
Anal. Bioanal. Electrochem., Vol. 16, No. 6, 2024, 507-536 

https://www.doi.org/10.22034/abec.2024.714076 

 

 

 

 

 

 

Full Paper 

Anti-Corrosion Performance of Ruta Graveolens Essential 

Oil as A Green Inhibitor for Mild Steel in 1 M HCl: 

Evaluations of Electrochemical, DFT And Monte Carlo  

Mounir Manssouri,1,*Anas Chraka,2 Ihssane Raissouni,2 Anass Wahby,3  

and Noureddine EL Aouad4 

1Research Team on Natural Products Chemistry and Smart Technologies (NPC-ST), Polydisciplinary 

Faculty of Larache, Abdelmalek Essaadi University, Tetouan, Morocco 
2Materials and Interfacial Systems Laboratory, ERESI Team, Department of Chemistry, Faculty of 

Sciences, Abdelmalek Essaadi University, Tetouan, Morocco 
3Laboratory of, Water, Studies and Environmental Analysis, Faculty of Sciences, Abdelmalek Essaadi 

University, Tetouan, Morocco 
4Laboratory of Life and Health Sciences, Faculty of Medicine and Pharmacy, Abdelmalek Essaadi 

University, Tetouan, Morocco  

*Corresponding Author, Tel.: +212699400646 

E-Mail: man.mounir@yahoo.fr  

Received: 26 April 2024 / Received in revised form: 22 June 2024 / 

Accepted: 22 June 2024 / Published online: 30 June 2024  

 

Abstract- Environmental issues have received considerable attention in recent years, and the 

use of green corrosion inhibitors has become the main topic of most researchers. The current 

study was focused on evaluating the essential oil from aerial parts of the Ruta Graveolens L. 

(RG-(EO)) has been used as an eco-friendly corrosion inhibitor on Mild Steel (MS) at 1 M HCl 

solution. The characterization method (i.e., gas chromatography-mass spectrometry (GC/MS)) 

identified 21 constituents representing 95.3% of the total amount and undecan-2-one (U2ONE) 

has been identified as the main constituent of RG-(EO). The inhibiting effect of RG-(EO) on 

the corrosion of MS in 1 M HCl solution was tested by the measurements of Weight loss (WL), 

potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS) as well as 

quantum chemical calculation methods. The PDP test findings showed that the effectiveness of 

MS inhibition increased with the addition of the RG-(EO), reaching almost 94.80% at 2.00 g/L. 

The thermodynamic analysis showed that the inhibition efficiency increases slightly with an 

increase in the temperature of the medium (308-343 K). Moreover, the thermodynamic kinetic 

parameters showed that the adsorption of RG-(EO) on MS surface sites is subject to the 

Langmuir adsorption isotherm. Finally, the theoretical studies based on quantum chemical 
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analysis (i.e. density functional theory (DFT)) and Monte Carlo (MC) simulation were also 

performed for understanding the adsorption mechanism of U2ONE onto Fe-surface. 

Keywords- Corrosion inhibitors; Ruta Graveolens L; Electrochemical methods;  

Undecan-2-one; Monte Carlo simulation; DFT 
 

 

1. INTRODUCTION  

MS is an extensively employed metallic material in many industries such as electrochemical 

technologies , the oil industry and heat exchangers etc. due to its good mechanical strength and 

relatively low price, but it is susceptible to several forms of corrosion in some environments, 

especially in the acidic medium [1,2] . Dilute hydrochloric acid is extensively used in various 

industries for descaling, anticoagulants, heating boilers and acid cleaning etc. [3].This 

phenomenon can be minimized or delayed by various means such as coatings, cathodic 

protection, and corrosion inhibitors [4] .  Almost all inhibitors of corrosion are synthetic organic 

compounds. Owing to the high cost, toxicity, and dangerous effects of synthesized corrosion 

inhibitor  [5,6], the search for green alternatives that are environmentally friendly inhibitors (i.e. 

biodegradable molecules) and nontoxic to protect health and insure human security is at the 

present time interesting [7,8]. The essential oils (EOs) and extracts components from a variety 

of plants origins as eco-friendly sources of sustainable corrosion inhibitors [9-14]. These types 

of inhibitors, which are readily available through a simple extraction process, are able and 

effective to protect the metal from corrosion [15,16].  

Recently, a great deal of research has been carried out to study inhibitive effect several plant 

extract on the corrosion of steel in 1.0 M HCl [17,18]. In this context, Ammodaucus leucotrichus 

essential oil has been established, as an ecofriendly corrosion inhibitor of acid corrosion of MS 

in 1 M HCl [19]. This behavior was attributed to the adsorption of the oil molecules on the metal 

surface. The chemical composition of this EO analyzed by GC and GC–MS was strongly 

dominated by peryllaldehyde (PER) which represents 73.5%; and thus, the inhibition action  of 

this oil can be attributed to the adsorption of this aldehyde [18]. 

 In this study, our focus is chiefly put on essential oil of Ruta Graveolens L. Several studies 

revealed that R. graveolens L. chemical compounds have significant antibacterial and antifungal 

activity properties [20,21]. The plant extract is also act effectively against MS corrosion 1.0 M 

HCl [22].   

In continuation, this paper reports the effect of RG-(EO) as an environmentally friendly 

corrosion inhibitor for MS in 1.0 M HCl using W L, PDP and EIS methods. Moreover, the 

importance of the present work is not only to demonstrate the value of RG-(EO) in HCl solution 

as a practical ecological inhibitor achieving the highest efficiency but also to specify the main 

molecule (U2ONE) responsible for this part and examine it individually from other elements to 

prove that it is a very effective green inhibitor. To support experimental studies, we placed 

additional emphasis on theoretical calculations such as DFT and MC simulation.  
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2. EXPERIMENTAL PROCEDURE 

2.1. RG-(EO) Isolation 

The aerial components of Ruta Graveolens L. (RG) including leaves, stems and flowers 

were collected during the flowering stage from Morocco. After that, 100 g of fresh plant material 

was subject to hydrodistillation for three hours using a Clevenger-type device and following the 

procedure described in the European Pharmacopoeia [23]. 

 

2.2. RG-(EO) characterization 

The analysis of RG-(EO)was carried out by GC and GC-MS according to the described 

methodologies in our previous work [15,24-27], using a Perkin-Elmer Autosystem XL GC 

apparatus. Fused-silica capillary columns (60 m×0.22 mm i.e., film thickness 0.25 µm), Rtx-1 

(polydimethylsiloxane) and Rtx-wax (polyethyleneglycol). Temperature program: from 60 °C 

to 230 °C at 2 °C/min and then held isothermally at 230 °C for 35 min. Injector and detector 

temperatures were held at 280 °C. Samples were injected in the split mode (1/50), the carrier 

gas was H2 (1 ml/min); the volume injected was 0.2 µl of pure oil. MS conditions: Turbo mass 

detector quadrupole, EI+=70 eV, acquisitions scan mass range of 35-350 Da, split: 1/80, 

injection volume: 0.2 µl of pure oil. 

 

2.3. Preparation of MS segments, corrosive solutions and inhibitors 

MS coupons containing 0.09 wt.% (P), 0.38 wt.% (Si), 0.01 wt.% (Al), 0.05 wt.% (Mn), 

0.21 wt.% (C), 0.05 wt.% (S) and the remainder iron (Fe) were used to measure weight loss. 

The aggressive solution of 1 M HCl was prepared by dilution of analytical grade 37% HCl with 

double distilled water. 

 

2.4. Corrosion Monitoring Techniques 

2.4.1. Weight loss analysis 

The steel samples underwent meticulous washing with double distilled water and air drying. 

Then, the initial weight of each MS segment was recorded using an analytical balance. 

Thereafter, the specimens were immersed in 1.0 M HCl solutions with and without different 

concentrations from 0.25 to 2.00 g/L of RG-(EO) under different temperatures of 308 to 343 K 

after an exposure time of six hours [28]. Inhibitory efficiency (IEw %) is determined based on 

the MS corrosion rates W (mg.cm-2.h-1) according to the subsequent relationship (Eqs. 1,2) [29]:  

 

-

.

f im m
W

S t
=                                    (Eq. 1) 
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Where (mi) and (mf) (mg) are the MS segment weights before and after immersion in the tested 

solution. (S) is the area of the MS segment (cm2) and t is the exposure time (h). 

'-
0% 10w

W W
IE

W
=                           (Eq. 2) 

With (W) and (W') are the MS corrosion rates in both uninhibited and inhibited solutions, 

respectively. The extent of the surface coverage (θ) is defined as follows (Eq. 3) [29] : 

1 0

%

0

wIE
 =                                           (Eq. 3) 

 

2.4.2. Electrochemical (PDP and EIS) analysis 

Electrochemical measurements were conducted in a conventional three-electrode 

electrolysis cylindrical Pyrex glass cell. The working electrode (WE) in the form of disc cut 

from steel has a geometric area of 1 cm2 and is embedded in polytetrafluoroethylene (PTFE). A 

saturated Ag/AgCl electrode and a disc platinum electrode were used respectively as reference 

(RE) and counter electrodes (CE), respectively. Also, the temperature was thermostatically 

controlled at 308 K. The we were abraded with silicon carbide paper (grade P1200), degreased 

with AR grade ethanol and acetone, and rinsed with double-distilled water before use.  

All electrochemical measurements were performed using a potentiostat/galvanostat (Model 

263A) and the electrochemical parameters values were determined using the Volta Master 4 

software. Before polarization and impedance experiments, the WE have been immersed in 1 M 

HCl solution with and without adding different concentrations of RG-(EO) (0.25-2 g/L) for 30 

minutes to establish a steady state open circuit potential (OCP). Potentiodynamic polarization 

studies were plotted from -800 to +800 mV versus open circuit potential (Ecorr) at the scan rate 

of 0.5 mV/sec.  

Inhibitory efficiency (IE %) is determined basing on the current corrosion (i) of MS at the 

above conditions according to the ensuing relationship (Eq. 4): 

'-
100%PDP

i i
IE

i
=                      (Eq. 4) 

where (i) and (i') are the corrosion current densities in the absence and the presence of inhibitor, 

respectively. Total charge transfer resistances Rp (without inhibitor) and R"p (with inhibitor) 

were calculated from Nyquist plots by measuring the impedance difference at low and high 

frequencies. We maintained the above experiment conditions, and then we realized the EIS tests 

in the frequency series varies from 100 KHz to 10 mHz at open circuit potential with signal 

amplitude of 10 mV. The inhibitory efficiency (IEEIS %) is designed according to (Eq. 5). 

"

"

-
10% 0

p p

EIS

p

R R
IE

R
=                    (Eq. 5) 
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According to constant phase element (CPE) that accounts for the heterogeneities surface via 

the n coefficient [29], ZCPE impedance is calculated according to the following equations (Eqs. 

6,7): 

0

1

( )
CPE n

Z
Y j

=


                            (Eq. 6) 

 

where (CPEdl) is determined by Yo (a constant of the CPE element), (ω) is the angular 

frequency(x = 2πfmax) and (j) is the imaginary unit, and n is the phase shift, which describes in 

detail the level of surface inhomogeneity for integers absolute numbers (0<n<1) [30,31]. The 

double-layer capacitance (Cdl) is defined as follows:                                                          

( 1)

0

n

dlC Y −=                               (Eq. 7) 

where Yo is the exponent and n is the phase shift. 

 

2.5. Computational details 

2.5.1. Conceptual DFT 

Currently, Numerous types of ab initio quantum chemicals approaches have been used to 

determine the relationship between inhibition efficiency and molecular structure in addition to 

computation and experimental investigations. In this study, the ab initio calculations of our 

inhibitor U2ONE  were performed by the Gaussian 09 (G09) package [32] using the density 

functional theory (DFT) method in the three−parameter Lee–Yang–Parr correlation function by 

Becke  (B3LYP) level [33] with split-valence double-zeta 6−31+ G (d, p) [34], this basic set is 

used because it offers precise geometry and electronic properties, as indicated by several 

researches [35-37]. These computations studies were conducted out in the aqueous phases on 

the neutral and protonated forms of the inhibitor (U2ONE and U2ONEH+). the water solvent 

effect as described by the Polarizable Continuum Model (PCM) using the integral equation 

formalism variant (IEF-PCM) with (SCRF) theory [38].Without any limitation on the geometry 

the energies of the mentioned molecular configurations were minimized, entire intramolecular 

forces were reduced to zero imaginary frequency in hessian matrix. On the other hand, the 

Frontier Molecular Orbitals (FMOs) and Molecular Electrostatic Potential (MEP) was computed 

and visualized in the images. DFT is used to decide the electronic features such as the energies 

of highest occupied (EHOMO), lowest unoccupied molecular orbital (ELUMO), the ionization 

potential (I.P), the electron affinity (E.A) the gap energy (ΔEgap), the electronegativity χ , the 

dipole moment, the electronic chemical potential (μ), the global hardness (η), the global softness 

(S), the electron- accepting power (ω+), the electro-donating power (ω-), the back donation 

ΔEback-donation, the fraction of transferred electrons (ΔN) and metal/inhibitor interaction energy 

(Δψ) were calculated according to Eqs. (8–18) as indicated in the literature [10,39,40]: 
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where 
Fe  is work function (4.81 eV mol−1) of iron surface (Fe(110)) which is reported to have 

higher stabilization energy and the 
Fe is the absolute hardness of the iron (

Fe = 0 eV mol−1) 

[41]. The frontier molecular orbitals (FMOs) distribution, Molecular electrostatic potential 

(MEP)map, and Mulliken charges distribution were also calculated. 

 

2.5.2. Monte Carlo (MC) simulation approach 

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

molecule (U2ONE) in its neutral and protonated forms (U2ONE and U2ONEH+) onto Fe-

substrate was investigated by using a MC simulation study using Material Studio 8.0 software 

HOMOI.P -E=  (Eq. 8) 

LUMOE.A -E=  (Eq. 9) 

LUMOga HOMOp = E - EE  (Eq. 10) 

(I.P+E.A)
χ

2
=  (Eq. 11) 

(I.P E.A)
=

2

−
  (Eq. 12) 

1
S =


 

(Eq. 13) 

2(I.P 3E.A)
=

(16 (I.P E.A))

+ +


 −
 

(Eq. 14) 

2(3I.P E.A)
=

(16 (I.P E.A))

− +


 −
 

(Eq. 15) 

back-donation
4
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 (Eq. 16) 

Fe inhibitor

Fe inhibitor

-
N

2( + )

 



=



 
(Eq. 17) 

2

Fe inhibitor

Fe inhibitor

- )

4( + )


( 
 =

 
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from the BIOVIA company. The simulation of intramolecular interactions inhibitor- Fe-surface 

were 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) 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 100 water (H2O) ,as 

well as the neutral and protonated structures  (U2ONE /U2ONEH+) of the inhibitor [46]. The 

MC simulations were performed using the COMPASS force field at 308 K.  

 

3. RESULTS AND DISCUSSION 

3.1. Chemical composition of RG-(EO) 

The GC and GC-MS analysis allowed the identification of 21 compounds accounting for 

95.3 % of the total oil (Table 1), which Undecan-2-one (82.9%) was identified as major 

constituent of RG-(EO) (Figure 1). Additionally, the Table 1 indicate that the some compounds 

like Dodecan-2-one (1.5%), E-Cinamaldehyde (1.2%), α-Turmerone (1.2%),ar-Turmerone 

(1.1%) Undecan-2-ol (1.0%), and  Undecan-2-ol acetate (1.0%) were noticed in EO with relative 

percentage ≥ 1%. Hence, the dominant components of RG-(EO) were established with mass 

percentage as follows: one hydrocarbon monoterpenes (0.1 %), three oxygenated monoterpenes 

(0.4 %), four hydrocarbon sesquiterpenes (1.9%), three oxygenated sesquiterpenes (3.1%), 

seven nonterpenic oxygenated compounds (88.4%) and three other compounds (1.4%) (Table 

1). 

 

 

 

 

Figure 1. Chemical molecular structure of Undecan-2-one 

 

3.2. Weight loss measurements 

3.2.1. influence of RG-(EO) concentration and temperature  

The results (Table 2) show that the inhibitive efficiency IEW (%) goes up considerably with the 

increase in concentration of RG-(EO), indicating that the extent of inhibition depends on the 

concentration of this inhibitor. Besides, we notice that these findings demonstrate that the 

effectiveness IEW (%) depends on the temperature and increases slightly when it rises from 308 

to 343 K. 
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Table 1. GC and GC-MS analysis of EO composition of the RG-(EO) 

 

 

More than that, when the concentration reached to 2 g/L, the effectiveness (IEW (%)) reached 

a high value of 95.97% in 1 M HCl solution at 343 K. Such behavior can be explained by 

adsorption coverage θ of RG-(EO) on the metal surface that increases with concentration of 

inhibitor. In the other words, we observed that the inhibitory efficiency of RG-(EO) is slightly 

Na Compounds Name Ir Litb Ir apoc Ir pold area% e 

1 Limonene 1025 1020 1195 0.1 

2 Cineole 1.8 1024 1020 1205 0.1 

3 Nonan-2-one 1074 1069 1379 0.4 

4 Linalol 1086 1082 1535 0.2 

5 Camphre 1123 1120 1502 0.1 

6 Decan-2-one 1176 1171 1483 0.9 

7 Estragole 1175 1175 1658 0.1 

8 Cuminaldehyde  1212 1763 0.1 

9 E-Cinamaldehyde 1234 1237 2008 1.2 

10 Undecan-2-one 1273 1279 1601 82.9 

11 Undecan-2-ol 1284 1293 1693 1.0 

12 Dodecan-2-one 1381 1376 1711 1.5 

13 E-Caryophyllene 1421 1416 1601 0.6 

14 Undecan-2-ol acetate  1418 1655 1.0 

15 α-Curcumene 1472 1469 1758 0.4 

16 Tridecan-2-one 1477 1477 1797 0.7 

17 (3Z.6E) -α-Farnesene 1480 1482 1762 0.3 

18 Zingiberene 1489 1486 1717 0.6 

19 ar-Turmerone 1643 1635 2229 1.1 

20 α-Turmerone 1649 1645 2156 1.2 

21 β-Turmerone  1676 2217 0.8 

Total identified 95.3 

Hydrocarbon monoterpenes 0.1 

Oxygenated monoterpenes 0.4 

Hydrocarbon sesquiterpenes 1.9 

Oxygenated sesquiterpens 3.1 

Nonterpenic oxygenated compounds 88.4 

Others 1.4 

Notes to Table1: 

aRetention indices from literature on the apolar column; 
bRI l = Retention indices on the apolar column (Rtx-1) in literature; 
cRI a = Retention indices on the apolar column (Rtx-1); 

dRI p = Rtention indices on the polar column (Rtx-Wax); 
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increased when the temperature media increases, which was explained by the chemisorption 

behavior of RG-(EO) onto MS surface. On the other hand, we have reported, recently, that the 

Ruta graveolens leaf extract (RGE), appears to be a green corrosion inhibitor for the corrosion 

of MS in 1 M HCl with a maximum corrosion efficiency of 57% at 1 V/V%, after 1 day at 303 

K [22]. Which indicates that RG-(EO) the best inhibitor. The distinction between RG-(EO) and 

RGE inhibitory effectiveness could be explained by the nature of the molecules of these 

inhibitors. Such behavior can be explained by adsorption coverage of RG-(EO) on the metal 

surface, which rises with concentration of inhibitor [47]. 

 

Table 2. Weight loss results from different concentrations of RG-(EO) in 1.0 M HCl at different 

temperatures 

 

Temperatures C (g.L-1) W (mg.cm-2.h-1) IEw % θ 

308 K 

0.00 0.942 - - 

0.25 0.112 88.15 0. 8815 

0.50 0.070 92.56 0. 9256 

1.00 0.064 93.18 0. 9318 

1.50 0.061 93.49 0.9349 

2.00 0.046 95.16 0. 9516 

     

313 K 

0.00 1.751 - - 

0.25 0.204 88.37 0. 88.37 

0.50 0.128 92.68 0. 9268 

1.00 0.115 93.44 0. 9344 

1.50 0.111 93.68 0.9368 

2.00 0.080 95.45 0. 9545 

     

 323 K 

0.00 2.836 - - 

0.25 0.314 88.94 0. 8894 

0.50 0.205 92.78 0. 9278 

1.00 0.173 93.91 0. 9391 

1.50 0.171 93.96 0.9396 

2.00 0.126 95.56 0. 9556 

     

333 K 

0.00 3.641 - - 

0.25 0.398 89.08 0. 8908 

0.50 0.261 92.83 0. 9283 

1.00 0.219 93.98 0.9398 

1.50 0.190 94.77 0. 9477 

2.00 0.151 95.86 0. 9586 

     

343 K 

0.00 6.301 - - 

0.25 0.643 89.79 0. 8979 

0.50 0.444 92.95 0. 9295 

1.00 0.374 94.06 0. 9406 

1.50 0.328 94.79 0.9479 

2.00 0.254 95.97 0. 9597 
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3.2.2. Kinetic and thermodynamic parameters 

Inhibitory performance as a function of temperature (T) has been discussed in this part. It is 

understood that the variation of the corrosion rate as a function of temperature gives results that 

make it possible to thermodynamically demonstrate the mechanism of RG-(EO) adsorption onto 

an MS surface. According to the Arrhenius plot Ln (W/T) versus 103/T, we calculated the 

enthalpy ΔH°a and entropy ΔS°a energies; then the standard activation E°a was calculated from 

the plot of ln(W) against 103/T. These parameters are associated for MS without and with 

inhibitor basing on the following equations: Eq. 19 for ΔH°a and ΔS°a energies  and Eq. 20 for 

E°a energy [48] . The outputted parameters from the Arrhenius plot (Figures 2 and 3) are 

summed up in Table 3. 

0 0

ln ln a a

a

S HW R

T N h R RT

      
= + + −     

     

 (Eq.  19) 

0
'ln ln aE

W A
RT

 
= + − 

 
                                    (Eq.  20) 

Where W, R, T, h and Na signify the corrosion rate, the universal constant of the ideal gas, 

the absolute temperature, the Plank constant and universal Avogadro number, respectively. 

From Table 3, we perceived that the activation standard energy attained in 1.0 M HCl with RG-

(EO) inhibitor is lower than that when the 1.0 M HCl is alone; reflects the chemisorption of 

adsorption [17]. This character of adsorption can be attributed that there are electrons transfer 

from RG-(EO)molecules towards empty d-orbitals of iron atoms to form both dative and 

covalent bonds.  

   

 

Figure 2. Arrhenius plots in 1.0 M HCl without and with RG-(EO) (2.00 g. L-1) under various 

temperatures 
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Additionally, the positive value of standard activation enthalpy reveals the endothermic 

process of corrosion phenomenon of MS [49]. However, in other words, the positive value of 

the standard activation entropy showed a high disorder of the inhibitor molecules during 

adsorption [47,50]. 

 

 

Figure 3. Transition-state plot for MS corrosion rates (W) in1.0 M HCl without and with RG-

(EO) (2.00 g. L-1) under various temperatures 

 

Table 3 Kinetics thermodynamic for MS in 1.0 M HCl with and without RG-(EO) ((2.00 g/L) 

 

 Ea  

(kJ. mol-1) 

ΔHa°  

(kJ. mol-1) 

ΔSa°  

(J. mol-1.K-1) 

Ea- ΔHa 

(kJ. mol-1) 

 Blank (1.0 M HCl) 43.35 40.65 -112.29 2.70 

RG-(EO) (2.00 g/L) 38.93 36.24 -151.95 2.70 

 

3.2.3. Adsorption isotherm 

To get information more about the adsorption and the surface behavior of RG-(EO) 

molecules, different models of adsorption isotherms including Langmuir, Temkin and Frumkin 

were considered with the range of temperature of 308 to 348 K at the different concentrations 

of RG-(EO). The equations related to these isotherms are use these formulas [51]: 

Langmuir:                                
1

C
ads

C

K
= +                           (Eq.  21) 

Temkin:                               ln ln .ads

C
K g



 
= − 

 
                 (Eq.  22) 

Frumkin:                         ln . ln .
1

adsC K g





  
= +  −  

     (Eq. 23) 
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where Kads is adsorption coefficient, θ is the surface coverage and Cinh is the concentrations of 

the RG-(EO). 

It is crystal clear from the data in Figure 4 attested that the straight lines of C/θ with respect 

to RG-(EO) doses C at 308 K. The linear regression factor R2 values are showed in Figure 4. As 

observed in Figure 4 the values of R2 is almost equal to 1, indicating that the adsorption on the 

MS surface follows the Langmuir adsorption isotherm [39]. This result suggests that the 

adsorbed molecules of RG-(EO)occupy only one protective layer and that there are no 

interactions between the adsorbed species [40].  

 

 

Figure 4. Langmuir adsorption isotherm of RG-(EO) on the MS surface in 1.0 M HCl at 308 K 

 

3.3. Electrochemical evaluations (EIS and PDP) 

3.3.1. EIS study 

The inhibition performance of RG-(EO) on MS in the corrosive medium with various 

concentrations at 308K was studied by electrochemical impedance spectroscopy (EIS). The EIS 

is a very convenient and efficient approach for obtaining suitable and exact details on the 

adsorption of inhibitor molecules at MS/electrolyte interfaces [50,52]. The received data are 

depicted as Nyquist curves in Figure 5(a). 

It is apparent from all Nyquist plots display one-time constant and semicircular shapes that 

did not change after the addition of RG-(EO). This indicates that the corrosion reaction is 

controlled by charge transfer, as well as the addition of the RG-(EO) did not modify the 

corrosion mechanism. Moreover, it appears from the Nyquist curves that an increase in the 

concentration of RG-(EO) led to an expansion of the diameter of the Nyquist curve. This could 

mean that the inhibitory substances existed in the RG-(EO) adsorbed on the active regions of 

the MS surface, enhancing the formation of an inhibitory film. on the other hand, the Nyquist 

plots were fitted using the EC-LAB program, and Figure 5(b) illustrates the equivalent electrical 

circuits (EEC) curve that was used to analyze the EIS data [53].  
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Figure 5. EIS spectra recorded for the surface of MS in 1.0 M HCl without and with different 

concentrations of RG-(EO) at 308 K (a) Nyquist plots; (b) Equivalent circuit used to fit the 

experimental EIS data 

 

According to Figure 5(b), the EEC components consist of the (Rs), which represent the 

resistance of the electrolyte connected in the constant phase element (CPEdl) associated with the 

polarization resistance (Rp/R″p). In the absence of RG-(EO), Rp is equal to the sum of the diffuse 

layer resistance (Rd) and charge transfer resistance (Rct) at the metal/solution interface. While 

in the presence of our inhibitor, that (R"p) equals the sum of Rp, Ra (accumulated species), and 

Rf (film resistance). Additionally, the Cdl value for corrosive and inhibited approaches was 

calculated according to Eq.7. The capacity of the double layer for corrosion of MS in 1.0 M HCl 

is indicated by this parameter. Table 4 lists the corresponding values of the all-EIS parameters 

(Rs, Rp/R″p, CPEdl and Cdl) along with the inhibition efficiency (IEEIS%).    

                                              

Table 4. EIS parameters for MS in 1.0 M HCl containing different concentrations of RG-(EO) 

at 308K 

 

C 

(g/L) 

Rs 

(Ω.cm²) 

Rp / R″p 

(Ω.cm²) 

CPEdl  

Yo (×106 Sn Ω‒

1cm‒2) 

n Cdl  

(×106 S Ω‒

1cm‒2) 

IEEIS  

(%) 

Blank       

0.00 1.795 21.42 325 0.905 88.14 - 

RG (EO)       

0.25 1.857 171.2 109.14 0.848 63.40 87.48 

0.50 1.983 222 68.05 0.919 50.65 90.35 

1.00 2.061 320 59.20 0.841 47.65 93.33 

1.50 2.123 396.6 44.80 0.943 38.69 94.59 

2.00 2.169 406.7 38.01 0.889 38.23 94.73 
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We can conclude from the data obtained about impedance (Table 4) that the Cdl values 

decreased with the increase of the concentration RG-(EO), showing that the inhibiting 

compounds had replaced the water molecules at the metal-corrosive medium interface [54].  

According to Table 4, the values of R"p and IEEIS increased with increasing concentration 

of RG (EO), reaching their maximum values of 406.7 (Ω cm2) and 94.73%. at 2.00 g/L, 

respectively. This may mean that in the presence of RG-(EO), the surface roughness is reduced, 

which contributes to reducing the iron dissolution rate by the formation of a porous protective 

film on the Fe-surface. Similarly, Figures 6a and 6b show the bode phase and module curves of 

MS in 1.0 M HCl in both uninhibited and inhibited solutions, respectively.  

From Figure 6b, whether at low, mid or high frequencies, we observed that the Bode module 

increases with increasing RG-(EO) inhibitor concentration, indicating a good correlation with 

the observed IEEIS of RG-(EO). further, the  Bode phase curves confirm the existence of a single 

constant for all specimens ( Figure 6b), which supported the following information:   the more 

negative phase angle value and the more capacitive behaviour asset in the smoothing of the Fe- 

surface with the presence of RG-(EO) [55]. 

 

 

Figure 6. Bode (module (a) and phase (b)) plots of MS in 1.0 M HCl with and without different 

concentrations of RG-(EO) at 308 K 

 

3.3.2. PDP study  

It is obvious from Figure 7 that the fact of adding RG-(EO) has an inhibitive effect in both 

the anodic and cathodic parts of the polarization curves, revealing the mixed-type inhibition 

impacts of the RG-(EO). This reveals a modification of the mechanism of cathodic hydrogen 

evolution and anodic dissolution of steel. This of course indicates that inhibitor stops the 

corrosion process of MS thanks to the adsorption of an organic compound (heteroatom such as 

oxygen) [56]. 
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Figure 7. PDP curves of MS in 1.0 M HCl with and without RG-(EO) at various concentrations 

at 308 K 

  

The corrosion potential (Ecorr), cathodic and anodic Tafel slopes (βc, βa), and corrosion 

current density (Icorr) were all decided using the Tafel extrapolation procedure (Table 5). Table 

5 show that the corrosion current densities (Icorr) goes down significantly with the increase of 

the inhibitor concentration, suggesting that RG-(EO) inhibitory molecules efficiently deposit on 

the MS surface and protect the Fe-surface against corrosive attacks.  

 

Table 5. PDP parameters of MS in 1.0 M HCl without and with different concentrations of RG-

(EO) at 308K 

 

 C 

(g/L) 

Ecorr 

(mV/SCE) 

Icorr 

(µA cm-2) 

βc 

(mV dec-1) 

βa 

(mV dec-1) 

IEPDP 

 (%) 

Blank (1M 

HCl) 
 -490 578 -147.7 74 - 

 0.25 -460 78 -117.3 56.1 86.50 

 0.50 -440 63 -102.8 54.3 89.10 

RG-(EO) 1.00 -460 35 -101.1 52.6 93.94 

 1.50 -450 33 -132.8 50.8 94.29 

 2.00 -430 30 -137.9 49.4 94.80 

 

The observed data also suggests that the examined inhibitors molecules from RG-(EO) 

created the polarization blocks for the reactive sites on the Fe-surface. The formation of a 

protective film on the metal surface is the main cause of the improvement of the inhibition 

performance [54]. This means that the adsorption of organic compounds from RG-(EO) and in 
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particular its main compound (undecan-2-one (U2ONE)) is caused not only by electrostatic 

interactions but also by a strong coordination bond formed between the lone-pair of heteroatoms 

and the empty orbital of iron [55]. The lowest corrosion rate was found among the specimens 

studied in the presence of 2.00 g/L of RG-(EO), showing the highest IEPDP (about 94.80%) after 

1 hour of immersion. 

These results support the EIS and weight loss measurements and demonstrate the excellent 

performance of RG-(EO) as a green inhibitor in HCl medium. 

 

3.4. Theoretical approaches 

The interaction of inhibiting compounds on the metal surface can be influenced by the type 

and surface charge of the metal, the types of organic molecules, the charge distribution in the 

compound, and the type of the corrosive environment [57]. As described previously, the weight 

loss analysis is among the methods that provide an understanding on the thermodynamic 

properties of inhibitor interaction. The adsorption isotherm can offer very important information 

on the adsorption between the inhibitor and the metal substrate. The electrochemical 

measurement estimates the changes in corrosion potential and corrosion current density as well 

as the capacitive performance of the inhibitor layer, respectively. Additionally, an organic 

corrosion inhibitor may engage in neutral or protonated interaction with a corroding metal 

surface and can either donate or take electrons. In this area, modeling studies via Density 

Functional Theory (DFT) and Molecular Dynamics (MD) approach can offer a computational 

estimation of the electronic-scale perspective of organic corrosion inhibitors encountering 

physical or chemical interaction at the metal/medium interface [58,59]. 

 

3.4.1 DFT findings 

3.4.1.1. Optimized structure of the molecules U2ONE, U2ONEH+ 

To find the most stable conformations, we first ran a conformational study on molecular 

structures of the neutral and protonated forms of the selected green inhibitor (U2ONE and 

U2ONEH+). The most stable conformations were then fully optimized.  

 

 

Figure 8. Optimized molecular structures of U2ONE and U2ONEH+ calculated by the 

DFT/B3LYP /6-31+G (d, p) in the aqueous phases 
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The minimized molecular structures of U2ONE and U2ONEH+ are shown in Figure 8. 

Additionally, the geometrical parameters of the U2ONE and U2ONEH+ including bond lengths 

(Å) and bond angles (°) calculated by B3LYP /6-31+G(d, p) in the aqueous phases are reported 

in as shown in Table 6. 

 

Table 6. Selected optimized geometrical parameters bond lengths (Å) and bond angles (°) of 

U2ONE and U2ONEH+ calculated by DFT/B3LYP /6-+31G(d, p)  in the aqueous phases 

 

Bond lengths (Å)   Bond angles (°) 

 Cal. Cal.   Cal. Cal. 

Parameter 
U2ONE                      

U2ONEH+ 
  

  

Parameter 
U2ONE                         

U2ONEH+ 

 

O (1)-C (11) 
1.226 1.281   

 

C(3)-C (2)-C (4) 
113.64 113.54 

C (2)-C (3) 1.534 1.534   C(2)-C (3)-C (5) 113.52 113.24 

C (2)-C (4) 1.534 1.534   C(2)-C (4)-C (6) 113.62 113.55 

C (3)-C (5) 1.534 1.534   C(3)-C (5)-C (7) 113.34 112.86 

C (4)-C (6) 1.534 1.534   C(4)-C (6)-C (8) 113.69 113.67 

C (5)-C (7) 1.534 1.534   C(5)-C (7)-C (9) 112.60 111.52 

C (6)-C (8) 1.534 1.534   C(6)-C (8)-C (10) 113.30 113.29 

C (7)-C (9) 1.529 1.530   C(7)-C (9)-C (11) 115.45 117.40 

C (8)-C (10) 1.533 1.533   O(1)-C (11)-C (9) 122.16 116.65 

C (9)-C (11) 1.518 1.474   O(1)-C (11)-C (12) 121.23 121.18 

C (11)-C (12) 1.513 1.476   C(9)-C (11)-C (12) 116.59 122.15 

   
 

 
C(11)-O (1)-H (35) 

 

- 

 

114.20 

 

 

It is crystal clear from the results of the optimized structures (Figure 8/Table 6) that the 

compounds U2ONE and U2ONEH+ are perfectly planar. To characterize how protonation 

affects the strength of the bonds, salient bond lengths in the molecules were compared between 

neutral and protonated forms. A comparison of bond length values in U2ONE and U2ONEH+ 

showed that the protonation structure (U2ONEH+) did not drastically change the bond lengths. 

Most changes during U2ONEH+ were observed for C (7)-C (9) and O(1)-C(11) (Table 6). It is 

evident that these bonds became slightly longer after protonation compared to U2ONE, whereas 

those of the C (9)-C (11) and C(11)-C(12) bonds became slightly shorter compared to those of 

U2ONEH+. 
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3.4.1.2. Frontier molecular orbitals and quantum reactivity descriptors of the molecules 

U2ONE, U2ONEH+ 

The frontier molecular orbitals (FMOs) HOMOs and LUMOs, Molecular electrostatic 

potential (MEP), as well as global reactivity descriptors are generally recognized as important 

parameters for specifying the activity of compounds and indicating the course of chemical 

processes [60,61]. The examination of FMOs and MEP maps of neutral (U2ONE) and 

protonated (U2ONEH+) forms of the studied green inhibitor using B3LYP/6-31+G (d,p) 

computations in aqueous phases are depicted  in Figure 9.The HOMO map depicts the regions 

of compounds with a strong inclination to give electrons to electrophilic species, whereas the 

LUMO map depicts the regions of compounds with a strong inclination to accept electrons from 

nucleophilic species [61].  

As seen in Figure 9, the orbitals occupied by electrons are represented by two colors, the red 

color indicates a greater concentration of electrons at that location, while the green indicates a 

deficit of electrons at that location. The molecular orbitals (HOMO) of the U2ONE are mostly 

located on the around the carbonyl group (C11=O1), suggesting that these are the main sites for 

electron donation while molecular orbitals (LUMO) of the U2ONE is majorly distributed on the 

atoms the around the C11=O1 moiety, as well as on the (C12) and (C9) atoms. Following 

protonation (U2ONEH+), there is a significant change in the position of the distribution of 

molecular orbitals (HOMO) which mostly emanated from the carbon atoms (C4-C6-C8). On 

the other hand, the level of LUMO regions remained unchanged. Indeed, when the inhibitor is 

protonated, its physical and chemical characteristics change, which suggesting that the 

protonation is responsible for the displacement of the HOMO locations of the green inhibitor. 

It appears from the results of the HOMOs and LUMOs distributions of the neutral (U2ONE) 

and protonated (U2ONEH+) forms are the most likely locations for the donor-acceptor sites and 

therefore the optimal adsorption centers on the Fe-substrate. Within the framework of the 

previous concept, the molecular electrostatic potential (MEP) is a useful method to illustrate 

possible interaction sites on an inhibitor molecule and it uses a variety of colors to identify areas 

or sites with negative and positive electrostatic potentials, as well as H-binding interactions. 

Additionally, it helps in the visual comprehension of relative polarity of the compound. As 

displayed in Figure 9, the red, orange, or yellow colors (negative electrostatic potential), blue 

color (positive electrostatic potential) , as well as green color (zero potential) regions depict the 

electrophilic attack, nucleophilic attack and neutral areas in the U2ONE/U2ONEH+ respectively 

[39]. Taking a closer look at the MEP map (Figure 9) for U2ONE reveals that the area of strong 

negative electrostatic potential is observed around the oxygen atom (O1) which undergoes the 

electrophilic attack, this explains why the (C11=O1) group acts as an electron donor site. On 

the other hand, the protonated form (U2ONEH+) displays only the topological feature of blue 

and green hues, suggesting that this format has a receiver-like effect for electrons arriving from 

occupied orbitals inside the Fe- surface. Based on these remarks, the neutral form (U2ONE) is 
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most likely adsorbed via electron-rich site (C11=O1) more preferentially on the metal surface 

than the protonated form (U2ONEH+). Further, DFT computations were also performed to 

explain the Physico-chemical characteristics of the U2ONE and U2ONEH+ structures to better 

understand their adsorption mechanisms on the Fe-surface. The various quantum parameters of 

neutral and protonated forms of the title molecule were calculated and listed in Table 7. 

Molecular reactivity was examined by analyzing frontier molecular orbital energies (EHOMO and 

ELUMO), which are critical quantum characteristics for predicting chemical reactivity and used 

in corrosion inhibition studies. The ability of molecules to donate electrons is directly related to 

the high occupied molecular orbital energy (EHOMO) [62].  

From Table 7, it emerges by comparing the two structures (U2ONE/U2ONEH+) of the title 

molecule, that U2ONEH+ had lower EHOMO and ELUMO values (-8.330eV and -3.296 eV) when 

compared to the obtained indices for U2ONE (-7.118 and -0.763 eV). This indicates that the 

U2ONEH+ structure increases the ability to accept electrons but reduces the tendency to donate 

electrons from an inhibitory molecule. According to the previous conception, higher 

anticorrosive activity can be indicated by a smaller energy (ΔEgap) gap between ELUMO and 

EHOMO [7]. The results as indicated in Table 7 reveal that the U2ONEH+ structure had a smaller 

ΔEgap value than U2ONE (ΔEgap =5.034 eV vs. ΔEgap =6.355 eV), indicating that the protonated 

form of the title molecule can interact with Fe-surface, compared to the neutral form (U2ONE). 

In reality, the U2ONEH+is attracted (by electrostatic interactions) towards the Fe-atoms by the 

already adsorbed anion [63]. Electronegativity (χ)   is another important quantum descriptor that 

suggests an inhibitor molecule with a higher value of χ  has a lower donate-transfer electron 

ability to the iron metal [64]. In our case, U2ONE and U2ONEH+ offers the χ values of 3.940 

eV and 5.813 eV, respectively. Indicating that U2ONE is a highly reactive compound with the 

Fe- surface resulting in the potent inhibitory ability of U2ONE. Global hardness (η) and 

Chemical softness (S) are essential indices to gauge the molecular stability and reactivity of the 

compound [61]. The low value of η is related to high electron-donating capacity, adsorption 

preference, as well as inhibition efficiency, and the opposite is true for S. From the results in 

Table 7, U2ONEH+ had a high softness value (0.397 eV‒1) and a low hardness value (2.517 eV) 

compared to U2ONE (0.314eV‒1/3.177eV). These results suggest that the protonated structure 

is more likely to adsorb firmly on the Fe surface than the neutral structure and thus applies the 

best protective effect. Recently, a several authors used Electron-accepting power (ω+) and 

Electron-donating power (ω- ) to analyze the ability of a specific system to accept - donate 

electrons [40,65]. It is important to note that a large value of ω+ indicates that the system has a 

high capacity for electron- accepting. While a lower value of ω- indicates an effective electron 

donor system. the computations indicated that U2ONEH+ had a highest value of ω+ = 4.120eV 

and ω- = 9.933eV when compared to the obtained parameters for U2ONE (0.870 eV/4.810) 

suggesting that the U2ONEH+ structure is more capable of accepting electrons from Fe-atoms 

than that of U2ONE structure. In this work, the back donation (ΔEback-donation) was also 
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determined. This indicator provides information on the electronic back donation methodology 

that can occur between the inhibitor molecule and the atoms of the metallic surface. The 

negative value of ΔEback-donation clearly shows that the inhibitory structure has the ability to 

receive electrons from the Fe-surface in order to establish retro-donor bonds, which improves 

the efficiency of inhibition [66].  

According to Table 7, ΔEback-donation  were found to be -0.794 and -0.629 eV for U2ONE and 

U2ONEH+, respectively. These values imply that these forms appear as good corrosion 

inhibitors with a preference for the U2ONE structure The fractions of electrons transferred (ΔN)  

is another factor that we may use to assess an organic corrosion inhibitor  ability to share 

electrons [67]. It is comprehended that the positive value of this parameter (ΔN) indicates that 

the electron-donating ability at the Fe-surface is probable, and vice versa [68]. As shown in 

Table 7, The fractions of electrons transferred (ΔN) values are positive and higher for the 

U2ONE (0.138) compared to their U2ONEH+ (-0.197). This shows that a neutral structure is 

more likely to be electron-donate due to its strong reactivity with iron substrate than its 

protonated type, while the negative value of the protonated form (U2ONEH+) indicates that this 

form is unable to donate its electrons, while they have the strength of the acceptor present to a 

greater capacity. When analyzing the anti-corrosion capabilities of our structures 

(U2ONE/U2ONEH+), Metal/inhibitor interaction energy (Δψ) is a crucial factor. This ability 

denotes the strength of the adsorption between the inhibitor in its neutral and protonated 

forms(U2ONE/U2ONEH+) onto the Fe-surface. U2ONE had a low Δψ value (0.060eV) when 

compared with U2ONEH+( 0.097 eV) indicating U2ONEH+ is a good inhibitor. 

 

 

Figure 9. HOMOs, LUMOs and MEP maps for the U2ONE, U2ONEH+ in aqueous phase at 

DFT/B3LYP/6-31+ G (d, p) levels of theory 
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Table 7. The calculated global reactivity descriptors of the U2ONE, U2ONEH+ in aqueous 

phase at DFT/B3LYP/6-31+ G (d, p) levels of theory 

 

Property 
DFT/B3LYP/6-31+ G (d, p) 

U2ONE U2ONEH+ 

Energy of highest occupied molecular orbital (EHOMO) (eV) -7.118 -8.330 

Energy of lowest unoccupied molecular orbital (ELUMO) (eV) -0.763 -3.296 

Energy gap  (ΔEgap) (eV) 6.355 5.034 

Ionization potential (I.P) (eV) 7.118 8.330 

Electron affinity (E.A) (eV) 0.763 3.296 

Electronegativity (χ) (eV) 3.940 5.813 

Global hardness (η) (eV) 3.177 2.517 

Chemical softness (S) (eV-1) 0.314 0.397 

Electron-accepting power (ω+) (eV) 0.870 4.120 

Electron-donating power (ω-) (eV) 4.810 9.933 

Back donation (ΔEback-donation) (eV) -0.794 -0.629 

Fraction of transferred electrons (ΔN) 0.138 -0.197 

Metal/inhibitor interaction energy (Δψ) (eV) 

 
0.060 0.097 

 

By analyzing the frontier molecular orbitals, Molecular electrostatic potential (MEP), and 

all quantum descriptors of the neutral and protonated forms of the studied green inhibitor we 

can come to the following conclusions: 

(i) The neutral form (U2ONE) can be adsorbed via donor-acceptor interactions between 

the carbonyl group (C11=O1) and the multiple (σ) electrons on this structure to create strong 

adsorption of U2ONE on the Fe-surface. 

(ii) It is well known that the Fe-surface in aqueous solutions of HCl acid (H3O
+ & Cl) 

carries positive charges [69], which is extremely difficult to approach by the U2ONEH+ due to 

electrostatic disharmony. As a result, the anions are adsorbed first and then U2ONEH+. 

Therefore, the adsorption of two structures (U2ONE/U2ONEH+) of the studied green inhibitor 

on the Fe-surface in HCl acid is a mixture of physical and chemical adsorbent. 

3.4.1.3. Mulliken atomic charge distribution of the molecules U2ONE, U2ONEH+ 

After studying the frontier molecular orbitals (i.e. HOMO and LUMO), Molecular 

electrostatic potential (MEP), as well as global reactivity of the neutral and protonated forms 

(U2ONE/U2ONEH+) of the studied green inhibitor. The measurement of local reactivity 

regions is crucial because it can be used to interpret differences in reactivity between different 

atomic sites in an inhibitor molecule [70,71]. The Mulliken atomic charges can be used to get 
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this information about local reactivity sites of the of the studied green inhibitor. According to 

the literature, the more negative the Mulliken atoms of the adsorbed areas of the inhibitor, the 

easier it is for the atom to donate its electron to the vacant orbital of the metal surface and 

preferentially adsorbs to the Fe surface, which results in a packed adsorption layer [72,73]. The 

Mulliken charges distribution computed for both forms (neutral and protonated) in the aqueous 

phase are shown in Figure 10. 

It is clear from Figure 10 that the oxygen atom (O) has a region of excessive negative charge. 

Therefore, when interacting with the Fe surface, this atom exhibits nucleophilic behavior. 

Additional active sites for adsorption onto the metal surface include the negative charges that 

surround most carbon atoms (C). On the other hand, the carbon atom that carries a high density 

of positive charge (C11), can receive electrons from the electron donor regions on the iron 

surface. Moreover, the electron donor impact is reduced after protonation by the U2ONEH+ 

structure, while the attractor effect is increased by the decrease in the density of the positive 

charge of the carbon atom (C11) [74]. 

 

 

Figure 10. Graphical diagram of the Mulliken atomic charge distributions for the neutral and 

protonated forms (U2ONE/U2ONEH+) of the studied green inhibitor 
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3.4.2. Molecular simulations 

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

exploring metal/inhibitor interactions [75]. The interaction properties of the studied green 

inhibitor in the neutral/protonated forms (i.e., U2ONE/U2ONEH+) on the Fe-surface in both 

the gas-aqueous phases are important main objectives during this part of our studies. Figure 11 

shows the leading cells of U2ONE/U2ONEH+ on the iron (110) substrate in the gas-aqueous 

phases, as well as the temperature is fixed in 308K and 1 bar.  

As can be seen in Figure 11, the U2ONE and U2ONEH+ of the studied green inhibitor are 

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) atom. These atoms serve as reactive sites when the 

adsorption of the green inhibitor with the iron (110) surface. Moreover, the two structures 

(U2ONE/U2ONEH+) of the studied green inhibitor seem to take the place of water molecules 

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 

[76,77]. In addition, the aqueous solution bind to the group (C=OH+) of the protonated form 

(U2ONEH+) creating an ion pair onto the Fe-surface, while this is not the case for 

(U2ONE/100H2O/Fe (110)) complexes. for the protonated form in HCl medium, this could 

result in additional stability of the studied green inhibitor as it approaches the iron (110) 

substrate. The current study of the adsorption systems (i.e., U2ONE/Fe (110)-U2ONEH+/Fe 

(110) and U2ONE/100H2O/Fe(110)-U2ONEH+/100H2O/Fe (110) complexes) enables 

effective adsorptions hence a considerable inhibitory effect referring to the experimental result. 

The different types of energetic descriptors of adsorbed U2ONE and U2ONEH+ in gas/ aqueous 

phase are calculated and listed in Table 8.  

 

Table 8. MC simulations descriptors for the adsorption of U2ONE and U2ONEH+ in gas/ 

aqueous phases over the Fe (110) surface at 308 K 

 

System 
Etot 

(Kcal/mol) 

Eads 

(Kcal/mol) 

ERA 

(Kcal/mol) 

Edef 

(Kcal/mol) 

dEads/dNiinhibitors 

(Kcal/mol) 

dEads/ 

dNiH2O 

(Kcal/mol) 

Neutral       

U2ONE/Fe (110) -146.954 -116.068 -116.068 -6.149e-011 -116.068 - 

U2ONE/100H2O/Fe 

(110) 
-896.666 -865.783 -865.783 -5.493e-011 -120.272 -2.687 

       

Protonated       

U2ONEH+/Fe (110) -136.567 -114.676 -114.676 2.042e-009 -114.676 - 

U2ONEH+/100H2O

/Fe (110) 

-902.138 -880.250 -880.250 1.250e-009 -118,066 -3,257 
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Figure 11. Upper and lateral outlooks of minimized adsorption configuration of U2ONE and 

U2ONEH+ in gas/ aqueous phases over the Fe (110) surface at 308 K 

 

It is significant to mention that the higher and negative values of adsorption energy in gas 

phases (Eads)  and in aqueous phase (E"ads) indicates the stable/easier adsorption onto the Fe(110) 

surface, as well as higher inhibition efficiency [78,79]. Moreover, the adsorption energy 

represents the energy absorbed when the expanded adsorbate (inhibitor) is adsorbed on the Fe-

substrate [80]. 

It is obvious from Table 8 that the title molecule (U2ONE/U2ONEH+) in gas/solution 

phases interacts strongly with the iron-based layer and then forming a protective adsorbed film. 

Furthermore, Table 8 demonstrates that during the gas phase, Eads values drop in the sequence 

U2ONE/Fe (110) (-116.068 kcal /mol)> U2ONEH+/Fe (110) (-114.676 kcal /mol). While the 

sequence changes in the aqueous phase, the decline in adsorption energies is greater: E"ads fall 
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from -880.250 Kcal/mol for U2ONEH+/100H2O/Fe (110) and -865.783kcal/mol for 

U2ONE/100H2O/Fe (110). Accordingly, an aqueous solution enhances the adsorption of the 

green inhibitor. As indicated in the literature, this is due to the increased stability of neutral and 

protonated forms of the title molecule in the aqueous phase [81,82]. These impacts are 

particularly reinforced by the protonated form. In sum, the results of the MC reveal the anti-

corrosion action capacity of the title molecule (U2ONE and U2ONEH+) in the gaseous and 

aqueous phases. This is totally consistent with the experiment and the DFT calculations. 

 

 

Figure 12. the RDFs of U2ONE and U2ONEH+ in gas/ aqueous phases over the Fe (110) 

surface at 308 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 [83]. 

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[84].  

Figure 12 shows the RDF of U2ONEH+ and U2ONE in gas/solution phases. As shown in 

Figure 12, all the first peak values for U2ONE and U2ONEH+ 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 
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simulated structures of the title molecule on the first layer of Fe atoms, revealing that the neutral 

and protonated forms of the title molecule do indeed hinder the disintegration of the tested steel. 

 

4. CONCLUSION 

The first stage of this work focused on establishing the chemical composition of RG-(EO). 

According to GC-MS analysis, RG-(EO) has a significant concentration of U2ONE (95.3%). In 

the second section, we evaluated the electrochemical analyzes which showed that the RG-(EO) 

has proved to be able to efficiently inhibit MS corrosion in 1 M HCl solution and its inhibition 

efficiency values increased with increase in inhibitor concentration reaching a maximum of up 

to 95.16 % at 2.00 g/L at 308K. Moreover, the results of the thermodynamic activation 

parameters demonstrated that the studied inhibitor adsorbed on the metal surface obeyed the 

Langmuir isotherm model. The electrochemical studies shown by EIS and PDP (2.00 g/L) were 

94.73% and 94.80%, respectively. In addition, the findings of MC simulations indicated that 

U2ONE in both its protonated and neutral forms is highly adsorbed onto the Fe- surface in a 

parallel pattern, implying higher metal surface coverage and the predicted adsorption energy 

correlates well with the experimental inhibitory efficiency. Through to all the experimental and 

computational investigations, we have discovered a new natural and effective corrosion 

inhibitor on mild steel in 1.0 M HCl solution: Undecan-2-one. 
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