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Abstract
This study investigates the inhibition effect of two newly synthesized biscoumarin compounds, (Z)-4-hydroxy-3-((4-hydroxy-
2-oxo-2H-chromen-3(8aH)-ylidene)(phenyl)methyl)-2H-chromen-2-one (P1) and (Z)-3-((4-chlorophenyl)(4-hydroxy-2-oxo-
2H-chromen-3(8aH)-ylidene)methyl)-4-hydroxy-2H-chromen-2-one (P2), on the corrosion behavior of stainless steel in a 2M 
 H2SO4 solution. Various methods, including potentiodynamic polarization (PDP), electrochemical impedance spectroscopy 
(EIS), scanning electron microscopy coupled to energy-dispersive X-ray spectroscopy (SEM–EDX), as well as density 
functional theory (DFT), Monte Carlo simulation (MC) and molecular dynamics (MD), were used in this investigation. The 
electrochemical findings revealed that P1 and P2 exhibit mixed inhibition behavior. Higher inhibition efficiencies are achieved 
at higher concentrations of these compounds. Indeed, at a concentration of  10−3 M, the inhibition efficiency reached 99 and 
99.5% for P2 and P1 respectively, although it decreased slightly with increasing temperatures. The adsorption of studied 
inhibitors followed the Langmuir adsorption isotherm model. In addition, SEM–EDX analysis of the steel surface revealed 
a protective layer formed by the adsorbed inhibitors. Furthermore, the theoretical methods (MC and MD) were consistent 
with the experimental data, confirming the obtained results.
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1 Introduction

The study and understanding of corrosion in metallic 
materials is of paramount importance to the scientific com-
munity to prevent its economic and societal consequences 
[1]. According to the World Corrosion Organization, metal 

corrosion generates very costly waste every year, account-
ing for 3–4% of industrialized gross domestic product 
(GDP) and damaging a quarter of annual steel production 
[1]. In addition, the Moroccan Confederation for Anticor-
rosion Certification COMACAC has indicated that the cost 
of corrosion in Morocco is likely to represent 5% of the 
national GDP [2]. Metallic corrosion is an inherent elec-
trochemical phenomenon that transforms metals and alloys Hoyam Chahmout and Omar Dagdag have contributed equally to 

this work.

 * Hansang Kim 
 hskim70@gachon.ac.kr

 * Avni Berisha 
 avni.berisha@uni-pr.edu

1 Laboratory of Organic Chemistry, Catalysis 
and Environment, Faculty of Sciences, Ibn Tofaïl University, 
PO Box 133, 14000 Kenitra, Morocco

2 National Higher School of Chemistry, Ibn Tofail University, 
PO Box 133, 14050 Kenitra, Morocco

3 Department of Mechanical Engineering, Gachon University, 
Seongnam 13120, Republic of Korea

4 Laboratory of Heterocyclic Organic Chemistry, Department 
of Chemistry, Faculty of Sciences, Mohammed V University 
in Rabat, PO Box 1014, Rabat, Morocco

5 Euromed University of Fes (UEMF), Fes, Morocco
6 Department of Chemistry, Faculty of Natural 

and Mathematics Science, University of Prishtina, 
10000 Prishtina, Kosovo

http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-024-00872-y&domain=pdf


 Journal of Bio- and Tribo-Corrosion (2024) 10:7171 Page 2 of 25

into more stable compounds, such as hydroxides, oxides, 
and sulfides upon exposure to water [3]. Due to its supe-
rior mechanical properties, stainless steel is commonly 
used in a wide range of industrial heating and cooling sys-
tems, including oil refineries, pharmaceutical industries, 
and power plants[4]. Acid solutions are widely used in 
industrial processes such as descaling, cleaning and pick-
ling, and metals are frequently exposed to corrosive media 
such as HCl,  H2SO4 and  HNO3 at temperatures ranging 
from 60 to 90 °C to remove unwanted limescale deposits. 
These aggressive acid solutions can cause severe damage 
to metal installations [5].

Several methods have been previously used for the pro-
tection of steel against corrosion, including alloying [6], 
organic coatings [7, 8], anodization [9], conversion coat-
ings [10], and the use of inhibitors [11, 12]. The usage of 
organic molecules has been discovered to be the most effec-
tive technique for preventing or reducing metallic corrosion 
in an aggressive environment [13].

Organic molecules containing heteroatoms such as N, S, 
O, or P, π electrons, or aromatic rings are frequently used 
to control metal corrosion in acidic environments [14, 15]. 
These compounds can interact with vacant d-orbitals of the 
metal by donating lone electron pairs from the heteroatoms, 
making them potential inhibitors [16, 17].

In acidic mediums, various types of heterocyclic com-
pounds have demonstrated good corrosion inhibition behav-
ior. Examples include phenyl-benzothiazole [18], quinoxa-
line [19], benzimidazole derivatives [20], indole derivatives 
[21] triazole [22], pyrrole [23], benzothiazine [24], and 
hydrazine [25].

Coumarin derivatives belong to a category of heterocyclic 
compounds characterized by multiple bonds, heteroatoms, 
and an aryl ring, making them well-suited as potential cor-
rosion inhibitors. The coumarin family is one of the most 
widely employed natural chemical compounds globally. 
Coumarin serves as a versatile framework with a wide array 
of medicinal attributes and often acts as a foundational 
structure for creating novel and potent analogs with diverse 
physicochemical properties. This versatility is due to the 
ease of their synthetic transformation into various activated 
coumarin forms. Notably, the presence of substituents in 
the parent benzopyran moiety contributes to their distinctive 
properties [26, 27].

Both natural and synthetic coumarin derivatives exhibit 
a wide range of pharmacological and biological properties, 
including anti-inflammatory [28], anti-oxidant, [29], antitu-
mor [30] burns, brucellosis, anti-coagulant, anti-bacterial, 
anticancer and anti-HIV [31]. In addition, several coumarin 
derivatives are used as flavoring and fixative agents, high-
lighting the environmentally friendly aspect of coumarin 
molecules [30]. Consequently, their synthesis has become 
a prominent and captivating subject of interest and research.

Based on previous research, the present study focuses 
on the investigation of newly synthesized bis(coumarin) 
compounds as corrosion inhibitors. In the present study, 
two bis(coumarin) compounds, namely P1 and P2, were 
synthesized and characterized by the method described El 
hajri et al. [30]. The investigated for their effect against the 
corrosion of stainless steel in 2M  H2SO4 solution. Detailed 
studies were carried out using electrochemical analysis 
methods, including electrochemical impedance spectroscopy 
(EIS) and potentiodynamic polarization (PDP). In addition, 
SEM–EDX analysis was employed to examine the mor-
phology of the adsorbed layer on the stainless steel surface. 
Computational studies such as Density Functional Theory 
(DFT), Monte Carlo simulation (MC) and molecular dynam-
ics (MD) were used to confirmed the experimental results.

2  Experimental Conditions

2.1  Materials and Medium

Stainless steel with the following compositions C (0.04%), 
Si (0.41%), Mn (1.46%), P (0.07%), S (0.03%), N (0.08%), 
Cr (18.5%), Co (0.16%), Mo (0.33%), Ni (7.81%), Cu 
(0.51%) and Fe (balance) was used for the corrosion test. 
The test medium was made with a commercial solution of 
 H2SO4 acid in both the presence and absence of the inhibitor.

Figure 1 depicts the molecular structures of the two 
examined substances (P1 and P2). For different experimental 
studies, stock solution of inhibitors was prepared using 2 ml 
of DMSO. In such medium, all tested compounds were fully 
soluble, with inhibitor Cinh spanning from  10−6 to  10−3 M.

2.2  Electrochemical Study

Electrochemical experiments were carried out in a three-
electrode Pyrex glass cell. The reference electrode (RE) used 
was a silver chloride electrode (Ag/AgCl), while a platinum 
plate served as the counter electrode (CE). A 1  cm2 surface 
of S steel (face up) was used as the working electrode (WE). 
PDP and EIS tests were performed using a Potentiostat/Gal-
vanostat/Voltalab PGZ100. Before each trace, the working 
electrode was immersed in the test solution for 30 min at 
the open-circuit potential to stabilize the system at a  Eocp.

PDP curves were generated by sweeping the electrode 
potential from – 900 to 300 mV relative to the corrosion 
potential at a sweep rate of 1 mV/s. The inhibition efficiency 
is evaluated using the following Eq. (1) [32]:

(1)�pp% =
[

(i
◦

corr
− icorr)

/

i
◦

corr

]

× 100
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where  i°
corr and  icorr stand for the values of corrosion cur-

rent densities in the absence and presence of inhibitor, 
respectively.

Electrochemical impedance measurements, on the other 
hand, were carried out in the frequency range of 100 kHz to 
10 mHz using a sinusoidal perturbation potential of 10 mV 
amplitude. The corrosion inhibiting efficiency (ηimp%) is cal-
culated from the Rp values using the following Eq. (2) [33]:

where  R0
p and  Rp indicate the polarization resistances in the 

absence and presence of inhibitor, respectively, and θ is the 
recovery rate Eq. (3).

2.3  SEM–EDX Analysis

The appearance of the metal surface when exposed to a 2M 
 H2SO4 medium for 6 h before and after the addition of the 
two studied compounds was analyzed using SEM with a 
20 kV acceleration voltage, and the surface composition was 
analyzed using the EDX technique.

2.4  Theoretical Investigations

DFT has become a widely adopted method for predicting 
the reactions of molecules with other substances or sur-
faces [34–36]. Due to its exceptional precision, the ab initio 
approach is widely employed [12, 13]. All quantum chemis-
try calculations involved full geometrical optimization using 
the Dmol3 module of the Biovia Materials Studio software 
package [37, 38]. Global optimizations are distinguished by 
the computation of vibration frequencies employing the DFT 
method are using the DFT method to produce the geometric 
structure of the desired compounds (using Dmol3, which 
included the G06/COSMO (water) model) [39].

(2)�imp% = (Rp − R
◦

p
∕Rp) × 100

(3)� = Rp − R
◦

p
∕Rp

MC simulation is widely used to study the interaction of 
a metal surface with a molecule inhibitor. This simulation 
is especially useful in elucidating a fundamental compo-
nent of corrosion problems: the phenomenon of adsorption, 
which identifies the most stable adsorption sites on metal 
surfaces while expending the least energy [40–42]. Material 
Studio software is used to perform the MD and MC simula-
tions using the adsorption locator and Forcite module [43]. 
This technique is primarily used to explore the interactions 
between inhibitor molecules and clean stainless steel sur-
faces under corrosive circumstances, to identify configura-
tions with the lowest conformational energy. The adsorption 
of P1 and P2 inhibitors onto the iron surface is examined 
through MC and MD simulations conducted using Materials 
Studio 8.0 software [11, 44, 45]. We chose a highly stable 
surface, Fe (1 1 0), to replicate the adsorption process. The 
simulation box for MC and MD has dimensions of (24.823
752 Å × 24.823752 Å × 54.241658 Å). The MC simulations 
involved the continuous introduction of inhibitor molecules 
into the modeled cell, along with an aqueous solution con-
taining corrosive species including  H2O (720), sulphate ions 
(05) and hydronium ions (10) [11, 46].

3  Results and Discussion

3.1  PDP Plots

To further understand the effect of produced biscoumarin 
derivatives on the electrochemical processes of metal sur-
faces, PDP plots of S-steel in 2M  H2SO4 at varying P1 
and P2 concentrations were performed. These curves are 
depicted in Fig. 2.

The results presented in Fig. 2 showed that the presence 
of the P1 and P2 inhibitors in the 2.0M  H2SO4 solution 
affected the anodic reactions. Moreover, both P1 and P2 in 
the corrosive medium led to a significant reduction in the 
cathodic and anodic current densities (Fig. 2), with a more 
pronounced decrease observed as their concentration  (Cinh) 

Fig. 1  The examined sub-
stances’ chemical structures: a 
P1 and b P2
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increased. Also, the values of the  Ecorr do not show signifi-
cant shifts in the presence of the inhibitors. Therefore, it is 
not appropriate to classify compounds P1 and P2 as cathodic 
or anodic inhibitors. Consequently, the studied compounds 
can be classified as mixed-type inhibitors [47].

Tafel plots show that the hydrogen reduction mechanism 
happens according to a charge transfer mechanism, and the 
presence of biscoumarin molecules in 2M sulfuric acid solu-
tion does not cause any modification in the cathodic hydro-
gen evolution mechanism [48]. Because of its capacity to 
exist in a metastable state of passivity, S-steels offer good 
corrosion resistance in general. However, the passive layer 
gets degraded when S-steels are exposed to some corrosive 
medium rich in aggressive ions which causes the corrosion 
of steel [49]. The degradation of the passive layer occurs as 
a result of the controlled adsorption of aggressive ions at 
specific sites [50].

As shown in Fig. 2, the anodic branch can be identified 
by an active corrosion zone where there is a rise in icorr, 
with the rising potential signifying the active dissolving of 
steel. Furthermore, beyond the active zone, the ia decreases 

to a critical level. This drop begins at roughly – 0.3 V and 
continues to – 0.1 V due to the creation of a passive layer on 
the surface of the S-steel.

However, it has been suggested that this film tends to 
partially decompose in an aggressive, ion-rich environ-
ment [51]. According to the polarization curve described, 
on the anodic leg, S-steel exhibits four regions: active (i), 
active–passive transition (ii), passive (iii), and passive break-
down (iv) [52]. Comparing the polarization plots of inhibi-
tors P1 and P2 with those of blank, observations reveal that 
the introduction of inhibitors into the corrosive environment 
resulted in a significant reduction in  ia at the flat potential 
(primary passivation potential) and an expansion of the pas-
sivation zone. This suggests the development of a durable 
passive layer and, consequently, a reduction in localized cor-
rosion [51]. Table 1 summarizes the electrochemical param-
eters obtained by extrapolation of the Tafel plots.

According to Table 1, the icorr values decrease with the 
increase of concentrations ranging from (98 µA   cm−2at 
 10−6 M to 13 µA  cm−2 at  10−3 M) for P2, and (95 µA  cm−2 
at  10−6 M to 8 µA  cm−2 at  10−3 M) for P1 in 2M  H2SO4, 

) )

Fig. 2  Tafel plots for P1 and P2 biscoumarin derivatives

Table 1  Electrochemical 
parameters extracted from Tafel 
plots of P1 and P2 (298 K)

Medium Conc (M) − Ecorr 
(mV  Ag−1  AgCl−1

icorr (µA  cm−2) − βc (mV  dec−1) ηPDP %

Blank – 411 828 134 –
P2 10−6 392 98 131 88.1

10−5 389 55 133 93.3
10−4 370 22 129 97.3
10−3 364 13 127 98.4

P1 10−6 397 95 134 88.5
10−5 437 67 132 91.9
10−4 404 18 130 97.8
10−3 439 08 126 99.0
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and therefore the ηPDP% increases with increasing P1 and 
P2 concentrations, reaching a maximum value of 99% with 
compound P1. This may be due to the adsorption of P1 and 
P2 compounds on the surface of the S-steel, and blocks the 
active sites on the surface of this metal [53]. Ecorr values 
obtained from Tafel slope plots in the presence and absence 
of inhibitors provide an excellent benchmark for determin-
ing the mechanism of inhibition. When the Ecorr values are 
displayed within 85 mV on this, an inhibitor can be catego-
rized as a mixed-type inhibitor. If the value of the inhibited 
material is higher than that of the blank, it is considered 
anodic; if it is lower, it is considered cathodic [54]. Table 1 
demonstrates that the shift in Ecorr values is below 85 mV 
for the two investigated inhibitor molecules. Consequently, 
the inhibitors can be characterized as mixed-type inhibitors.

Table 1 indicates that the presence of P1 and P2 slightly 
modifies the value of the cathodic Tafel slopes (βc). How-
ever, the difference between the βc values of inhibited and 
uninhibited systems is constant for different inhibitor con-
centrations. There is no discernible pattern in the βc values 
of inhibited solutions as the concentration of the compounds 

studied increases. This suggests that the kinetics of cathodic 
reactions are not affected and that inhibition occurs by a 
simple geometric blocking mechanism [55].

3.2  EIS Diagrams

EIS is considered one of the most proven techniques for 
analyzing the surface characteristics of steel samples and the 
charge transfer process at the electrolyte/electrode interface. 
The EIS data have been represented in the form of a Nyquist 
diagram and are shown in Fig. 3.

Initial observations indicate consistent shape in the 
presence of inhibitors P1 and P2, compared to the blank 
solution, suggesting no alteration in the corrosion mecha-
nism upon inhibitor addition at varying concentrations 
[56]. Figure 3 shows the presence of two semicircles for P1 
and P2 at different concentrations, and their diameters cor-
respond to the polarization resistance. The high-frequency 
capacitive loop primarily corresponds to the inhibitor 
film on the metal surface, while the low-frequency loop 
is typically associated with corrosion charge transfer and 

Z

)

)

Fig. 3  Nyquist curves for P1 and P2 at 298 K
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double-layer phenomena [57]. The diameters of the two 
depressed semicircles in the presence of the inhibitors are 
bigger than those reported for the blank solution, and they 
rise significantly when P1 and P2 concentrations increase. 
This is due to the formation of an inhibitor-adsorbed film 
on the metal's surface, which delays its contact with the 
acidic solution [58].

The equivalent circuit depicted in Fig. 4 serves to vali-
date or refute mechanistic models and aids in determining 
electrochemical parameter values for the studied system 
[59, 60].

To replace an ideal capacitor, constant-phase elements 
(CPE) are utilized. This enables the description of the 
observed depression in the capacitive semicircle. The 
CPE is considered a versatile tool capable of describ-
ing the exponential distribution of electrochemical reac-
tion parameters associated with charge and mass transfer 
energy barriers [61, 62]. The depression of the capacitive 
semicircle is attributed to surface heterogeneity, which can 
result from factors such as surface roughness, dislocations, 
active site distribution or inhibitor adsorption. The imped-
ance of the CPE is shown as follows (Eq. 4) [63]:

(4)ZCPE(�) = Q−1(j�)−n

where “Q” represents the coefficient of proportionality of 
the CPE, “j” is the imaginary number, “ω”corresponds to 
the angular frequency (in rad  s−1) and “n” can be utilized as 
a factor of surface homogeneity (− 1 ≤ n ≤  + 1).

Furthermore, the Cdl for a circuit containing a CPE is 
computed using the below Eq. (5) [64]:

where wmax = 2πfmax and fmax is the frequency at the maxi-
mum value of the imaginary part of the impedance spectrum.

The EIS parameters calculated from the simulation of 
the impedance plot and ηimp (%) for the different Cinh of P1 
and P2 in 2M  H2SO4 medium are listed in Table 2.

The polarization resistance (Rp) of steel significantly 
increases in the presence of both inhibitors and further 
rises with higher concentrations, reaching its maximum 
values of 3651 Ω  cm2 for P2 and 6986 Ω  cm2 for P1 at 
 10−3 M. The adsorption of the two organic chemicals on 
the steel surface and the formation of a protective layer 
are responsible for the considerable increase in polariza-
tion resistance (Rp) [65]. On the other hand, the Qf value 
diminishes as concentrations increase. This is likely due 
to the increase in double-layer thickness caused by the 
adsorption of organic molecules, which displaces  H2O 
molecules and corrosive ions at the steel/solution interface 
[66]. Nonetheless, an increase in n values with Cinh mol-
ecules is explained by a decrease in surface heterogeneity 
caused by the creation of adsorptive layers by the exam-
ined molecules [15]. Moreover, the values of n closely 
approach unity, signifying that the electric double layer in 
this study operated akin to a pseudo-capacitor [57]. The 
Cdl can be computed utilizing the subsequent Eq. (6) [67]:

where Ɛ and Ɛo represent the dielectric constants of the 
medium and permittivity under vacuum, e represents the 

(5)Cdl = Q
(

2�w
max

)n−1

(6)Cdl =
�.�

0
.s

e

Fig. 4  Equivalent electrical circuit of metal/P1 and P2/H2SO4

Table 2  Changes in kinetics for P1 and P2 at 298 K

Inhibiteur Con M Rs Ω  cm2 Qf µFcm2 nf Rf Ω  cm2 Qct µFcm2 nct Rct Ω  cm2 Rp Ω  cm2 E% θ

2.0 M  H2SO4 – 0.9 798 0.896 25.4 447 1 10.6 36 – –
P2 10−6 0.8 694 0.875 226 346 0.894 66 292 87.6 0.876

10−5 0.5 552 0.895 143 266 0.705 478 621 94.2 0.942
10−4 1.0 165 0.865 1615 295 0.869 400 2015 98.2 0.982
10−3 0.4 159 0.878 2266 101 0.954 1385 3651 99.0 0.990

P1 10−6 0.7 238 0.954 81 257 0.877 237 318 88.6 0.886
10−5 0.6 227 0.921 356 298 0.854 118 474 92.4 0.924
10−4 0.4 155 0.885 2184 142 0.958 1243 3427 98.9 0.989
10−3 1.0 255 0.797 482 27 0.931 6504 6986 99.5 0.995
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thickness of the protective layer and S correspond to the 
electrode surface.

Figure 5 displays Bode Modulus and Bode angle plots 
for S-Steel in an  H2SO4 medium, with and without different 
Cinh of the investigated inhibitors. In the Bode angle plots, 
we notice the presence of two peaks indicating two-time 
constants at the lower and the higher frequencies [68]. Fur-
thermore, the phase angle values are elevated in the pres-
ence of the examined inhibitor compared to the corrosive 
medium. This result implies that a protective film forms on 
the surface of S-steel through inhibitor adsorption, causing 
the metal surface to become smoother [69].

The impedance within the low-frequency range 
 (10−1–100 Hz) serves as an indicator of the metal's corrosion 
resistance: a higher impedance value corresponds to superior 
corrosion resistance. Figure 5 illustrates a significant rise in 
log|Z| values with increasing Cinh of the tested compounds, 
indicating effective corrosion inhibition. This affirms the 
robust adsorption of P1 and P2 molecules, leading to the 

creation of a protective, thin film on the surface of S-steel 
[70].

Table 3 summarizes some recent studies on the corrosion 
of steel metals using coumarin derivatives in acidic environ-
ments at a concentration of  10−4M. A comparison with the 
coumarin molecules evaluated in this study indicates that the 
compounds studied exhibit higher inhibition efficiencies in 
terms of corrosion inhibition. Generally, these molecules are 
strongly adsorbed on the steel surface, effectively inhibiting 
the corrosion process.

3.3  Adsorption Isotherm Studies

Generally, the effectiveness of an inhibitor is determined 
by its ability to adsorb onto the steel surface, as well as 
the nature and chemical composition of its structure. There-
fore, the adsorption isotherm provides crucial information 
for understanding the corrosion inhibition process and the 
interactions of the inhibitor molecules with the metal surface 

)

Fig. 5  Bode and phase angle curves for P1 and P2 at 298 K



 Journal of Bio- and Tribo-Corrosion (2024) 10:7171 Page 8 of 25

Table 3  The inhibition efficiency of different coumarin molecules in an acidic environment

Chemical structure Cinh (M) η (%) Metals Corrosive solution Reference

(Z)-4-hydroxy-3-((4-hydroxy-2-oxo-2H-chromen-3(8aH)-ylidene)(phenyl)methyl)-
2H-chromen-2-one

10−4 98.9 S-steel 2M  H2SO4 This work

(Z)-3-((4-chlorophenyl)(4-hydroxy-2-oxo-2H-chromen-3(8aH)-ylidene)methyl)-4-
hydroxy-2H-chromen-2-one

10−4 98.2 S-steel 2M  H2SO4 This work

4-((4-amino-1H-1,2,4-triazole-5(4H)-thione-3-yl)methyl) coumarin (ATMC)

10–4 29% M-steel 1M HCl [71]
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Table 3  (continued)

Chemical structure Cinh (M) η (%) Metals Corrosive solution Reference

-(6-methylcoumarin-4-yl)-
N´-(3-nitrobenzylidene)acetohydrazide (MCNAH

10–4 21.5% M-steel 1M HCl [72]

N,N′-((2E,2′E)-2,2′-(1,4-phenylenebis(methanylylidene))bis(hydrazine carbono-
thioyl))bis(2-oxo-2H-chromene-3-carboxamide) PMBH

10–4 97.1 M-steel 1M HCl [73]

 
2-(Coumarin-4-yloxy)acetohydrazide (EFCI)

10–4 52 M-steel 1M HCl [74]

 

4-[(2-amino-1, 3, 4-thiadiazol-5-yl)methoxy]coumarin (ATC)

10–4 53 M-steel 1M HCl [73]
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[75]. After assessing various isotherms like Frumkin, Tem-
kin, Freundlich, and El-Awady, as shown in Fig. 6.

These isotherms allow us to connect the recovery rate 
to P1 and P2 concentrations using the formulas in Table 4, 
where f is the energy inhomogeneity factor. When this factor 
is positive (f > 0), the adsorbed species are attracted to one 
another laterally; when it is negative (f < 0), the opposite is 
true. “n” is the adsorption intensity, “Kads” is the equilibrium 
constant of the adsorption processes, Cinh is the concentra-
tion of the products under examination, and θ is the rate at 
which an adsorbed inhibitor covers the steel surface. Among 
the tested isotherms, Langmuir model was found to be the 
best adsorption model of the P1 and P2 molecules on the 
steel surface in 2.0 M  H2SO4 medium, with R2 values close 
to unity.

The Langmuir model suggests that the steel surface has 
a limited number of adsorption sites, each capable of sup-
porting a single adsorbed molecule. Furthermore, adsorbed 
molecules are assumed to have no interactions with each 
other, and all adsorption sites are thermodynamically iden-
tical. As a result, the adsorption energy remains constant 
across all surface coverage rates θ, indicating a uniform 
distribution of energy on all sites [72, 76]. Consequently, 
the Temkin, Frumkin, and Freundlich models presuppose a 
non-ideal adsorption process. Additionally, the correlation 
factor coefficient values are extremely near to unity.

In the present investigation, the parameter “f'” of the 
Frumkin isotherm and “f” of the Temkin isotherm are 
negative indicating the existence of a lateral attraction 
between the adsorbed species. Thus, the obtained value of 

Table 3  (continued)

Chemical structure Cinh (M) η (%) Metals Corrosive solution Reference

4-(6-methylcoumarin)acetohydrazide (MCA)

10–4 56 M-steel 1M HCl [74]

(E)-4-hydroxy-3-(phenyldiazenyl)-2H-chromen-2-one (8)

10–4 52 M-steel 1M HCl [75]

(E)-3-((4-bromophenyl)diazenyl)-4-hydroxy-2H-chromen-2-one (9)

65

(E)-3-((4-chlorophenyl)diazenyl)-4-hydroxy-2H-chromen-2-one (10)

57
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n for Freundlich model is very different from the reference 
value of 0.6, which reveals that the adsorption mechanism 
studied cannot reasonably be modeled by the Freundlich 
isotherm, despite a value of  R2 in the standards [77, 78].

The Kads and ΔGads parameters indicate the nature of 
the adsorption process and its spontaneity. According 
to Fig. 6, Kads values were obtained from the reciprocal 

))

Fig. 6  Isothermal models tested to describe the adsorption of the two compounds onto S-steel in the examined medium at 298 K
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intercepts of adsorption isotherms, and the ΔGads are cal-
culated using Eq. (7) [79]:

where R stand for the universal gas constant, T denotes the 
temperature and Csolvent represents the concentration of sol-
vent “water” in solution equal to 55.5 mol  l−1. Table 4 pre-
sents the adsorption parameters of P1 and P2 obtained from 
Langmuir isotherm.

From the results in the table, we observe a strong R2 
for both products, and the slope is very close to unity. The 
high Kads values observed for the two tested compounds in 
Table 4 indicate their strong adsorption to the steel surface. 
This is because the functional groups of these molecules 
contain many donor atoms, such as O and Cl. Negative 
∆Gads values indicate a spontaneous adsorption process and 
a long-lasting adsorbed layer on steel surfaces. According to 
the literature, when ∆Gads values approach − 20 kJ  mol−1, 
physical adsorption is mainly due to electrostatic interactions 
between charged molecules and the charged metal surface. 
However, values close to − 40 kJ  mol−1 indicate electron 
sharing or transfer between active sites of inhibitors and the 
vacant “d” orbitals of the metal, resulting in the formation 
of a coordination bond (covalent bond). This phenomenon is 
known as chemisorption [80]. The ∆Gads values calculated 
for the P1 and P2 inhibitors are close to − 40 kJ  mol−1. This 
suggests that the inhibitor molecules are adsorbed by chem-
isorption on the S-steel surface.

3.4  Temperature Effect

Temperature plays a key role in inhibitor activity. It can 
affect the interactions between metals and inhibitors in 

(7)ΔGads = −RTln(CsolventKads)

corrosive environments, as well as the inhibitory effi-
cacy of an inhibitor. Furthermore, exposing a metal to an 
aggressive environment at elevated temperatures can lead 
to several problems, including dissolution of the metal, 
desorption of inhibitors and desorption of adsorbed mol-
ecules [81].

It is crucial to gain further insight into the type of adsorp-
tion and the behavior of the inhibitors at high temperatures. 
PDP curves were generated at various temperatures ranging 
from 298 to 328 K, both in the absence and presence of 
 10−3 M inhibitor, within an acidic medium of 2 M  H2SO4. 
These PDP curves are illustrated in Fig. 7, while Table 5 
presents the corresponding electrochemical parameters.

As depicted in Fig.  7, it becomes evident that with 
increasing temperature, the PDP curves shift towards higher 
icorr values, regardless of the presence of P1 and P2 inhibi-
tors. The data presented in Table 5 highlights that, whether 
in the absence or presence of inhibitors, a temperature shift 
from 298 to 328 K leads to an elevated icorr. Nevertheless, 
the presence of the inhibitor results in a notably smaller 
increase in the corrosion current compared to the blank case. 
Therefore, these results show that the studied inhibitors pre-
serve their inhibiting characteristics at all the temperatures 
studied. Concerning the inhibitory effectiveness, the calcu-
lated values of inhibition efficiency show a slight decrease 
with the temperature increasing from 98.4 to 91.2% for P2 
and 99 to 93% for P1.

This phenomenon may be attributed to the desorption of 
the investigated molecule from the steel surface [82]. The 
decrease in inhibition efficiency with temperature has been 
elucidated by Ammar et al. [83] as a result of the Van der 
Waals interactions between the inhibitor and the metal sur-
face. These bonds are highly sensitive to thermal agitation 
and are easily broken as the temperature increases.

Table 4  Adsorption parameters 
of P1 and P2 inhibitors

Isotherm Linear form Parameter P1 P2

Langmuir kadscinh =
�

1−�
R2 1 1
Kads(L  mol−1) 203.4 ×  104 202.4 ×  104

Pente 1.0 1.0
ΔGads(KJ mol−1) − 46.0 − 45.9

Temkin e−2f � = kadsCinh
R2 0.9616 0.94681
Kads(L  mol−1) 1.1249 1.1194
Pente (− 1/2f) 0.01702 0.01659
f − 29.4 -30.1

Freundlich � = kadsC
n
inh

R2 0.96137 0.94292
Kads(L  mol−1) 0.13319 0.12878
Pente (n) 0.01807 0.01775

Frumkin �

1−�
e−2f � = kadsCinh

R2 0.8938 0.93045

Kads(L  mol−1) − 38.18433 − 44.1556
Pente (− 2f) 25.55356 32.14747
f − 12.8 − 16.1
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Fig. 7  PDP plots of S-steel in 2M.H2SO4 for P1 and P2 at different temperatures

Table 5  Various parameters 
related to changes in Tafel plots 
for P1 and P2  (10−3 M)

Medium Tempe K − Ecorr 
mV  Ag−1  AgCl−1

icorr µA  cm−2 − βc mV  dec−1 ηPDP %

Blank 298 412 827 135 –
308 432 1490 139 –
318 429 2409 142 –
328 460 3250 153 –

P2 298 364 13 127 98.4
308 350 48 134 96.7
318 356 135 140 94.4
328 338 284 148 91.2

P1 298 439 8 126 99.0
308 340 35 137 97.6
318 350 109 143 95.4
328 348 226 150 93.0
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Figure 8 shows the variation in ηPDP versus temperature 
at the optimum Cinh of  10−3 M for the two biscoumarin 
compounds (Fig. 8). It shows a slight decrease in efficiency 
with increasing temperature, and inhibitory characteristics 
do not change significantly.

3.5  Thermodynamic Parameters

By using the Arrhenius Equation, the Ea for the dissolution 
of S-steel in the presence and absence of an inhibitor in 
the corrosive medium 2.0 M  H2SO4 was estimated from 
the icorr, as follows Eq. (8):

(8)icorr = Ae

(

−
Ea

RT

)

Taking the logarithm of both sides of the Arrhenius 
Eq. (9) could be obtained

(9)ln icorr = lnA −
Ea

RT

Fig. 8  Variation of the %IE 
and temperature increase in 
2M.H2SO4 with the presence of 
 10−3M inhibitors

Fig. 9  Arrhenius and transition state curves for P1 and P2  (10−3 M)

Table 6  Activation parameter values for P1 and P2  (10−3 M)

Ea (kJ  mol−1) ΔHa (kJ  mol−1) ΔSa 
(kJ mol −1 K)

2.0M  H2SO4 P2 83.8 81.2 49.8
P1 91.0 88.4 70.3
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Additionally, using the transition state formula of the 
Arrhenius equation, the activation's entropy (ΔSa) and 
enthalpy (ΔHa) are determined as follows Eq. (10):

where icorr is the corrosion current density, A is the pre-expo-
nential factor, h is the Planck’s constant, Na is the Avoga-
dro’s number, Ea is the apparent activation energy, R is the 
gas constant (R = 8.314 J  mol−1  K−1) and T is the absolute 
temperature.

Figure 9 depicts the variation of the ln (icorr) and ln 
(icorr/T) against 1000/T against 1000/T for S-steel in 2M 
 H2SO4 electrolyte in the absence and presence of different 
Cinh values for P1 and P2. Table 6 displays the activation 
parameters that were derived from these two curves.

The formation of an energy barrier that slows the cor-
rosion process can explain the increase in Ea values in the 
presence of P1 and P2 inhibitors. Therefore, the physisorp-
tion interaction between the organic molecule and the steel 
surface may be responsible for the higher Ea [84]. The 
positive standard activation enthalpy (∆Ha) indicates the 

(10)ln

(

icorr

T

)

=

[

ln

(

R

hNa

)

+

(

ΔSa

R

)]

−
ΔHa

RT

endothermic nature of the S-steel dissolution process, high-
lighting the resistance of steel to dissolution. The activation 
entropy values (∆Sa) in the presence of P1 and P2 exhibit 
higher positive values when compared to the blank solu-
tion, indicating the ordering and disordering of inhibitor 
molecules on the S-steel surface. The increase in activa-
tion entropy when an inhibitor is present suggests that the 
adsorption of inhibitors and desorption of  H2O molecules 
result in increased entropy. Consequently, this enhances the 
disorder of P1 and P2 molecules during their adsorption onto 
the stainless steel surface [85].

3.6  Surface Analysis by SEM–EDX

Electrochemical measurements should be used to verify the 
results; the surface morphology of S-steel has been evalu-
ated using SEM–EDX technique. Figure 10 shows the SEM 
images of S-steel in 2M  H2SO4 before and after the addition 
of  10−3 M of P1 and P2 compounds. The comparison of 
SEM images reveals that the samples corroded significantly 
following immersion in the blank solution. We can see cor-
rosion products forming across the entire surface of the 
material, and the metal surface becomes rough and cracked, 

Fig. 10  SEM images of the uninhibited and inhibited samples for P1 and P2 at a concentration of  10−3 M for 6 h at 298 K
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Fig. 11  EDX spectra (uninhib-
ited and inhibited) for P1 and 
P2 at  10−3 M Blank

P1

P2
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with pits and cracks spaced arbitrarily apart. These results 
are frequently associated with the direct attack of sulfuric 
acid on steel surfaces. On the other hand, the addition of P1 
and P2 at appropriate concentrations improved the surface 
morphology of S-steel. SEM micrographs reveal that, in the 
presence of both chemicals, the metal surface is devoid of 
corrosion products and becomes smoother, more homogene-
ous and brighter. This can be attributed to the formation of a 
thin protective film on the metal surface, which effectively 
prevents corrosion damage.

Moreover, to get more information about S-steel sur-
face composition in the absence and presence of organic 

compounds, (EDX) analysis was used for steel samples. The 
EDX spectra for S-steel that was submerged for 6 h in a 
2M  H2SO4 solution, both with and without the addition of 
 10−3 M of P1 and P2, are shown in Fig. 11. The EDX spec-
tra of S-steel in the blank display the distinctive peaks of 
several of the steel specimen’s constituent elements (C, Mn, 
Cr, Si, and Fe). Also, the presence of a peak correspond-
ing to Oxygen (O) confirms the formation of iron oxides 
in the corrosion process and the dissolution of the S-steel 
after immersion. However, EDX spectra in the presence 
of the inhibitor reveal the appearance of the distinctive Cl 
peak, which is present in the chemical composition of the 
organic molecule. In addition, a decrease in the intensity of 
oxygen peaks can be observed. These results confirm the 

Fig. 12  Quench dynamic parameters and derived outputs

Fig. 13  σ-profile of the P1 and 
P2 inhibitors
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development of a protective coating on the steel surface and 
the ability of chemicals to limit corrosion processes.

3.7  Theoretical Analysis

3.7.1  DFT Results

To expedite the DFT calculations and reduce computation 
time, a preliminary step was taken using the Quench method. 
This method involved utilizing the COMPASS III force field 
and the parameters listed in Fig. 12 to attain a low energy 
conformation of P1 and P2 inhibitors.

The COSMO model generates a sigma profile curve using 
charge density calculations, as seen in Fig. 13. Atomic nuclei 
in the COSMO model are slightly charged to represent their 
electrostatic potential [86]. The figure depicts the P1 and P2 
inhibitors that can act as both an acceptor and a donor for 
hydrogen bonding. When put in a solution, water molecules 
form acceptor/donor interactions with the inhibitors, and 
the inhibitor's solubility is determined by its ability to form 
hydrogen bonds [86].

Theoretical studies offer valuable insights into the chemi-
cal activity of inhibitory compounds through electronic 
descriptors, which define the properties of these compounds 
and, consequently, elucidate the mechanisms of corro-
sion inhibition [87–89]. A higher EHOMO value indicates 
enhanced electron donation, signifying improved corrosion 
inhibition efficacy as a result of increased adsorption of 
inhibitory molecules onto the S-Steel Surface. Furthermore, 
the least ELUMO value indicates the ability to accept electrons 
from the metal surface [90, 91]. Furthermore, a lower value 
of the ∆Egap represents the highest interaction of the metal/
inhibitor and, as a result, a high protection effectiveness. The 
HOMO, LUMO and ESP surfaces of the P1 and P2 inhibi-
tors are given in Fig. 14.

According to the plots, the FMOs (HOMOs/LUMOs) 
orbitals for the P1 and P2 are found throughout the mol-
ecules, primarily on the aromatic doublets, the hydroxyl and 
oxo groups. These sites are responsible for electron donation 
and/or acceptance from the metal surface [92]. Additionally, 
the areas with a red color in the MEP indicate a negative 
electrostatic potential, with prominent concentrations around 
the –O–C=O linkages, as depicted in Fig. 14.

Table 7 lists the various quantum chemistry characteris-
tics for the P1 and P2 inhibitors. According to Table 7, the 
HOMO of both P1 and P2 inhibitors is as follows: P1 > P2, 
which reflects that P1 has favorable electron-donating char-
acteristics to the metal surface. As seen also in Table 7, the 
theoretical order of ∆Egap and η is P1 < P2, suggesting that 
P1 has high electron-donating capabilities on the surface 
[17, 93].

The condensed Fukui index (FI) analysis was used to 
identify the inhibitors' local reactive sites. By analyzing 
the nucleophilic and electrophilic properties of the P1 
and P2 inhibitors, the activity of the P1 and P2 inhibitors 

Fig. 14  HOMO, LUMO and 
ESP surfaces of the P1 and P2 
inhibitors

Table 7  Theoretical chemical characteristics for P1 and P2 inhibitors 
were calculated

Descriptor P1 P2

HOMO − 4.597 − 4.667
LUMO − 3.556 − 3.623
∆Egap 1.041 1.044
I 4.597 4.667
A 3.556 3.623
χ 4.076 4.145
η 0.520 0.522
σ 1.923 1.915
∆N 0.715 0.646
∆Eback-donation − 0.130 − 0.130
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Table 8  fk+ and fk– indices 
based on the Mulliken and 
Hirshfeld charges methods P1 
and P2 inhibitors

Atom P1 Atom P2

fk+ fk– fk+ fk–

Mulliken Hirshfeld Mulliken Hirshfeld Mulliken Hirshfeld Mulliken Hirshfeld

C (1) 0.015 0.018 0.015 0.019 C (1) 0.015 0.018 0.015 0.018
C (2) 0.018 0.020 0.018 0.019 C (2) 0.018 0.019 0.017 0.019
C (3) − 0.014 0.007 − 0.014 0.007 C (3) -0.011 0.008 -0.010 0.008
C (4) 0.018 0.020 0.017 0.019 C (4) 0.017 0.019 0.016 0.018
C (5) 0.015 0.018 0.015 0.019 C (5) 0.015 0.018 0.015 0.018
C (6) 0.021 0.027 0.020 0.026 C (6) 0.018 0.025 0.018 0.024
C (7) − 0.002 0.007 − 0.002 0.007 Cl (7) 0.041 0.038 0.042 0.039
C (8) 0.052 0.041 0.051 0.040 C (8) 0.054 0.041 0.053 0.040
C (9) − 0.003 0.013 − 0.002 0.013 C (9) -0.002 0.014 -0.001 0.014
C (10) 0.014 0.024 0.013 0.024 C (10) 0.013 0.024 0.013 0.024
C (11) 0.028 0.021 0.027 0.020 C (11) 0.028 0.020 0.027 0.020
O (12) 0.021 0.026 0.021 0.026 O (12) 0.020 0.026 0.021 0.026
C (13) − 0.009 0.015 -0.009 0.015 C (13) -0.008 0.015 -0.008 0.015
C (14) 0.035 0.036 0.035 0.037 C (14) 0.036 0.036 0.036 0.036
C (15) 0.026 0.028 0.026 0.028 C (15) 0.027 0.027 0.027 0.028
C (16) 0.032 0.028 0.031 0.027 C (16) 0.033 0.028 0.032 0.027
C (17) 0.007 0.012 0.007 0.012 C (17) 0.007 0.012 0.007 0.012
C (18) 0.015 0.015 0.015 0.015 C (18) 0.015 0.016 0.015 0.016
O (19) 0.014 0.016 0.015 0.016 O (19) 0.014 0.016 0.014 0.016
C (20) 0.016 0.013 0.016 0.013 C (20) 0.016 0.013 0.015 0.013
O (21) 0.041 0.040 0.042 0.040 O (21) 0.040 0.039 0.041 0.040
O (22) 0.030 0.028 0.031 0.029 O (22) 0.030 0.028 0.031 0.029
C (23) 0.021 0.020 0.020 0.020 C (23) 0.021 0.020 0.020 0.020
C (24) 0.011 0.017 0.011 0.017 C (24) 0.011 0.017 0.011 0.018
C (25) 0.020 0.024 0.020 0.024 C (25) 0.021 0.024 0.020 0.024
C (26) 0.013 0.016 0.014 0.016 C (26) 0.013 0.016 0.013 0.017
C (27) 0.049 0.048 0.049 0.048 C (27) 0.048 0.047 0.048 0.047
C (28) 0.017 0.031 0.017 0.031 C (28) 0.017 0.031 0.017 0.031
C (29) 0.050 0.058 0.051 0.058 C (29) 0.050 0.057 0.050 0.057
C (30) 0.029 0.036 0.029 0.036 C (30) 0.028 0.035 0.028 0.036
O (31) 0.029 0.028 0.029 0.029 O (31) 0.025 0.026 0.026 0.026
O (32) 0.025 0.024 0.025 0.024 O (32) 0.025 0.024 0.025 0.024
H (33) 0.017 0.011 0.017 0.010 H (33) 0.016 0.010 0.016 0.010
H (34) 0.019 0.011 0.019 0.011 H (34) 0.019 0.010 0.019 0.010
H (35) 0.019 0.011 0.019 0.010 H (35) 0.018 0.010 0.017 0.010
H (36) 0.017 0.011 0.017 0.011 H (36) 0.016 0.010 0.016 0.010
H (37) 0.011 0.007 0.011 0.007 H (37) 0.043 0.026 0.042 0.026
H (38) 0.013 0.009 0.013 0.009 H (38) 0.015 0.010 0.015 0.010
H (39) 0.009 0.006 0.009 0.006 H (39) 0.013 0.009 0.013 0.009
H (40) 0.045 0.028 0.044 0.028 H (40) 0.015 0.010 0.015 0.010
H (41) 0.015 0.010 0.015 0.009 H (41) 0.014 0.009 0.014 0.009
H (42) 0.015 0.008 0.013 0.009 H (42) 0.030 0.020 0.030 0.020
H (43) 0.013 0.010 0.015 0.010 H (43) 0.025 0.016 0.026 0.016
H (44) 0.014 0.009 0.014 0.009 H (44) 0.032 0.023 0.032 0.023
H (45) 0.031 0.020 0.031 0.021 H (45) 0.027 0.017 0.028 0.017
H (46) 0.026 0.016 0.026 0.016 H (46) 0.014 0.013 0.014 0.013
H (47) 0.033 0.023 0.033 0.023 H (47) 0.010 0.009 0.009 0.009
H (48) 0.029 0.018 0.029 0.018
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was also investigated. As a result, the goal of this sec-
tion is to forecast the optimal adsorption sites for both 
molecules. Table 8 in this idea shows the computed Fukui 
indices. According to the data in Table 8, the C8, O21, 
C27, and C29 atoms in P1 have strong positive values of 
both FI (fk

+, fk
−), demonstrating that these centers have a 

significant role in the success of the adsorption process to 
stainless steel.

The P2 has the highest positive values of both FI 
(fk

+, fk
−) and are located on Cl7, C8, O21, C27 and C29.

3.7.2  MC and MD Simulations

Figure 15 illustrates the adsorption characteristics of P1 
and P2 inhibitors on the Fe (110) surface in the presence 
of  H2O and  H2SO4 molecules. Both inhibitors exhibited 
parallel adsorption to the Fe (110) surface, maximizing the 
interaction between their active sites and the metal surface. 
This parallel orientation effectively covered the entire steel 
surface. In comparison to water and  H2SO4 molecules, the 
organic molecules were positioned closest to the Fe surface 
(110), suggesting that the presence of organic inhibitors pro-
motes the replacement of  H2O molecules, hydronium ions, 
and sulfate ions with organic molecules at the electrolyte/
metal interface.

The adsorption energies (kcal/mol) are shown in Fig. 16. 
The figure clearly shows that the Eads of the inhibitors P1 
and P2 on the iron surface (110) following the order: P1 (Eads 
=  − 221.82 kcal  mol−1) > P2 (Eads =  − 217.15 kcal  mol−1). 
These findings demonstrate that the P1 inhibitor is the most 
efficient corrosion inhibitor.

Table 8  (continued) Atom P1 Atom P2

fk+ fk– fk+ fk–

Mulliken Hirshfeld Mulliken Hirshfeld Mulliken Hirshfeld Mulliken Hirshfeld

H (49) 0.013 0.011 0.013 0.011
H (50) 0.010 0.009 0.010 0.009

Fig. 15  MC and MD results 
derived from the adsorption 
configurations of P1 and P2 
inhibitors

Fig. 16  Distribution of the Eads of inhibitors P1 and P2 on the Iron 
(Fe) surface
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Using RDF analysis of the MD trajectory in corrosion 
simulations as a fundamental tool to examine the adsorption 
of corrosion inhibitors on metal surfaces [11, 46].

Figure 17 depicts the RDF analysis of heteroatom (O) 
for inhibitors on the Fe(110) surface, which was determined 
from MD trajectory analysis. The RDF graph helps to fore-
cast the adsorption process by analyzing peaks at specified 
distances from the metal surface [94]. Peaks between 1 
and 3.5 Å from the surface indicate chemisorption activi-
ties, while those above 3.5 Å indicate physical adsorption 
processes [95]. RDF peaks were found at distances smaller 
than 3.5 Å for Fe surface heteroatoms (O) (Fe(surface)-P1 
(2.93 Å) and Fe(surface)-P2 (2.91 Å). This shows a strong 
contact between the P1 and P2 inhibitors and the metal sur-
face, as evidenced by the significantly low negative energy 
values and the presence of conspicuous RDF peaks.

3.8  Adsorption Mechanism

The bibliographic data clearly outlines the well-estab-
lished mechanism of corrosion inhibition in acidic media 
[96–100]. It explains that inhibitor molecules adsorb onto 

metal surfaces through one of four methods: (1) elec-
trostatic attraction between charged molecules and the 
charged metal, (2) interaction between unshared electron 
pairs in the inhibitor molecule and the metal, (3) interac-
tion of π-electrons with the metal, or (4) a combination of 
these methods [101–105]. For physical adsorption to occur 
in an acidic medium, it is essential to have a metal surface 
with vacant low-energy electron orbitals and charged spe-
cies in the solution, such as a molecule with loosely bound 
electrons or heteroatoms possessing a lone pair of electrons. 
The adsorbed P1 or P2 molecules may establish a stronger 
interaction through the formation of coordinate covalent 
bonds between the oxygen atoms in its aromatic rings and 
the metal surface. These interactions result in the creation of 
a protective film on the steel surface, with a large interaction 
energy, thereby reducing the corrosion rate as demonstrated 
by experimental results. This organic film acts as a physical 
barrier, preventing corrosive species from reaching the metal 
surface (Fig. 18).

4  Conclusion

The purpose of this work was to test the effect of two novel 
biscoumarin compounds against S-steel corrosion, and the 
following conclusions were drawn:

– The investigated molecules exhibited outstanding protec-
tive properties for S-steel in a 2M  H2SO4 environment. 
The inhibition efficiency increased with higher concen-
trations and exhibited a slight decrease with rising tem-
perature. At 298 K, the maximum protection efficiency 
reached approximately 98% for P1 at  10–3 M and 99% for 
P2 at the same concentration.

Fig. 17  RDF O and Cl atoms of the P1 and P2 inhibitors in the simu-
lated corrosion media onto Fe surface

Fig. 18  The schematic depiction of the inhibitors chemisorption 
mechanism onto Fe surface
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– Polarization plots confirm the mixed-type corrosion inhi-
bition behavior of the investigated compounds.

– EIS measurements reveal an increase in Rp and a decrease 
in Cdl upon the introduction of the two compounds, sub-
stantiating the protective capability of the inhibitor mol-
ecules.

– The adsorption of these organic compounds adheres to 
the Langmuir isotherm model.

– The presence of the adsorbed film on the surface of 
S-steel has been verified through microscopic observa-
tions using SEM–EDX.

– According to DFT calculations, the adsorption centers of 
the P1 and P2 inhibitors are located on the heteroatom. 
MD and MC calculations show that the P1 and P2 mol-
ecules are adsorbed flat on the iron surface, and that the 
P1 and P2 and metal surface have a strong adsorptive 
interaction. The experimental findings are corroborated 
by the theoretical calculations.
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