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Abstract- The corrosion inhibition of copper CDA 110 in 3% NaCl by Ruta Chalepensis’ 

extract is studied by using electrochemical stationary and non-stationary methods. The 

obtained results reveal a significant enhancement of the inhibition efficiency by increasing the 

extract concentration. The adsorption behavior is found to obey Langmuir isotherm. 

Polarization study shows a cathodic character for the green leaves. The increase of medium 

temperature accelerates the corrosion process. The values of activation energy and 

thermodynamic parameters are calculated. In-depth the first principles calculations based on 

density functional density have been performed in order to evaluate the electronic structure and 

to understand the corrosion mechanism 
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1. INTRODUCTION  

Corrosion is the most devastating and damaging phenomenon of modern technology and 

pose a serious threat to many industries. Several researches published yearly are devoted to 

corrosion and corrosion protection of different metals [1]. A number of organic compounds 

have been studied and employed as corrosion inhibitors [2]. The efficiency of these organic 

corrosion inhibitors is related to the presence of polar function containing S, O and N atoms 

which are centers for the established for the adsorption process [3]. However, because of their 

high cost and the growing awareness of health and ecological risks, we are looking for highly 

effective, cheaper and nontoxic inhibitors [4]. Bio-inhibitors application is an interesting 

methods of the protection against corrosion [5-7]. 

Plant extracts are natural organics containing different constituents including tannins, 

alkaloids, carbohydrates, proteins, pigments… which can limit corrosion on reactive sites of 

metal surface [8,9]. Many researchers have studied the use of natural substances to prevent 

corrosion of metals in acidic and alkaline environments such as Punicagranatum [10], 

Occimumviridis [11], Bamboo leaf [12] Extracts of henna [13,14], Oxandraasbeckii[15], 

Osmanthusfragran [16], lawsonia [17], Murrayakoenigii [18], Jasminumnudiflorum [19], 

Isertiacoccinea [20], Uncariagambir [21], Azadirachtaindica, Phyllanthusamarus [22], 

Oleaeuropaea [23], Nigella sativa [24]. Mejri et al. [25] studied the chemical composition of 

the essential oil of Rutachalepensis L, and reported that the 2-undecanone compound is the 

major component. 

On the other hand, computational chemical calculations represent a very powerful tool for 

studying corrosion inhibition mechanism [26-28]. Soltani et al. [29] investigated the 

geometrical and electronic molecular structures of Salvia officinalis leaves extract on 304 

stainless steel corrosion in 1 M HCl solution using computational methods. Quite recently, 

Allal et al. [30] have investigated the inhibition behavior of the thiophene derivatives as 

aluminum corrosion inhibitors, and investigated the relation between the inhibition efficiency 

and calculated quantum chemical parameters, such as highest occupied molecular orbital 

energy (EHOMO), lowest unoccupied molecular orbital energy (ELUMO), energy gap (ΔEGap), 

dipole moment (μ), polarizabilities <α>, global hardness (η), global softness (σ) and global 

electrophilicity (ω). 

Recently, we have studied the effect of curcuma and saffron on the corrosion protection of 

A106 Gr B carbon steel in 3% NaCl medium [31], as well as corrosion inhibition of Monel 400 

with Mespilus japonica, Ricinus communis L and Vitisvinifera leaves extracts in hydrochloric 

solution [32]. In line with our previous studies, the present research work aims to investigate 

the corrosion inhibition efficiency of Ruta Chalepensis extracts as natural substance toward 

copper CDA 110 in NaCl 3% medium at various concentrations and temperature using 

electrochemical impedance spectroscopy and potentiodynamic polarization measurements. A 

theoretical study of two organic compounds, 2-Undecanone and 2-Dodecanone (first and 
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second major components of Ruta chalepensis L), has been performed using density functional 

theory (DFT). 

 

2. EXPERIMENT PART 

2.1. Materials 

Copper specimens of dimensions 1×1×0.25 cm having the following chemical 

composition: 99.03 Cu, 0.03 Mn, 0.02 Fe, 0.12 Zn, 0.02 Pb, 0.03 Bi (in wt. %). 

 

2.2. Preparation of the Working Electrode 

The specimens were embedded in epoxy resin leaving a working area of 0.98 cm2 in contact 

corrosive medium. The working surface was subsequently ground with 600 and 2400 grit 

grinding papers cleaned by distilled water then degreasing with acetone and rinsing with 

distilled water, followed by drying under air stream to avoid any kind of reaction between the 

distilled water and the polished surface before measurements. 

 

2.3. Testing Environment 

The corrosive medium is NaCl 3% was prepared by dissolving 30 g NaCl in 1000 ml of 

distilled water, and stirred to get a homogeneous solution. 

 

2.4. Preparation of Plant Extract 

RutaChalepensis was collected from Skikda region located at the north of Algeria in 

February 2017, then cleaned with water and air dried at room temperature. The plant extract 

are obtained according to the diagram illustrated in Figure 1. 

 

 

 

Fig. 1. The extraction of the plant Electrochemical Measurements 
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The polarization experiments and electrochemical impedance spectroscopy (EIS) were 

performed using a Voltalab PGZ 301 “All-in- one” Potentiostat/Galvanostat system. The 

potentials were measured against and referred to the saturated calomel electrode. The 

polarization experiments were carried out in the range of potential from (-1200) to (-200) mv 

using a scan rate of 10 mV/s. Measurements of impedance (Z) and phase shift were made in 

the range of 100 KHz to 100 mHz frequency [31]. 

 

2.5. Computational Details 

The studied compound was initially prepared and minimized by using Avogadro program 

 [35] applying MMFF94s force field. The DFT quantum chemical calculations were performed 

with ORCA 4.0.1.2 computational package [36-37], under an open source code developed by 

Prof. Frank Neese. A geometry optimization of the studied compound (Table 1) was carried 

out in the aqueous phase involving CPCM models [38], using the CAM-B3LYP [39] functional 

and employing triple-ζ quality basis sets def2-TZVPP [40]. The atomic orbital integrals were 

calculated by the LIBINT library [40] and the natural population analysis (NPA) was 

performed with JANPA program (version 1.04) [41]. 

 

Table1. The name, molecular formula, molecular weight, molecular structure and number of 

atoms for studied inhibitor  

 

In order to evaluate our experimental results, we calculated the global reactivity descriptors 

like the energy of highest occupied molecular orbital (EHOMO), energy of lowest unoccupied 

molecular orbital (ELUMO), energy gap (ΔEGap), ionization potential (I), electron affinity (A), 

molecular volume for the van der Waals (Vvdw), surface-area (SA), dipole moment (μ), 

polarizability <α>, electronegativity (χ), chemical potential (π), global hardness (η), global 

softness (σ) and electrophilicity (ω). 

I = −EHOMO                                                                                                                               (1) 

A = −ELUMO                                                                                                                                 (2) 

ΔEGap = ELUMO − EHOMO                                                                                                                 (3) 

χ = −π =
I+A

2
                                                                                                                                (4) 

η =
I−A

2
                                                                                                                                              (5) 

Molecular 

name 

Molecular 

formula 

Molecular 

Weight 

(amu) 

Molecular structure 
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of Atoms 
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σ =
2

I−A
                                                                                                                                                      (6) 

ω =
χ2

2η
                                                                                                                                          (7) 

< 𝛼 > =  
1

3
(αxx +  αyy +  αzz)                                                                                                      (8) 

 

3. RESULTS AND DISCUSSION 

3.1. Influence of Inhibitor Concentration 

3.1.1. Potentiodynamic Polarization Measurement 

Potentiodynamic polarization curves for copper in 3% NaCl medium in the absence and 

the presence of various concentration of Ruta Chalepensis are shown in Figures 2 and 3. 

 

Fig. 2. Polarization curves of copper in 3% NaCl containing different concentration of Ruta 

Chalepensis leave (Extract 1) 

 

Fig. 3. Polarization curves of copper in 3% NaCl containing different concentration of Ruta 

Chalepensis leave (Extract 2) 
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The potentiodynamic polarization curves show a current plateau, which can be attributed 

to an oxygen diffusional control involved in the cathodic reaction [48-49], according to the 

reaction: 

4𝐻+ + 𝑂2 + 4𝑒− → 2𝐻2𝑂                                                                                                       (9) 

The potentiodynamic polarization curves show a current plateau, which can be attributed 

to an oxygen diffusional control involved in the cathodic reaction [48-49], according to the 

reaction: 

𝐶𝑢+ + 𝐶𝑙− → 𝐶𝑢𝐶𝑙𝑎𝑑𝑠                                                                                                             (10) 

Moreover, for the curve corresponding to 40 ppm, optimal concentration for the extract 1, 

there is a disappearance of the passivation level in the cathodic branch, whereas in the anode 

branch there has been an increase in the plateau. 

The electrochemical parameters such as corrosion potential (Ecorr), corrosion current (Icorr), 

cathodic and anodic Tafel slopes and inhibitor efficiencies are given in Table 2. 

 

Table 2. Electrochemical parameters for copper in 3% NaCl solution in the presence and 

absence of inhibitor  

 

C inhib 

(ppm) 

E(I=0)   

(mV) 

Rp 

(ohm.cm2) 

icorr  

(mA/cm2) 

Ba 

(mV) 

Bc 

(mV) 

E (%) 

00 ppm 

Extract 1 

-328,7 117,68 0,1398 202 -449,5 - 

10 ppm -398.4 1370 0.0397 175.2 -526.6 71.60 

20 ppm -365 955.22 0.0380 158.1 -424 ;8 72.81 

40 ppm -491.9 4800 0.0197 98.4 -150.7 85.90 

60 ppm -356 2530 0.0253 166.7 -489.7 81.90 

80 ppm -385.3 1050 0.0294 152.9 -572 .8 78.96 

 

Extract 2 

  

 

    

 

10 ppm -254.1 337.85 0.0395 111.9 -342.8 71.74 

20 ppm -368.2 366.09 0.0290 175.1 -543.1 79.25 

40 ppm -329 .2 532.9 0.0170 93.1 -417.4 87.83 

50 ppm -298.6 566.63 0.0166 95.7 -487.8 88.12 

60 ppm -341.7 500 0.0190 107 -446 86.40 
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The analysis of the polarization curves (Figures 2 and 3) and the results in Table 2 show 

that the current density (Icorr) decreases with the increase of the inhibitor concentration from 10 

to 40 ppm (the optimum value for extract 1) and 50 ppm (the optimum value for extract 2). The 

polarization resistance reaches maximum values of 1960 and 566 (Ω.cm2) for the concentration 

40 and 50 ppm respectively. 

It is reported in the literature that, depending on the value of the displacement of Ecorr in the 

presence of the inhibitor, the inhibitor is considered as (i) anodic or cathodic for Ecorr greater 

than ±85 mV/SCE relative to Ecorr of the blank and (ii) mixed inhibitor for Ecorr less than ±85 

mV/SCE [15-16]. In the case of extract 1, the variation of Ecorr is found to be greater than ±85 

mV/SCE; for all concentrations the potential is shifted to negative values which implies that 

this extract acts as a cathodic inhibitor. Whereas for extract 2, Ecorr is less than ±85 mV/SCE, 

which confirms the mixed character of the inhibitor. It reduces the anodic dissolution of copper 

described by the reaction (𝐶𝑢 ↔ 𝐶𝑢 + + 𝑒 ‒ ) meanwhile delays the cathodic reaction. The 

decrease of Icorr and the increase of Rp is mainly due to the reduction of the Cl- attack on the 

surface of copper which causes the decrease of its dissolution by the adsorption of the inhibitor 

molecules [50]. 

The higher values of the polarization resistance (1960 and 566.63 Ω.cm2) with the lowest 

current density values (2.54 and 5.172 mA/cm2) correspond to the optimal concentrations of 

extrats 1 and 2, respectively (40 and 50 ppm). 

It can be noticed that the effectiveness of each inhibitor rises with the increase in its 

concentrations and reaches maximum values of 85.90% for 40 ppm of extract 1 and 88.12% 

for 50 ppm of extract 2. 

 

3.2. Electrochemical Impedance Measurements 

Electrochemical impedance measurements gives important information on mechanisms 

and reaction kinetics for a metal/electrolyte electrochemical system [51-52]. It allows to 

identify by their relaxation time the different processes taking place at the metal/electrolyte 

interface. Fast processes usually occur at high frequencies. When the applied frequency 

decreases, the contribution of the slower steps, such as transport or diffusion phenomena in 

solution, appears [53]. 

The impedance spectra recorded at room temperature without and with various 

concentrations of the inhibitor in NaCl 3% solution are shown in Figures 4 and 5. 
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Fig. 4. Nyquist plots for copper in a 3% NaCl solutions without and with different 

concentrations of extract 1 

 

 

 

Fig. 5. Nyquist plots for copper in a 3% NaCl solutions without and with different 

concentrations of extract 2 

 

Nyquist plots are often used in the electrochemical literature because they allow for an easy 

calculation of the impedance corrosion elements [54]. The values of the solution resistance 

(Rs), the charge transfer resistance (Rtc) and the total capacitance (Q) were calculated by 

simulating the experimental data with the EC-Lab software. The results are listed in Table 3. 

 

 

 

 

-100 0 100 200 300 400 500 600 700 800

-50

0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

- 
Z

r 
[ o

hm
.c

m
²]

Zr  [ ohm.cm²]

 sans inhib

 10 ppm

 20 ppm

 40 ppm

 60 ppm

 80 ppm

 100 ppm

0 500 1000 1500 2000

-50

0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

750

800

850

900

-Z
i [

 o
hm

.c
m

²]

Zr [ ohm.cm²]

 sans inhib

 10 ppm

 20 ppm

 30 ppm

 40 ppm

 50 ppm

 60 ppm



Anal. Bioanal. Electrochem., Vol. 11, No. 7, 2019, 830-850                                                 838 

 

Table 3. Inhibitory efficiencies and electrochemical parameters deduced from the impedance 

diagrams in the absence and in the presence of inhibitors at different concentrations  

 

Cinhib 

(ppm) 

R s 

(Ohm) 

Q 

(F.S(a-1)) 

a R tc 

(Ohm) 

S 

(Ohm.S-1/2) 

E (%) 

00 ppm 

 

Extract 1 

15,53 0,340 7e-3 0,7034 149,8 316,5 - 

10 ppm 8.887 0.192 4e-3 0.7319 1096 - 86.33 

20 ppm 7.314 0.208 4e-3 0.6975 754.3 - 80.14 

40 ppm 7.224 0.373 8e-3 0.689 2495 - 93.99 

60 ppm 8.052 0.807 8e-3 0.5681 777.1 - 80.72 

       

Extract 2 

10 ppm 

7.87 0.352 2e-3 0.6474 493.8 - 69.66 

20 ppm 5.234 0.414 7e-3 0.6405 517.8 - 71.06 

40 ppm 6.034 0.334 7e-3 0.7424 1932 - 92.24 

50 ppm 6.072 39.77 e-6 0.8696 2001 - 92.51 

60 ppm 6.998 0.514 7e-3 0.6388 436.2 - 65.65 

 

The Nyquist plots show the existence of a single capacitive loop, which indicates that the 

dissolution process is controlled by the charge transfer reaction [55]. The loop size increases 

gradually with increasing inhibitor concentration while its shape is similar for all the 

concentrations, which indicates that there is no change in the corrosion mechanism [56]. 

Moreover, it can be observed that the loops are not perfect semicircles that can be attributed to 

frequency dispersion due to non-roughness and heterogeneity of the electrode surface [57]. 

The results obtained show that there is an increase of the Rtc with the increase of the 

inhibitor concentration and reaches a maximum value at 40 ppm for the extract 1 and 50 ppm 

for the extract 2, while the values of the Cdc decrease, because the addition of inhibitor increases 

the adsorption over the metal surface by forming a protective layer. Thus, the electron transfer 

between the metal surface and the corrosive medium decreases [58]. An equivalent circuit for 

such an electrode can be used to model the corrosion process, as shown in Figure 6. 

 

 

 

Fig. 6. Equivalent for Copper CDA 110 (a) in blank and (b) with inhibitor 
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3.3. Adsorption Isotherms 

The effectiveness of a corrosion inhibitor depends mainly on its adsorption capacity at the 

metal/solution interface. It is often a displacement reaction involving the replacement of water 

molecules adsorbed on the metal surface by the inhibitor molecules [59]. Generally, adsorption 

is described by physical and/or chemical adsorption. Therefore, it is essential to know the mode 

of adsorption that can give information on the inhibitor interaction on the metal surface. To 

better describe the adsorption of Ruta Chalepensis leaves on copper surface, different 

adsorption isotherms are used [60]; (i) Temkin (eq. 11); (ii) Langmuir (eq. 12) and (iii) Frumkin 

(eq. 13) given by the following equations: 

𝐶. 𝐾𝑎𝑑𝑠 = 𝑒𝑥𝑝(−2𝑎𝜃)                                                                                                             (11) 

𝐶/𝜃 = 1/𝐾𝑎𝑑𝑠 + 𝐶                                                                                                                 (12) 

𝐶. 𝐾𝑎𝑑𝑠 = 𝜃/(1 − 𝜃)𝑒𝑥𝑝𝑓()(2𝑎𝜃)                                                                                          (13) 
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Fig. 7. The Langmuir adsorption isotherm for extract 1 
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Fig. 8. The Langmuir adsorption isotherm for extract 2 
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The adsorption isotherms shown in the Figures 7 and 8 indicate that the Langmuir model 

is the most suitable isotherm, it assumes the existence of a determined number of adsorption 

sites and each site can only accommodate one adsorbed species. Moreover, no interactions 

between the adsorbed particles occurs and the adsorption energy is considered constant and 

therefore, the inhibition is due to the formation of a monolayer on the surface of the metal 

limiting the access of the electrolyte [61]. 

The values of the adsorption equilibrium constants are obtained from the intersection 

between Cinh/Ɵ and Cinh . To calculate the values of adsorption energies, the following equation 

is used: ΔG °ads =-R.T. ln(55.5 Kads) where R is the perfect gas constant (8.314  J/K.mol), T 

is the absolute temperature (293 °K) . The values of Kads and ΔG° ads are presented in Table 

4. 

 

Table 4. The different values of the Kads constant and the adsorption energy deduced from the 

Langmuir isotherm for the two extracts 

 

 L’équation R2 Kads ΔG°
ads(Kj/mol) 

Extract 1 Y=1.02396x+8.588309 

 

0,988 0,11650816 

 

-4.624 

Extract 2 Y=1.02396x+8.56523 

 

0,997 0,1167511 -4.629 

 

The thermodynamic adsorption parameters can provide information on the mechanism of 

corrosion inhibition; a negative value of ΔG°ads indicates a spontaneous adsorption process and 

the stability of the adsorbed layer on metal surface. Generally, the values of ΔG°ads are around 

-20 kJ.mol-1 and represent an electrostatic interaction between charged metal surface and the 

charged molecules (physisorption). Meanwhile, negative values of more than -40 kJ.mol-1 

involve the sharing or transfer of electrons from inhibitor molecules to the metal surface to 

form a coordination type of bond (chemisorption) [62]. In our case, the values of ΔG° ads are 

smaller; -4.6 and -4.6 kJ/mol for extracts 1 and 2 respectively, there by indicating a 

physisorption mechanism. 

 

3.4. Effect of Temperature 

3.4.1. Polarization Curve 

The effect of temperature at optimum concentration has been studied by polarization 

measurement in the temperature range of 298-333 °K. The polarization curves of copper in 3% 

NaCl medium, without and with the inhibitor for the optimal concentration of extract 1 (40 



Anal. Bioanal. Electrochem., Vol. 11, No. 7, 2019, 830-850                                                 841 

 

ppm) and extract 2 (50 ppm) at different temperatures, are illustrated in Figure 9 and the 

corresponding electrochemical parameters are summarized in Table 5. 

 

 

(a)  

 

(b) 

 

 

                                                                      (c) 

Fig. 9. Potentiodynamic polarization curves for the corrosion of copper CD 110 in 3% NaCl 

solutions at various temperatures (a) without inhibitor; (b) with 40 ppm of extract 1; (c) with 

50 ppm of extract 2 
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Table 5. Electrochemical polarization parameters for the corrosion of copper CD 110 in 3% 

NaCl solutions containing inhibitor at different temperatures 

  

Température 

(°C) 

E(I=0)   

(mV) 

Rp 

(ohm.cm2) 

icorr  

(mA/cm2) 

Ba 

(mV) 

Bc 

(mV) 

Blank 

25  

 

-328 ,7 

 

117,68 

 

0,1398 

 

202 

 

-449,5 

40  -463,2 123,04 0,1483 227,1 -445,5 

50  -459,7 84 0,2075 263,6 -695,8 

60  

Extract 1 

 

25                                   

40 

50 

60 

Extract 2 

25 

40 

50 

60 

-467,5 

 

 

-486.4 

-470 .6 

-471.3 

-459.8 

 

-298.6 

-300.5 

-309.4 

-312.6 

85,60 

 

 

1960 

1170 

204.18 

112.27 

 

566.63 

139.92 

49.21 

48.72 

0,2986 

 

 

0.0187 

0.0546 

0.0754 

0.1048 

 

0.0166 

0.0798 

0.1316 

0.1616 

271,4 

 

 

106 

177 

224 

247.9 

 

95.7 

82.1 

97 

92.4 

-302,9 

 

 

-177.1 

-230.6 

-288 

-337.7 

 

-487.8 

-824.4 

-690.2 

-1774.8 

 

According to the polarization results, it can be concluded that increasing the temperature 

from 298 to 333K causes: 

-An increase in the value of the density of the corrosion current, 

-A decrease in the polarization resistance, 

-The inhibitory efficiency decreases considerably with the increase in temperature showing a 

significant desorption phenomenon [62]. 

 

3.5. Thermodynamic Parameters 

The values of the activation energy Ea, activation enthalpy ΔHa, activation entropy ΔSa can 

be determined from the following equations: 

𝐼𝑐𝑜𝑟𝑟 =
𝑅𝑇

𝑁ℎ
𝑒𝑥𝑝 (

∆𝑆°

𝑅
) 𝑒𝑥𝑝 (−

∆𝐻°

𝑅
)                                                                                              (14) 

𝐼𝑐𝑜𝑟𝑟 = 𝐾𝑒𝑥𝑝 (−
𝐸𝑎

𝑅 𝑇
)                                                                                                                  (15) 
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where Icorr is the corrosion current density (A.cm-2), L is a constant, Ea is the activation energy 

(kJ.mol-1), R is the perfect gas constant (J.mol-1.K-1), T the temperature, h: Plank constant, N: 

Avogadro number, ΔHa: Activation enthalpy and ΔSa: Activation entropy. 

The apparent activation energy can be determined from the slope of ln(Icorr) vs. 1/T graph, 

as shown in Figure 12(a), whereas ΔHa and ΔSa are obtained from the slope of (-ƟHa/R) and 

interception of (lnR/Nh+ΔSa/R) as shown in Figure 12(b), and the corresponding values are 

summarized in Table 4. Figure 10 illustrates the variation of ln(Icorr)and ln(Icorr/T) vs of 1/T for 

copper in 3% NaCl solution. 
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                                                                           (b) 

Fig. 10. Relationship between temperature and current density in 3% NaCl solution 

 

Table 6. Thermodynamic activation parameters of copper in the absence and presence of 

extracts in 3% NaCl solution obtained from electrochemical measurements 

 

 E°a (KJ/mol) ∆H°a (KJ/mol) ∆S°a (J/mol) 

NaCl 3% 14,561 11,974 -65,073 

Extract 1 35,113 32,511 -10,220 

Extract 2 47,811 45,225 32,615 
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From the results obtained in Table 6, it can be concluded that: 

-The inhibitors are adsorbed on the surface through bonds of electrostatic nature (physisorbed 

on the surface of the electrode). Indeed, the Ea values for the 2 extracts are greater than the 

value of  Ea obtained for the solution without inhibitor. 

-The positive sign of enthalpy reflects the endothermic nature of the copper dissolution process. 

In fact, the increase of the activation enthalpy corresponds to a decrease in the dissolution of 

the metal. 

-The negative value of the entropy means that there is a decrease in the disorder during the 

transformation of the reagents into an activated Cu-molecule complex in the solution, whereas 

the positive value corresponding to the extract 2 implies an increase in the disorder. This 

increase in entropy may be caused by the imperceptible replacement of water molecules due to 

the adsorption of inhibitor molecules on the metal. 

 

3.6. Computational Chemical Calculations 

The frontier orbital (highest occupied molecular orbital HOMO and lowest unoccupied 

molecular orbital LUMO) have been used in order to predict adsorption centers of the inhibitor 

compounds. From HOMO and LUMO orbitals illustrated in Figure 11, it can be concluded that 

both HOMO and LUMO are mainly localized around the carbonyl group, with a contributions 

of 68% for HOMO and 77% to the LUMO. 

 

 

 

Fig. 11. Optimized structures, HOMO and LUMO of the optimized studied inhibitor, obtained 

at CAM-B3LYP/def2-TZVPP level 

 

The selected parameters (bond length (Å), bond angles (°), dihedral angles (°)) of the 

studied compounds are summarized in Table 7. The calculated bond length of carbonyl group 

(C═O) is 1.214 Å, smaller than the calculated bond length of C═O for 2-propanone (or acetone) 

[63]. 
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Table 7. Bond lengths (Å), bond angles (°) and dihedral angles (°) of the optimized studied 

inhibitor, obtained at CAM-B3LYP/def2-TZVPP level 

 

Bond lengths (Å)   Bond angles (°) Dihedral angles (°) 

C2—C1 1.5008  O3—C2—C4 122.18 C5—C4—C2—O3 -9.44 

O3—C2 1.2142  C1—C2—O3 121.35 C5—C4—C2—C1 172.19 

C4—C2 1.5038  C1—C2—C4 116.49 C6—C5—C4—C2 179.34 

C5—C4 1.5167  C2—C4—C5 115.31 C7—C6—C5—C4 179.47 

C6—C5 1.5221  C4—C5—C6 112.49 C8—C7—C6—C5 179.93 

C7—C6 1.5216  C5—C6—C7 113.29 C9—C8—C7—C6 179.77 

C8—C7 1.5218  C6—C7—C8 113.44 C10—C9—C8—C7 -181.91 

C9—C8 1.5219  C7—C8—C9 113.55 C12—C11—C10—C9 -181.85 

C10—C9 1.5217  C8—C9—C10 113.54   

C11—C10 1.5221  C9—C10—C11 113.58   

C12—C11 1.5215   C10—C11—C12 113.9   

 

The natural population analysis (NPA) has been calculated in order to provide a quantitative 

description of the electron density redistribution. From Table 8, it can be concluded that the 

(O3) atom carry negative charged centers, and consequently, suggesting that the most favorable 

site for electrophilic attack. 

 

Table 8. Calculated atomic charges (obtained from NPA method) of the optimized studied 

inhibitor, obtained at CAM-B3LYP/def2-TZVPP level 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atoms NPA 

C1 -0.7190 

C2 0.6303 

O3 -0.6177 

C4 -0.5065 

C5 -0.3848 

C6 -0.3801 

C7 -0.3804 

C8 -0.3802 

C9 -0.3808 

C10 -0.3828 

C11 -0.3841 

C12 -0.5997 
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In addition, the weak interactions are studied by employing the NCI (Non-Covalent 

Interaction) approaches [64]. For that reason, the electrostatic potential (ESP) and reduced 

density gradient (RDG) analysis implemented in Multiwfn 3.3.9 package [65] are used. The 

ESP and RDG maps are plotted respectively in Figures 14 and 15, generated using by VMD 

software [66]. It should be noted that the two 3D-NCI plots ESP and RDG provides information 

on the reactivity of the molecules with electrophiles or nucleophiles. 

In Figure 12, the ESP values are in the range -48.6 -26.4 kcal/mol. However, the red and 

blue colors represent the positive diffusion region and the negative diffusion region, 

respectively. The negative ESP regions distribute over the oxygen atom (O3) of carbonyl group 

which possess the global minimum (−48.59 kCal/mol), and thus reveals the most susceptible 

sites for electrophilic attack, and consequently the favorite sites for interaction with the metal 

surface. On the other hand, from the reduced density gradient (RDG) iso-surfaces shown in 

Figure 13, the interaction region marked by green between C2=O3•••H19 atoms, can be 

determined as Van der Walls interaction region. 

 

 

 

Fig. 12. Plots of Electrostatic Potential (ESP) on the Van der Waals surface: (a) 3D-ESP plots; 

(b) 2D- ESP map 
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Fig. 13. Color-filled reduced density gradient (RDG) map 

 

Table 9. Calculated quantum chemical parameters (a) for the neutral forms of the studied 

compounds  

 

Parameters 2-Undecanone 2-Dodecanone 

EHOMO (eV) -8.778 -8.777 

ELUMO (eV) 0.919 0.918 

ΔEGap (eV) 9.696 9.695 

I (eV) 8.778 8.777 

A (eV) -0.919 -0.918 

TE (a.u.) -507.583 -546.887 

μ (Debye) 4.121 4.234 

< α > (a.u.) 181.964 198.323 

Vvdw (Bohr3) 897.786 972.631 

SA (Bohr2) 501.632 540.191 

χ 3.929 3.93 

π -3.929 -3.93 

η 4.848 4.847 

σ 0.206 0.206 

ω 1.592 1.593 

 

The calculated global descriptors of 2-Undecanone and 2-Dodecanone inhibitors (the first 

and second major components of Ruta chalepensis L) are listed in Table 9. It should be noted 

from Table 9 that the 2-Undecanone and 2-Dodecanone inhibitors have very close values of 



Anal. Bioanal. Electrochem., Vol. 11, No. 7, 2019, 830-850                                                 848 

 

parameters such as EHOMO, ELUMO, ΔEgap, χ, η and ω. This means probably that both 

compounds have a similar behavior, certainly because their electronic structures have the same 

stereochemistry. However, the obtained results of global descriptors (listed in Table 9), should 

be useful for future studies that wish to examine and compare our molecular structures with 

their analogous, i.e. the acetone derivatives. 

 

4. CONCLUSION 

In this research work, the inhibiting effect of Ruta Chalepensis leaves on copper in 3% 

NaCl medium has been investigated experimentally and theoretically. The measurements have  

been carried out by non-stationary and stationary electrochemical methods with the variation 

of concentrations and temperature. The electrochemical tests have shown that the extract 1 is 

a cathodic inhibitor and that the extract 2 is a mixed inhibitor. The inhibitory efficiency 

increases with increasing extracts concentration and reaches a maximum value of 87.80% for 

40 ppm in the presence of the extract 1 and 82.61% in the presence of inhibitor of extract 2 

for 50 ppm. The increase in temperature of the medium decreases the protective power of the 

inhibitor and increases the corrosion current. The adsorption of Ruta Chalepensis leaves can 

be approximated by the Langmuir adsorption isotherm. The negative value of ΔGads indicates 

that the adsorption process is spontaneous. 
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