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Abstract 

In the current paper, potentiodynamic polarization (PDP), electrochemical impedance 

spectroscopy (EIS) were employed to evaluate (E)-1-((4-fluorophenyl)diazenyl)naphthalen-2-

ol (E4FN) ability to operate as carbon steel (CS) corrosion inhibitor in molar HCl acid. Data 

derived from PDP plots reveal that E4FN has a mixed-type nature. EIS outcomes show that 

increasing E4FN concentration lead to 20 times increment of polarization resistance (Rp) and 

alters the double layer capacitance (Cdl) from 116.2 to 54 μF·cm–2. The addition of 10–3 M of 

E4FN into the solution exhibit a maximal inhibition efficacy of 94.8%. The thermodynamic 
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activation descriptors were also assessed as a function of E4FN concentration. The adsorption 

of the inhibitory molecule on CS substrate obey to Langmuir isotherm. To confirm the 

adsorption phenomenon, scanning electron microscopy (SEM) coupled to energy dispersive X-

ray spectroscopy (EDS) and UV-Visible methods were used. Overall, the findings reveal that 

E4FN compound enables to obtain an adequate prevented surface and mitigate the corrosion 

rate. Finally, the theoretical studies based on quantum chemical analysis (i.e. density functional 

theory (DFT)) and Monte Carlo simulation were also performed for understanding the 

adsorption mechanism of E4FN onto Fe-surface. 

Keywords: azo function, corrosion, HCl, inhibitor, electrochemical methods, SEM/EDS, 

UV-Visible, DFT, Monte Carlo simulations. 
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1. Introduction 

Carbon steel (CS) is a low-carbon metal mostly used in several industrial applications, owing 

to its low cost and virtuous mechanical properties. This type of steel is tough and strong, 

though it cannot be readily hardened [1, 2]. Highly aggressive acids are frequently employed 

in industries for cleaning, descaling, pickling and petroleum well acidizing [3, 4]. Among 

these, hydrochloric acid generates an extremely corrosive medium for CS [5–7]. Hence, 

many researchers have been focusing on the investigation of practical and proficient 

approaches to mitigate CS corrosion in such hostile media [8–10]. Corrosion inhibitors have 

attracted much attention and have been applied to diminish and hinder the corrosion of 

metallic components [11–15]. For instance, Self-Assembled monolayers (SAMs created 

from phosphonic acids [16], silanes [17, 18] or electrochemical reduction of aryldiazonium 

salts [19, 20]) and organic compounds [21–23] (comprising electron rich centers as polar 

functional groups, double/triple links, aromatic ring (s) and/or side chain) exhibit high anti-

corrosive properties. The occurrence of certain sets of atoms (O, N, S and P) or bonds (N=N, 

C=N, C=S, C=C, R–OH, etc.) in the molecular structure of an organic compound enables 

the inhibitor to adhere strongly to the metallic substrate [24–26]. In many instances, the 

inhibitory performance of these organic products is dictated by factors in the medium in 

which they operate, including the chemical properties of the metal, the inhibitor molecular 

structure and size, mode of adsorption and the electrochemical potential at the interface 

metal/medium [27]. Hence, several elements are taken into consideration before choosing 

any inhibitor namely its economical allowance, inhibiting potency and eco-friendly character 

[28]. Over the past few years, many organic compounds showed promising inhibiting 

properties for steel exposed to hydrochloric acid environment. For instance, Fouda et al. [29] 

reported that 1-[(5-mercapto-1H-1,2,4-triazole-3-yl)diazenyl]naphthalene-2-ol (HL) and its 

Mn complex exhibited good inhibition efficiencies of CS in 1 M HCl, exceeding 85% for 

HL and 90% for Mn complex at a concentration of 18×10–6. Kannan et al. [30] conducted 

various tests to study the corrosion inhibition potential of Naphthalen-2-yl Naphthalene-2-

Carboxammide (NNC) on CS in 1N HCl. Their investigation exhibited 98.5% inhibition 

https://dx.doi.org/10.17675/2305-6894-2023-12-3-18
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efficiency at 150 ppm of NNC [30]. Yusoff et al. [31] synthesized three coumarin-azo dyes 

and tested their inhibition efficacy (η) on mild steel in hostile 1 M HCl medium. Results 

showed a prohibition activity exceeding 80% [31]. The mitigation of carbon steel corrosion 

by three benzonitrile azo dyes in 1 M HCl was investigated by Fouda et al. [32] and revealed 

that the compounds presented great anticorrosion characteristics. Bedair et al. [33] have 

addressed the potential of two azo derivatives, 4-((4-hydroxy-3-((4-oxo-2-thioxothiazolidin-

5-ylidene)methyl)phenyl)diazinyl)benzenesulfonic acid (TODB) and 4-((3-((4,4-dimethyl-

2,6-dioxocyclohexylidene)methyl)-4-hydroxyphenyl)diazinyl)benzenesulfonic acid (DODB), 

to hinder mild steel corrosion in 1 M HCl. The obtained findings evinced that the azo 

derivatives showed highest η of 94.9% and 93.6% [33]. In this paper, (E)-1-((4-

fluorophenyl)diazenyl)naphthalen-2-ol (E4FN) compound was evaluated as a corrosion 

inhibitor for carbon steel (CS) in corrosive 1 M HCl solution. On one hand, the compound 

E4FN presents eco-friendly and sustainable attributes which aligns with modern 

environmental and societal concerns. On the other hand, EF4N molecular structure was 

designed precisely to provide higher efficiency as an inhibitor. For this purpose, various 

techniques such as PDP, EIS and SEM/EDS, and UV-Visible were employed to evaluate the 

prohibition efficiencies (% ηs) of E4FN at a temperature of 303 K. The temperature effect 

was studied using PDP plots, thermodynamic descriptors were assessed accordingly. To 

support experimental studies, we placed additional emphasis on theoretical calculations such 

as Density Functional Theory (DFT) and Monte Carlo (MC) simulation. DFT calculations 

have been used to obtain information about the relationship between the molecular structure 

of an inhibitor and the effect of its inhibition. Interactions between E4FN and the Fe-surface 

are examined using frontier molecular orbitals (i.e., HOMO and LUMO), molecular 

electrostatic potential (MEP), as well as global reactivity descriptors, which made it possible 

to correlate the structural features of the studied inhibitor with their inhibition efficiencies. 

We also performed an MC simulation to determine how the studied inhibitor adsorbs to the 

metal surface in neutral form.  

2. Experimental Methods 

2.1. Materials 

The investigated C-steel metal bar elemental composition is as follows (wt%): C (0.370), 

Si (0.230), Mn (0.680), Cr (0.077), S (0.016), Ti (0.011), Ni (0.059), Co (0.059), Cu (0.16), 

and Fe (remainder). Before being submerged in the solutions, the metal specimens are 

prepared by being polished under freshwater utilizing sandpaper that has incrementally finer 

particle sizes ranging from 150 to 1200. Following distilled water washing, acetone 

degreaser, and air handler drying, these samples were processed. 

2.2. Chemicals 

With no further refinement, all of the compounds by Sigma-Aldrich (Spain) were utilized as 

received. The structure of E4FN is shown in Figure 1. In order to make molar HCl solutions, 
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analytical commercial grade 37% HCl was diluted with twice-distilled water. The corrosion 

tests were conducted in a 1 M HCl solution devoid of the inhibitor and with a range of E4FN 

concentrations ranging from 10–3 M to 10–6 M. The electrochemical measurements were 

conducted in an environment of normal air with no agitation. 

 
 

Figure 1. (E)-1-((4-fluorophenyl)diazenyl)naphthalen-2-ol (E4FN). 

2.3. Electrochemical apparatus and measurements 

A typical three-electrode cell is employed, consisting of a saturated calomel electrode (SCE) 

acting as a reference electrode, a platinum wire serving as the counter electrode (CE), and a 

steel working electrode (WE). To guarantee complete immersion of the electrodes in the 

cylindrical Pyrex glass cell, 90 cc of diluted hydrochloric acid were utilized. All studies were 

conducted at room temperature without stirring, with the exception of the impact temperature 

research. Using a potentiostat Volta lab PGZ 100 and Voltamaster software, electrochemical 

measurements (Electrochemical Impedance Spectroscopy and potentiodynamic polarization 

curve measurements) were made. EIS and potentiodynamic curves were used to examine the 

corrosion behavior of C-steel in a 1 M HCl solution in both the absence and presence of 

inhibitor solutions. For 30 minutes, the working electrode was immersed in the test solution 

to create a stable open circuit potential (EOCP). The electrochemical measurements were 

finished after EOCP measurements. Plotting of the polarization curves was done at a scanning 

rate of 5·10–4 V/s in the potential range of –0.8 V to –0.1 V/SCE. By recording the electrode 

potential ±0.01 V versus the open circuit potential starting at a higher negative potential, 

measurements of linear polarization resistance were made. The voltage has been stabilized 

for over 30 minutes prior to all testing. The electrochemical studies are triple-realized for 

each inhibitor concentration, and the best results are chosen for a graphical plot. The 

following formula was used to compute the inhibitory efficiency (nPDP(%)): 

 ( )
corr corr(inhib)

PDP
corr

% 100
i i

n
i

−
=   (1) 
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where icorr and icorr(inhib) symbolize, respectively, the corrosion current densities in the 

presence and in the absence of inhibitive chemicals. For the temperature effect component, 

the operating temperatures range from 303 to 333 K. 

Using the same workstation previously mentioned, the electrochemical impedance 

spectroscopy measurements were performed at open circuit potential using an AC signal 

with an amplitude of 10 mV and a frequency domain of 105 to 10–2 Hz. It was done by 

plotting the EIS diagrams using the Nyquist and Bode representations. The ZView software 

3.4 software was then used to examine the results in terms of an equivalent electrical circuit. 

The following formula was used to determine the inhibitory efficiency(nEIS(%)): 

 ( )
( )

( )

PP inhib

EIS

P inhib

% 100
R R

n
R

−
=   (2) 

where RP(inhib) and RP indicate, respectively, the polarization resistance values in the presence 

and absence of the inhibitor. 

The average findings were then reported. We were able to benefit from our team’s 

findings for both stationary and transient polarization techniques for the effect of temperature 

and concentration in the absence of E4FN inhibitor because we operated under the same 

conditions [34]. 

2.4. SEM explorations 

SEM method has been used for surface examinations. The optimal concentration of 10–3 M 

corrosive solutions with and without inhibitive molecule was deployed. The samples were 

exposed to the aforementioned harsh mediums separately for 24 hours and removed 

delicately, rinsed with purified water, dried and then evaluated for surface morphological 

analysis using SEM. For the purpose of examining surface morphology, the JEOL-JSM-IT-

100 model was utilized. The aforementioned metal was captured in 1000x magnification 

SEM pictures. We used the results of the blank in the absence and presence of HCl without 

inhibitor, since we worked under similar conditions in a work submitted simultaneously with 

this one. 

2.5. UV-Vis study 

The absorption UV-visible spectroscopy technique has been used to investigate the inhibitor 

effectiveness against corrosion. It is based on their capacity to absorb light at specific 

wavelengths. In order to examine how organic molecules interact with the metal surface in 

molar HCl solution, absorbance measurements of the solution have been carried out with 

and without C-steel sample being present in the acidic medium at the optimal concentration 

of 10–3 M. The wavelength scanning was done in the 200 to 600 nm range. A JASCO V-700 

UV-Visible Spectrophotometer has been used.  
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2.6. Computational simulations details 

Density Functional Theory (DFT) and Monte Carlo (MC) simulations were employed to 

elucidate the nature and active sites of corrosion inhibitor molecules, as well as the 

adsorption process on the Fe-metal surface, providing molecular-level insights.  

2.6.1. DFT simulation 

To establish a relationship between the predicted inhibitory efficacy of the investigated 

inhibitor (E4FN) and chemical reactivity indices, the DFT method was employed using the 

Gaussian 09 package. The calculations utilized the Becke, Lee-Yang-Parr (B3-LYP) 

functional [35, 36] with the 6-31G+(d, p) basis sets using the Gaussian 09 package of 

program [37]. Ground-state optimizations of the molecular structure of the inhibitor in an 

aqueous phase were performed, and various electronic properties related to the optimized 

parameters were investigated. These investigations included geometric parameters, as well 

as frontier molecular orbitals (EHOMO and ELUMO), and global reactivity descriptors. By 

analyzing the energy values of the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO), several important global chemical descriptors were 

calculated. These descriptors include the gap energy (ΔE=ELUMO–EHOMO), the electron 

affinity (A), the ionization potential (I), the dipole moment (μ) the electronegativity (χ), the 

chemical potential (μ), the chemical hardness (η), the softness (Ѕ), the electrophilicity index 

(ω), the nucleophilicity index (ε), the fraction of transferred electrons (ΔN) and 

metal/inhibitor interaction energy (Δψ) were calculated according to Equations (3–12) as 

reported in the literature [38–41]. 

 LUMOA E=−  (3) 

 HOMOI E=−  (4) 

 gap LUMO HOMOE E E = −  (5) 

 
( )

χ
2

I A+
=  (6) 

 
( )

η
2

I A−
=  (7) 

 
1

η
S =  (8) 

 ω
2ψ


=  (9) 



 Int. J. Corros. Scale Inhib., 2023, 12, no. 3, 1102–1135 1108 

    

 

 
1

ε
ω

=  (10) 

 
( )

Fe inhibitor

Fe inhibitor

χ

2 η η
N

 −
 =

+
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2

Fe inhibitor

Fe inhibitor

χ
ψ

4 η η

 −
 =

+
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where Fe is the work function (4.81 eV·mol–1) of iron surface (Fe(110)) which is reported 

to have higher stabilization energy and ηFe is the absolute hardness of iron (ηFe=0 eV·mol–1) 

[39]. The frontier molecular orbitals (FMOs) distribution and molecular electrostatic 

potential (MEP) map were also calculated. 

2.6.2. Monte Carlo simulation approach 

To achieve a better understanding of the interaction between the studied inhibitor molecule 

(E4FN) in its neutral form onto Fe-substrate was investigated by using a Monte Carlo 

simulation (MC) simulation study using Material Studio 8.0 software from the BIOVIA 

company. The simulation of intramolecular interactions inhibitor- Fe-surface was carried out 

with a Fe(110) supercell of size (14×14) and a vacuum slab with (4.0 nm) thickness in a 

simulation box (3.4 nm×3.4 nm×6.8 nm) with periodic boundary conditions to simulate the 

current effective part of the Fe-substrate, without any arbitrary boundary effects [42, 43]. In 

the literature, it has been reported that the selected crystalline surface Fe(110) is the most 

stable surface among other iron surfaces such as Fe(100) and Fe(111), etc. [44, 45]. 

Furthermore, utilizing MC simulations in gas-phase and aqueous-phase adsorption onto the 

Fe-substrate was investigated. To simulate the aqueous-phase, the medium was composed 

of 500 water (H2O) molecules, 5 corrosive hydronium (H3O+) and 5 chloride (Cl–) ions, as 

well as the neutral structure (E4FN) of the inhibitor. The MC simulations were performed 

using the Universal force field to optimize the structures for our systems [46]. The Andersen 

thermostat kept the temperature at 303 K. Electrostatic and van der Waals parameters were 

both tuned to the atom-based summation method and Ewald summation method, 

respectively, with a cutoff distance of 18.5 Å [47]. 

3. Results and Discussion 

3.1. Electrochemical tests 

3.1.1. PDP outcomes 

PDP curves were plotted for carbon steel in 1 M HCl in absence and presence of varying 

E4FN concentrations. As it can be seen in Figure 2, the introduction of E4FN to the medium 

induces a remarkable subsidence in both anodic and cathodic current densities, which 

emphasizes the attenuation of CS anodic dissolution and the cathodic generation of H2. In 
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presence and absence of E4FN, the cathodic branches exhibit Tafel lines, implying that the 

addition of the inhibitor does not alter the mechanism of H+ reduction. The latter occurs 

primarily through electron transfer process [48]. As for the anodic curves, two main Tafel 

slopes can be noticed (βa1 and βa2). Firstly, the anodic current densities increase as the 

potential becomes more anodic. Then, as the potential reaches the desorption potential Edsp, 

one may notice a sharp rise of anodic current densities followed by a flat. This behaviour 

may be related to the displacement of adsorption-desorption equilibrium towards the 

desorption of E4FN molecules from CS substrate [49]. Analysis of Table 1 shows a 

progressive subsidence of icorr values as E4FN concentration rises in the studied medium, 

coupled with a displacement of Ecorr towards more cathodic values. Riggs claimed that 

organic products may be classified as anodic or cathodic inhibitors in case Ecorr shifts at least 

85 mV regarding the potential found in the blank test solution [50]. In this work, the 

differences of Ecorr values (ΔEcorr=20.2 mV for the system {CS/1 M HCl/10–3M E4FN} are 

lower than 85 mV, emphasizing the mixed nature of E4FN [51–53]. The inhibition activities 

ηPDP(%), estimated from PDP plots according to Equation (1), increase considerably with the 

increment of  E4FN concentration, reaching maximal a value of ηPDP(%)=94.4% for an 

optimal concentration of 10–3 M. The abovementioned findings further substantiate that the 

adsorption of E4FN on Fe-CS/1MHCl system may proficiently block the active centers on 

CS and subsequently impedes corrosion.  
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Figure 2. PDP plots for carbon steel in 1 M HCl in absence and presence of diverse 

concentrations of E4FN. 
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Table 1. Potentiodynamic polarization descriptors for carbon steel in 1 M HCl without and with various 4F 

concentrations at 303 K. 

Medium Concentration 
–Ecorr 

(mV vs. SCE) 

icorr  

(µA·cm–2) 
ηPDP (%) 

Blank 1 M 456.3 1104 – 

E4FN 

10–3 476.5 61.5 94.4 

10–4 479.0 71.9 93.5 

10–5 472.6 85.5 92.3 

10–6 452.5 200.1 81.8 

3.1.2. EIS data 

EIS measurements were employed to evaluate the efficiency of E4FN inhibitor, give further 

insights into the different corrosion processes and examine the reaction mechanisms in the 

electrochemical interface. Figure 3 depicts the Nyquist representation of EIS data for CS in 

1 M HCl at 303 K in presence and absence of E4FN. The addition of E4FN to the test 

solution leads to a considerable increment of the capacitive loops if compared to the 

reference solution. The radius of each spectrum depends strongly on E4FN concentration in 

the medium. However, the overall feature of the loops (with or without E4FN) does not 

undergo any changes. Such diagrams are representative of a corrosion reaction controlled by 

a single electron transfer [54]. All Nyquist spectra exhibit a unique depressed capacitive loop 

which can be related to various inputs such as surface coarseness, crystal lattice defects and 

porosity, impurities and the distribution of active canters [55, 56]. Figure 4 illustrates the 

Bode representation of EIS spectra collected for CS in 1 M HCl with and without varying 

concentrations of E4FN. Bode-phase plots evince as well the presence of a single capacitive 

time constant. At high frequency region, log|Z| and phase angle (θ) values fall to nearly zero, 

which is consistent with resistive conduct and may be ascribed to the resistance of the 

electrolyte. For midrange frequency regions, a linear correlation exists between log| Z | and 

log f, yielding a slope below –1 and a θ inferior –90°. Optimally, a pure capacitor is 

characterized by a slope of –1 and θ of –90°. The noted deviation in our case is ascribed to 

the deceleration of the dissolution rate over time [57]. Lastly, within the low frequency 

range, the resistive conduct of the electrode improves and log| Z | starts to become 

independent of the frequency [58]. The electrical equivalent circuit (EEC) depicted in 

Figure 3b encloses a solution resistance Rs, a polarization resistance Rp, and a Constant Phase 

Element (CPE) that represents the double-layer capacitance (Cdl). In the electrical circuit, 

the CPE was involved instead of a pure capacitor to properly match the EIS data and better 

analyze the electrochemical processes occurring on the interface [59]. The impedance 

function of a CPE is described by Equation (13):  

 ( )
n1

CPE ωZ Q i
−−=  (13) 
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where Q, i, ω, and n denote respectively the CPE constant, imaginary number (i2=–1), 

angular frequency (ω=2πf), and phase shift. n designates the divergence with respect to the 

ideal conduct, comprised between 0 and 1. As claimed by Macdonald et al. [60], the value 

of n gives an indication on the substrate heterogeneity. For instance, n is homologous to a 

resistance when n=0, a capacitor for n=1, and assigned to a diffusion process in case n=0.5. 

From CPE parameters, Cdl values were assessed according to Equation (14): 

 ( )
1

1
pdl

n nC Q R −=   (14) 

Table 2 gathers the EIS descriptors previously cited (Rp, n, Cdl). The fitting of the 

impedance data points out that the value of the polarization resistance is enhanced with E4FN 

concentration. For instance, the presence of 10–3 M of E4FN raises Rp 20 times if compared 

to the blank solution. This can be associated with a sluggish mechanism of corrosion induced 

by a deficiency in active sites where the corrosion reaction could proceed. The values of n 

exhibit a minor increment from 0.845 to 0.85 in absence and presence of 10–3 M E4FN, 

respectively. This indicates that the surface heterogeneity slightly decreases as a result of the 

inhibitor adsorption. Moreover, a remarkable decline of Cdl values is observed as E4FN 

concentration gradually increases from 116.2 to 54 μF·cm–2 in the absence and presence of  

10–3 M E4FN, respectively. This tendency is ascribed to a decrease of local dielectric 

constant and/or increment of the electrical double layer thickness. In other words, E4FN 

molecules are adsorbed progressively on CS surface and replace the initial components, 

which results in turn to a decrease of the number of active centers typically involved in 

corrosion in HCl solution [61]. 
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Figure 3. (a) Nyquist diagrams of carbon steel in inhibitor free 1 M HCl solution and with the 

addition of various concentrations of E4FN at 303 K and (b) the corresponding electrical 

circuit employed for fitting EIS spectra. 

Rs CPE

Rp

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPE-T Fixed(X) 0 N/A N/A

CPE-P Fixed(X) 1 N/A N/A

Rp Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Figure 4. Bode plots and phase at 303 K for carbon steel in 1 M HCl solution in the absence 

and presence of various concentrations of E4FN. 

Table 2. Electrochemical impedance descriptors of carbon steel in 1 M HCl solution comprising various 

concentrations of E4FN at 303 K. 

Medium C (M) 
Rs 

(Ω·cm2) 

Rp 

(Ω·cm2) 

Cdl 

(µF·cm-2) 

Q 

(Ω–1sn·cm–2) 
ndl ηEIS (%) 

HCl 1M 0.8 21.5 116.2 293.9 0.845 – 

E4FN 

10– 3 2.7 412.2 54.0 95.6 0.850 94.8 

10– 4 1.9 320.1 76.4 134.4 0.848 93.3 

10– 5 1.5 232.3 89.4 137.6 0.854 90.7 

10– 6 1.5 78.7 113.6 230.7 0.850 78.1 

3.1.3. Effect of temperature 

In previous researches, it has been approved that temperature alters ominously the conduct 

of metals in aggressive environments as well as the interaction between the metallic substrate 

and the inhibitory products. Hence, to evaluate the impact of temperature on the potency of 

E4FN as an inhibitor for CS, PDP curves were drawn after ½ h of immersion time in 

1 M HCl with and without 10–3 M of E4FN at temperatures in the range of 303–333 K 

(Figures 5, 6). The electrochemical descriptors assessed from PDP plots (Table 3) indicate 

that the increment of temperature leads to a rise of icorr values in the blank test solution as 

well as in the presence of E4FN inhibitor, implying a decrease of ηPDP% values. It has been 

stated in earlier studies that the coarseness of metallic surfaces increases at higher 

temperatures [62, 63], which affects the interaction of the inhibitory molecules. Thus, it can 

be suggested that the observed behaviour may be the consequence of low chemical 

performance of E4FN molecules as the temperature raises, which induces their partial 
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desorption from CS surface [64]. Though, it is interesting to mention that ηPDP% exhibit 

relatively good values in the inspected temperature (ηPDP%=81.2% at 333 K). 
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Figure 5. Potentiodynamic polarization curves for carbon steel in the absence of E4FN 

inhibitor at different temperatures from 303 K to 333 K. 
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Figure 6. Potentiodynamic polarization curves for carbon steel in the present of 10–3 M of 

E4FN at different temperatures from 303 K to 333 K. 
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Table 3. PDP parameters for carbon steel in the present of 10–3 M of the blank and E4FN inhibitor at 

different temperatures between 303 K–333 K. 

Medium 
Temperature 

K 

–Ecorr 

mV/SCE 

icorr 

µA·cm-2 

ηPDP 

% 

Blank 

303 456.3 1104.1 – 

313 423.5 1477.4 – 

323 436.3 2254.0 – 

333 433.3 3944.9 – 

E4FN  

303 476.5 61.5 94.4 

313 447.0. 197.7 86.6 

323 458.3 321.4 85.7 

333 428.4 742.1 81.2 

Activation thermodynamic descriptors such as Ea (activation energy), *
aH  (activation 

enthalpy) and *
aS  (activation entropy) were evaluated by examining the temperature 

influence as expressed by the Arrhenius law (Equation (15)) and transition state formula 

(Equation (16)) [52]: 

 a
corr exp

E
i A

RT

 
 
 

−
=  (15) 

 
* *
a a

corr exp exp
S HRT

i
Nh R RT

   
   
   
   

 −
=  (16) 

where A denotes the Arrhenius constant, R designates the gas constant, T represents the 

absolute temperature (K), N denotes the Avogadro’s number and h stands for the Planck’s 

constant. The respective plots are depicted in Figure 7 and Figure 8. The Arrhenius plotting 

exhibits straight lines whose slopes are equal to –Ea/R. As it can be seen in Table 4, the 

derived value of Ea of CS in 1 M HCl containing E4FN is higher with respect to the blank 

test solution. Therefore, it may be postulated that the addition of E4FN to the medium causes 

an increment of the energy barrier related to the corroding process. Thereby, the latter will 

become more challenging on CS surface and owing to the obstruction of CS active centers 

by E4FN molecules [65]. Moreover, positive values of Ha imply that the generation of the 

activated complex is an endothermic process. It can also be noticed that ΔHa is greater with 

the addition of E4FN to the medium, demonstrating that the corrosion of CS is mitigated by 

E4FN molecules. The positive increase of ΔSa in the presence of E4FN evinces the increment 

of disorder of the reaction owed to the transformation from reactants to activate complexes 

[66]. 
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Figure 7. Arrhenius plots for carbon steel in 1 M HCl without and with 10–3 M of E4FN. 
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Figure 8. Transition Arrhenius plots of carbon steel in 1 M HCl with and without 10–3 M of 

E4FN. 

Table 4. Activation parameters generated in 1 M HCl without and with 10–3 M E4FN. 

Medium Ea (kJ/mol) ΔHa (kJ/mol) ΔSa (J/mol·K) 

Blank 35.41 32.77 –79.2 

E4FN 66.86 64.23 2.16 

3.2. Adsorption isotherm 

In general, organic products interact with metallic surfaces through adsorption. Such process 

may be regarded as a quasi-replacement process of water molecules by the organic molecules 

in aqueous phase (Org(aq)) as stated by the subsequent reaction:  
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( ) ( ) ( ) ( )2 2s sads ads

Org H O Org H Ox x+ → +  (17) 

where x stands for the number of H2O molecules expelled by the adsorbed inhibitors on the 

metallic surface. In order to unravel the adsorption mode of inhibitors, diverse adsorption 

isotherms (Langmuir, Temkin and Frumkin) are plotted in a way to ascertain the most 

appropriate one. Figure 9 depicts that the Langmuir isotherm presents an almost unitary 

correlation. Note that the formula expressing the Langmuir isotherm is designated by 

Equation (18) [67]: 

 
ads

1

θ

C
C

K
= +  (18) 

where Kads denotes the adsorption/desorption equilibrium constant and C stands for E4FN 

concentration in the medium. Review of Table 5 shows a high value of Kads emphasizing the 

potent adsorption of the inhibitor E4FN. Accordingly, it can be suggested that the 

investigated inhibitor is monolayer adsorbed on CS. The values of the standard adsorption 

free energy (ΔGads) were assessed by using Equation (19) [66]: 

 ( )ads
ln 55.5G RT K =−  (19) 

where R designates the gas constant and T stands for the absolute temperature (K). The 55.5 

value designates H2O concentration in the solution (mol/L). The negative value of ΔGads 

points out to the stability of the E4FN layers adsorbed on CS surface [66]. The assessed 

value of ΔGads is close to –40 kJ/mol (ΔGads=–45.5 kJ/mol), which indicates that a covalent 

bond is created (chemical adsorption) through charge transfer between E4FN and CS surface 

[68].  
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Figure 9. Langmuir adsorption isotherm plots for carbon steel in 1 M HCl in the presence of 

E4FN. 
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Table 5. Thermodynamic parameters for corrosion of carbon steel in 1 M HCl in the presence of E4FN. 

Medium Kads (L/mol) ΔGads (kJ/mol) Slope R2 

E4FN 1262824.0 –45.5 1.1 1.0 

3.3. SEM/EDS 

SEM micrographs of CS specimens were collected before (Figure 10a) and after 24 h 

immersion in 1 M HCl without (Figure 10b) and with the introduction of 10–3 M of E4FN 

(Figure 10c).  

  

  

  
Figure 10. SEM/EDS analysis of carbon steel specimens (a) before immersion, (b) after 24 h 

immersion in 1 M HCl and (c) 1 M HCl+10– 3 M of E4FN at 303 K. 



 Int. J. Corros. Scale Inhib., 2023, 12, no. 3, 1102–1135 1118 

    

 

As for the sanded CS, no discernible defects are apparent except for some polishing 

scratches. The specimen immersed in the corrosive solution is subjected to vigorous 

corrosion as evidenced by the development of a finely patterned rust layer (flowery 

structure). In 1 M HCl, the presence of intense high peaks of Cl and O atoms in EDS 

spectrum may be related to the formation of iron corrosion products such as FeCl2 and Fe3O4 

[69], which emphasizes the fact that CS specimen undergoes general corrosion. However, in 

the presence of E4FN in the solution, the morphology of CS surface is noticeably improved. 

As a matter of a fact, the surface becomes smooth implying the formation of a protecting 

layer by adsorption. The related EDS analysis evinces the occurrence of O and N atoms 

(adsorption of E4FN), whereas Cl peak intensity (primarily from the medium) decreases.  

Upon these observations, it is possible to assume that E4FN possesses significant protection 

abilities owed to the formation of a stable and adherent layer, which main role is to hinder 

electrolyte accessibility to CS surface. 

3.4. UV-Visible 

The interaction of CS surface and E4FN molecules was evaluated by UV-Visible 

spectroscopic measurements in 1 M HCl solution enclosing 10–3 M of E4FN before and after 

immersion of CS for 72 h at 303 K (Figure 11). Before the immersion of CS (black curve), 

the absorption curves exhibit one distinctive band around 329.2 nm. After CS immersion 

(red curve), the wavelength value shifts from 392.2 to 340 nm and an additional band 

emerges at 247.4 nm. Thus, one may assume that a complex is formed between Fe2+ ions 

and E4FN molecules in molar hydrochloric acid [70, 71]. 
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Figure 11. UV-Vis spectra of E4FN inhibitor solution before and after 3 days of immersion in 

1 M HCl. 
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3.5. Molecular simulations 

3.5.1. Protonation forms 

In an acid solution, when an organic molecule containing heteroatoms is present, protonation 

is highly probable. Figure 12 illustrates four different protonation forms and the electronic 

distribution within the E4FN structure, with a form indicating that the two nitrogen atoms 

are the most likely sites for proton (H+) attachment. This protonation can potentially affect 

the molecule’s chemical reactivity while also leading to the formation of electrostatic bonds 

with chloride ions adsorbed on the steel surface. 
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Figure 12. The different protonation forms of the E4FN (b). The electronic distribution within 

the E4FN structure. 

3.5.2. Density functional theory (DFT) approaches 

3.5.2.1. Optimized structure 

DFT have indeed proven to be highly beneficial for determining molecular structures, 

electronic properties, and reactivity of molecules. With the remarkable advancements in 

supercomputing, this method has become even more powerful. Experimental techniques 
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used to study corrosion inhibition and understand the mechanisms can be expensive and 

time-consuming. Therefore, theoretical calculations employing DFT have been employed to 

elucidate the interactions between inhibitor molecules and Fe-surface, providing valuable 

insights into inhibition mechanisms. The Figure 13 illustrates the optimized molecular 

structure of E4FN, with labels and atoms numbering. Furthermore, the optimized molecular 

geometric parameters such as bond lengths and angles are shown in Table 6, were calculated 

using B3LYP/6-31+G(d,p) levels of theory along with the experimental data.  

 
Figure 13. Optimized structure of the (E4FN) at the B3LYP/6-31+G(d,p) level of DFT 

calculations in aqueous phase. 

3.5.2.2. Frontier molecular orbitals 

Figures 14 and 15 illustrate the frontier molecular orbitals (FMO), namely HOMO and 

LUMO, as well as the molecular electrostatic potential (MEP) of E4FN. These figures 

represent the three-dimensional molecular structures in their most stable geometries, with no 

negative frequencies observed. The electron density distribution on the optimized structures 

is revealed through the HOMO and LUMO. Figure 14 demonstrates that the electron 

densities of LUMO and HOMO are spread across the entire molecule in its neutral state. 

This indicates that the structure contains electron acceptors for atoms and heteroatoms, and 

that the E4FN structure can be adsorbed through coordination bonds on the metallic support 

being studied, as well as through electrostatic bonds. 

HOMO ΔE LUMO 

 

3.288 eV 

 

 

Figure 14. The contour plots of FMO for the investigated inhibitor (E4FN). 
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The MEP investigations provide insights into the electrophilic and nucleophilic sites of 

the investigated inhibitor, enabling the prediction of reactive regions. Figure 15 illustrates 

the MEP surfaces, where red, blue, and green colors represent the negative, positive, and 

neutral zones, respectively. The negative red regions are predominantly observed around the 

nitrogen, oxygen, and fluorine atoms. These regions indicate a higher electron density and 

suggest the presence of potential nucleophilic sites in the molecule. 

  

  

Figure 15. Molecular Electrostatic Potential (MEP) maps for the E4FN. 

3.5.2.3. Global reactivity descriptors 

The EHOMO and ELUMO values provide insights into the donor-acceptor interaction between 

the inhibitor molecule and the metal surface. The corrosion inhibition efficacy of the 

inhibitor molecule tends to increase as the EHOMO becomes less negative and the ELUMO 

becomes more negative. This indicates that the molecule becomes more capable of donating 

and accepting electrons from the metal surface, which is crucial for its effectiveness as a 

corrosion inhibitor. From the data presented in Table 6, it is evident that the form A of the 

E4FN molecule possesses a high EHOMO value (–5.929 eV in aqueous phase and –5.792 eV 

in gas phase) and a low ELUMO value (–2.641 eV in aqueous phase and –2.453 eV in gas 

phase), suggesting its ability to readily donate and accept electrons simultaneously. 

The energy gap (ΔE), which represents the energy difference between the EHOMO and ELUMO, 

plays a crucial role in calculating various molecular properties, including optical and 

electronic properties, molecular stability, and, especially, in the reactivity of the inhibitor 

molecule during the adsorption process on the metal surface. Chemical reactivity is crucial 

for assessing the efficacy and structure of new inhibitors. The optimization and analysis of 
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the HOMO–LUMO energy gap, along with other descriptors, provide valuable information. 

A larger energy gap ΔE indicates greater kinetic stability, lower polarizability, and reduced 

reactivity for the E4FN (3.288 eV in aqueous phase and 3.339 in gas phase) molecule. As a 

result, the corrosion inhibition performance increases as the ΔE decreases. Therefore, a 

smaller energy gap corresponds to an enhanced effectiveness in inhibiting corrosion. An 

inhibitor with a larger hardness (η) value exhibits a greater propensity to interact with the 

metal surface. The η value relates to the polarizability of the inhibitor molecule, with a larger 

η value indicating higher polarizability and a higher likelihood of interaction with the metal 

surface. Conversely, inhibitors with lower η values would have a lower tendency to interact 

with the metal surface. Based on the findings presented in our previous works 

[14, 25, 51, 52, 66–68], it can be concluded that the hardness of the investigated inhibitor 

molecule falls within acceptable ranges (η=1.644 eV in aqueous phase and 1.700 eV in gas 

phase). This indicates that the E4FN molecule possesses favorable anticorrosive properties 

and has the potential to effectively inhibit corrosion of Fe-metal. These results suggest that 

the E4FN molecule holds promise as a corrosion inhibitor. The electronegativity (χ) of a 

molecule serves as a descriptor that indicates its ability to attract electrons. A higher χ value 

signifies a stronger electron-attracting effect. Conversely, a lower χ value reflects a greater 

propensity to donate electrons more easily. In the case of the E4FN molecule with a lower χ 

value (χ=4.285 eV in aqueous phase and 4.123 eV in gas phase), it suggests that E4FN 

interacts more favorably with the metal surface, especially when the metal surface, such as 

iron (χFe=4.820 eV), has a higher electronegativity value. This implies that the E4FN 

molecule can readily donate electrons to the metal surface, contributing to its potential as an 

effective corrosion inhibitor. 

Table 6. Optimization energies, HOMO and LUMO energies and their gap calculated in gas phase at 

B3LYP/6-31+G(d,p) level of DFT calculations. 

Descriptor 
DFT 

Gas phase Aqueous phase 

EHOMO (eV) –5.792 –5.929 

ELUMO (eV) –2.453 –2.641 

ΔEgap (eV) 3.339 3.288 

I (eV) 5.792 5.929 

A (eV) 2.453 2.641 

χ (eV) 4.122 4.285 

η (eV) 1.669 1.644 

S (eV–1) 0.598 0.608 

ω (eV) 5.089 5.584 
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Descriptor 
DFT 

Gas phase Aqueous phase 

ε (eV-1) 0.196 0.179 

ΔN 0.205 0.159 

Δψ 0.070 0.041 

3.5.3. MC Simulations 

In recent years, Monte Carlo (MC) Simulation has become a contemporary tool for exploring 

metal/inhibitor interactions [72, 73]. The interaction properties of the studied inhibitor in the 

neutral form (i.e., E4FN) on the Fe-surface in both the gas-aqueous phases are important 

main objectives during this part of our studies. Figure 16 shows the leading cells of E4FN 

on the iron (110) substrate in the gas-aqueous phases, as well as the temperature is fixed in 

303 K. As can be seen in Figure 16, the E4FN is oriented parallel to Fe-atoms in gas/aqueous 

phases following adsorption by a large part of the carbon (C) atoms, as well as the oxygen 

(O) and Nitrogen (N) atoms. These atoms serve as reactive sites when the adsorption of the 

title compound with the iron (110) surface. Moreover, the E4FN structure seem to take the 

place of water molecules (H2O) and corrosive species (H3O+/Cl–) in an aqueous medium and 

provide a more stable location on the Fe-surface. Due to this propensity, water molecules 

have a synergistic impact when interacting with metallic surfaces [74, 75]. In addition, the 

E4FN structure in the HCl medium could result in additional stability of the studied inhibitor 

as it approaches the iron (110) substrate. The current research on adsorption systems (i.e., 

E4FN/Fe (110) and E4FN/500H2O/5H3O+/5Cl–/Fe(110) complexes) delivers effective 

adsorptions and hence a considerable inhibitory influence, confirming our experimental 

findings. 

The different types of energetic descriptors of adsorbed E4FN in gas/aqueous phase are 

calculated and listed in Table 7. It is significant to mention that the higher and negative 

values of adsorption energy in gas phases (Eads) and in aqueous phase ( ''
ads

E ) indicates the 

stable/easier adsorption onto the Fe(110) surface, as well as higher inhibition efficiency 

[76, 77]. Moreover, the adsorption energy represents the energy absorbed when the 

expanded adsorbate (inhibitor) is adsorbed on the Fe-substrate [78]. From the Table 7, it is 

clear that the title molecule (E4FN) in gas/solution phases interacts strongly with the iron-

based layer and then forming a protective adsorbed film. Furthermore, Table 7 demonstrates 

that during the gas phase (E4FN/Fe(110) Eads value equal to –171.63 kcal/mol)).While in 

the aqueous phase, the decline in adsorption energy is greater: ''
ads

E  falls from  

–4878.20 kcal/mol for E4FN/500H2O/5H3O+/5Cl–/Fe(110). Accordingly, an aqueous 

solution enhances the adsorption of the title compound. As indicated in the literature, this is 

due to the increased stability of neutral form of the title molecule in the aqueous phase 

[79, 80]. In sum, the results of the MC reveal the anti-corrosion action capacity of the title 
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molecule (E4FN) in the gaseous and aqueous phases. These data agree with the experimental 

results. 
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Figure 16 Upper and lateral outlooks of minimized adsorption configuration of E4FN in 

gas/aqueous phases over the Fe (110) surface at 303 K. 

The radial distribution function (RDF) approach based on the trajectories generated by 

MC Simulation is employed to define the type of bonds undertaken formed at the level of 

the inhibitor/Fe-substrate interface. These bonds might be either physical, chemical, or both 

[81]. Adsorption is normally handled by chemisorption if the bond length value is between 

1–3.5 Å, while the physisorption (Van der Waals and Coulomb interactions) is normally 

current at a bond length value >3.5 Å [82]. Figure 17 shows the RDF of E4FN in 

gas/solution phases. As shown in Figure 17, all of the first peak values for E4FN in the 

gas/solution phases are within the chemisorption range (less than 3.55 A), While other peaks 

outside of 3.5 A are ascribed to physical interactions. these represent the most important 

interactions of the simulated structures of the title molecule on the first layer of Fe atoms, 
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revealing that the neutral form of the title molecule does indeed hinder the disintegration of 

the tested steel. 

 

 
Figure 17. the RDFs of E4FN in gas/ aqueous phases over the Fe (110) surface at 303 K. 

Table 7. MC simulations descriptors for the adsorption of E4FN in gas/ aqueous phases over the Fe(110) 

surface at 303 K (all values in Kcal/mol). 

System Etot Eads ERA Edef 
dEads/ 

dNinhib. 

dEads/ 

2H O
Nid  

dEads/ 

+
3H O

Nid  

dEads/ 

dNiCl
–  

Gas phase         

E4FN/ 

Fe(110) 
40.17 -171.63 –5.88 –165.75 –171.63 – – – 
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System Etot Eads ERA Edef 
dEads/ 

dNinhib. 

dEads/ 

2H O
Nid  

dEads/ 

+
3H O

Nid  

dEads/ 

dNiCl
–  

Aqueous 

phase 
        

E4FN/ 

500H2O/ 

5H3O+/5Cl–  

/Fe(110) 

–3980.23 –4878.20 –4112.33 –765.86 –200.73 –11.03 –16.44 –1.23 

4. Conclusion 

The design and synthesis of high-performance corrosion inhibitors, which typically have 

larger surface coverage, more hydrophobicity, and superior adsorption capacity on the 

surface of metal matrix, are currently one of the most targeted areas in the field of 

anticorrosion. Therefore, all of these essential characteristics should be present in a great 

corrosion inhibitor molecule. In this work, the results obtained verified that the E4FN 

inhibitor has excellent corrosion inhibition performance on carbon steel in 1 M HCl medium. 

The corrosion inhibition efficiency is positively correlated with the PBPE concentration and 

negatively correlated with the experimental temperature, with the highest corrosion 

inhibition efficiency of 94.8%. in 1 M HCl medium containing 1 mM E4FN at 303 K. 

Potentiodynamic polarization disclosed clearly that E4FN is a mixed-type inhibitor and 

adsorbed on the surface both anodic and cathodic electrodes. EIS measurement also 

demonstrated that the codependent decreases of double layer capacitance with the increasing 

E4FN concentration which may be ascribed to the decline of the local dielectric constant at 

the interface of metal / solution due to the adsorption of E4FN on the metallic surface. EDS-

SEM and UV-Visible analyses also confirmed that the E4FN inhibitor forms a dense and 

stable film on the metallic surface. These results are in good agreement with DFT 

calculations which showed a good relationship between the molecular structure of E4FN and 

its inhibition efficiency. Through to all the experimental and computational investigations, 

we have discovered a new and effective corrosion inhibitor on carbon steel in 1 M HCl 

solution: E4FN. 
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