its dipole moment (μ).101 As μ increases, so does ad-
sorption. The phenomenon is a quasi-substitution process 
in which the inhibitor molecule in the aqueous phase re-
places water molecules on the carbon steel zone, causing 
water molecules to desorb onto the steel. The value of μinb 

Figure 14. Optimum structure and density distribution of the frontier molecular orbitals (HOMO and LUMO) of compound L obtained by the 
B3LYP/6-31(d.p) method.

Table 9. Calculations obtained for the compound L in the gas phase 
and in the aqueous phase using the DFT method.

Quantum	 Gas	 Aqueous
parameters	 phase	 phase

Etot (eV)	 –32343	 –32343.47
EHOMO (eV)	 –4.85	 –4.4
ELUMO (eV)	 –0.45	 –1.2
ΔEgap(eV)	 4.4	 3.2
µ (Debye)	 5.7	 6.11
ΔN(eV)	 2.2	 1.6
σ (eV–1)	 0.45	 0.62
χ (eV)	 2.65	 2.8
ω (eV)	 1.6	 2.46
ΔN	 0.98	 1.31
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(5.7 Debye) is higher than that of μH2O (1.88 Debye). The 
observed low energy difference observed and the high val-
ue of the dipole moment lead to the transfer of electrons 
from the molecule to the surface. This phenomenon oc-
curs during the adsorption process on the surface of car-
bon steel.

Molecular stability and reactivity depend on the ab-
solute hardness and softness of the molecules. A hard mol-
ecule is characterized by a significant energy difference, 
while a soft molecule is characterized by a low energy dif-
ference. Hard molecules have reduced reactivity compared 
to soft molecules due to their limited ability to donate elec-
trons to an acceptor. The adsorbate could be situated in the 
region of the molecule with the highest σ value.100 Inhibi-
tion efficiency is high, with an overall hardness value of 
2.2 eV and an overall softness value of 0.45 eV–1 (Table 
9). These results are in agreement with those reported in 
the literature.101,102

The small energy difference indicates that the inhib-
itor molecule is reactive with the metal atoms. The elec-
trophilicity index (ω) of compound L is 1.6 eV, indicating 
a high inhibition value.103 According to Lukovits,104 as 
the electron transport capacity to the metal surface in-
creases, so does the inhibition. As the strength of the in-
hibitory iron link increases (due to the increase in ΔN), 
the level of corrosion inhibition through chemisorption 
also increases. The results indicate that the inhibitor L has 
good inhibition efficiency due to its low electrophilicity 
(ω = 1.6 eV) and high fraction of electrons transmitted 
value (ΔN = 0.98). The inhibitor tested in this study had a 
ΔN value of less than 3.6 (Table 9).105,106 Confirmation 
that the inhibitor can contribute electrons to iron to form 
coordinated links, leading to the formation of an inhibi-
tion layer that prevents corrosion. The electronegativity 
value of (χ) L was 2.65 eV, which is lower than the elec-
tronegativity of Fe (χ = 7 eV). This suggests that there 
was electron transfer from the highest occupied molecu-
lar orbital (HOMO) of the inhibitor to the vacant 3d orbit-
al of Fe. The electron transfer from the filled Fe 4s orbital 
to the lowest unoccupied molecular orbital (LUMO) of 
the inhibitor is greater. The electron flow from the ben-
zimidazole substituted molecule results in greater inhibi-
tion efficiency.76

The molecular electrostatic potential (MEP) is relat-
ed to electron density and is a valuable tool for identifying 
the locations of electrophilic and nucleophilic reaction 
sites.107 We used the optimized geometry of compound L. 
The nucleophilic active region is indicated by light blue 
and blue colors on the MEP map. The electrophilic active 
region is shown in red and yellow. In the MEP contours, 
the yellow and red lines indicate the positively and nega-
tively charged regions, respectively. Fig. 15 shows that 
regions of increased electron density are located between 
the heteroatoms and the conjugated double bonds. The 
electrophilic sites of the molecule are located in the center 
around the nitrogen atoms (N10, N11, and N36). In this 

way, the nitrogen atoms induce nucleophilic reactions to 
limit corrosion.103

Compound L can form chelate species on the carbon 
steel surface by transferring electrons between the ben-
zimidazole groups and the iron (d-orbital), resulting in a 
coordinated covalent bond by chemical adsorption. The 
carbon steel acts as an electrophile, attracting the nega-
tively charged sites of compound L. The compound has 
nucleophilic centers that serve as adsorption sites, such as 
heteroatoms with free electron pairs, electronegative func-
tional groups, and double electrons.108 The adsorption of 
the inhibitor is controlled by the transfer of electrons from 
the most highly occupied molecular orbital (HOMO) of 
the inhibitor to the empty d-orbital of the metal. The HO-
MO energy level of the molecule is mainly located on the 
planar group of the benzimidazole and the phenyl substit-
uent N (CH3).

The results indicate that the molecule under study 
has low spatial energy. This proves the high reactivity as 
well as the high inhibitory efficacy of compound L. This is 
in agreement with the experimental studies. Electronic 
properties alone are insufficient to predict the protective 
performance of a compound under investigation, although 
they are successful in exploring the mechanism of action 
of the inhibitor.

Figure 15. MEP map and counter plot of compound L.

3. 11. 2. �Simulations of the Molecular Dynamics 
of the [L/Fe (1 1 0)]

Therefore, careful modeling of the direct interaction 
of the inhibitor with carbon steel is essential. Molecular 
dynamics simulations were used to study the interaction 
between compound L and the Fe (1 1 0) surface. This was 
done to gain additional information about the adsorption 
process of this chemical on the metal surface.

The side (a) and top (b) views of the low energy con-
figuration for the adsorption of compound L on the Fe (1 
1 0) surface obtained from simulations are shown in Fig. 
16. Our compound is preferentially oriented parallel to the 
Fe (1 1 0) surface, which increases the surface coverage.109 
From Fig. 16, we can see that L is adsorbed parallel to the 
iron surface and could be chemically bound. The adsorp-
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tion mechanism is due to the fact that the π-electrons of 
the aromatic ring and the free nitrogen electrons in the 
molecule occupy the empty d-orbitals of the Fe and form a 
protective film on the surface of the metal.

According to our results, the average centroid dis-
tance (d) between the benzimidazole derivative L and the 
surface of Fe (1 1 0) is about 2.9 Å, which is slightly larger 
than the sum of the covalent rays (about 2 Å) of N and of 
the Fe atom. The reactivity of Fe (1 1 0) seems to be at the 
beginning of the dipole-dipole interaction, which gives a 
very stable parallel adsorption structure and a mode of ap-
parent chemisorption + physisorption.110

4. Conclusion
This study reports the preparation and characteriza-

tion of a novel benzimidazole compound, 4-(1-(4-(di-
methylamino)benzyl)-5-methyl-1H-benzo[d]imida-
zol-2-yl)-N,N-dimethylaniline (L) by 1H NMR, UV-vis, 
and FT-IR. It was also investigated how well this chemical 
performed in reducing the corrosion rate of carbon steel in 
solutions containing 1 M HCl and 0.5 M H2SO4 at various 
exposure concentrations and temperatures.

One can draw the following conclusions:
1. �The use of compound L as a corrosion inhibitor has 

shown that this inhibitor is effective against the corro-
sion of carbon steel in HCl and H2SO4.

2. �Inhibition efficiency increases with increasing concen-
tration of Inhibitor L in all methods used.

3. �Analysis of the polarization curves shows that com-
pound L behaves as a mixed-type inhibitor.

4. �The adsorption of compound L on carbon steel follows 
the Langmuir isotherm in both environments. In addi-

tion, its adsorption occurs chemically and physically.
    �Electrochemical impedance spectroscopy diagrams are 

presented as a single capacitive loop.
5. �SEM photos of the surface of the compound L show the 

formation of a protective layer.
6. �The results of gravimetric measurements and electro-

chemical techniques are in concordance.
7. �There is a good correlation with increased inhibition ef-

ficiency at high values of EHOMO, μ, σ, and ∆N and at 
lower values of ∆Egap, ELUMO, ω, and η.

8. �Theoretical calculations agree well with experimental 
methods, demonstrating the importance of the molecu-
lar structure of this heterocyclic molecule in inhibiting 
the corrosive process.
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Povzetek
Sintetizirali in karakterizirali smo novo heterociklično Schiffovo bazo: 4-(1-(4-(dimetilamino)benzil)-5-metil-1H-ben-
zo[d]imidazol-2-il)-N,N-dimetilanilin (L). Molekularno strukturo spojine L smo določili z metodami 1H NMR, FT-IR, 
UV-Vis spektroskopijo in elementno analizo. Učinkovitost in mehanizem inhibicije spojine L proti koroziji ogljikovega 
jekla v 1 M HCl in 0,5 M H₂SO₄ smo preučevali z metodo izgube mase ter z elektrokemijskimi tehnikami (Tafelova 
polarizacija in elektrokemijska impedančna spektroskopija, EIS). Rezultati, pridobljeni s temi metodami, so pokazali, 
da se z naraščajočo koncentracijo spojine L povečuje tudi njena inhibicijska učinkovitost (η %) ki doseže 82,85 % pri 
25 °C in koncentraciji 1 × 10–2 M. Po drugi strani pa je η padla na 75,25 % pri isti koncentraciji in temperaturi 55 °C. 
Polarizacijske krivulje kažejo, da se spojina obnaša kot inhibitor mešanega tipa. Ugotovili smo, da adsorpcija te spojine 
sledi Langmuirovi adsorpcijski izotermi. Morfologija površine ogljikovega jekla po delovanju spojine L, pridobljena s 
pomočjo vrstične elektronske mikroskopije (SEM) in mikroskopije na atomsko silo (AFM), je potrdila, da se je spojina L 
adsorbirala na površino ogljikovega jekla ter tvorila zaščitni film. Izračunali smo kinetične in termodinamske parametre. 
Z metodo teorije gostotnih funkcionalov (DFT) smo določili tudi kvantno-kemijske parametre. Študija potrjuje ujema-
nje med eksperimentalnimi in teoretičnimi rezultati.
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