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Abstract: Employing plants as corrosion inhibitors is a physical direction to detect less expensive green friendly inhibitors. 
Researchers found that the "Citrus aurantium leaves extracts are mixtures containing vitamins, minerals, phenolic 
compounds and terpenoids. The flavonoids contained in C. aurantium can be divided into four groups, including flavones, 
flavanones, flavonols, and anthocyanins." These compounds indicate the extracts of Citrus aurantium leaves are appropriate 
to be applied as green corrosion inhibitors. Extracts of Citrus aurantium leaves have been researched by utilizing EIS, 
gravimetric and SEM techniques as novel eco-friendly corrosion inhibitors for carbon steel in corrosive environments. 
Inhibition effectiveness of tested extract depends on different concentrations of extract, starting from 0 to 40% v/v. Inhibition 
effectiveness of 81.2% is reached at the concentration of 20% v/v of the extract in 1 M corrosive solution for three hours at 
25℃. Temperature effects and activation parameters have been investigated. A theoretical investigation of Citrus aurantium 
leaves extract isomers as corrosion inhibitors have been done using DFT/ B3LYP "density functional theory." The results 
shows that, in general, Citrus aurantium leaves have good inhibiting activities at relatively low concentrations. Phenolic 
groups of Citrus aurantium leaves were picked for examination as substituents of the four inhibitors. Hydroxyl groups of the 
studied extract compounds result in an increase in inhibition effectiveness, while methylation of the hydroxyl group leads to 
decrease in inhibitive effectiveness. Citrus aurantium leaves extracted isomers symbolize a considerable enhancement in the 
inhibition performance. 
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1. Introduction  

The ecological effects of corrosion on alloys are huge, and 
the universal stature of the issue was encouraging researches 
s in this field. Corrosion is a considerable issue that should 
be faced for these reasons, first, safety, second 
environmental and third economical. Acids such as 
hydrochloric and/or sulfuric, acid mandate the employment 
of inhibitors molecules for the corrosion inhibition of alloys 
[1]. The object has a weak corrosive impedance, chiefly in 

corrosive solutions [2].  Inhibitors are natural or synthesized 
compounds that have the tendency to inhibit or impedate the 
corrosion rate [3]. Although there is a considerable number 
of inhibitors which were studied and used in the 
manufacturing process as corrosion inhibitors [4], but that 
are non or low toxicity, are now far more strategically than 
in the last decays. Research articles in the fields of corrosion 
inhibitors are directed towards the goal of developing and 
manufacturing low cost, efficient inhibitors at zero and low 
environmental effects [5]. Plants extracts are eco-friendly 
and cheap, and thus, the major feature of utilizing these 
extracts as inhibitors are because of economical and 
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ecological interests. Nowadays, a significant number of 
plants extracts is utilized as efficient corrosive inhibitors of 
alloys in corrosive environments [6]. Although a number of 
organic molecules were synthesized as corrosion inhibitions, 
there is a requirement to promote inexpensive green 
inhibitors. A considerable number of plants extracts were 
examined as corrosion inhibitors for carbon steel [7-9] ". The 
impacts of chemical structure of the molecules on chemical 
reactivity were investigated extensively [10]. Recently, DFT 
"Density Functional Theory" has been effectively employed 
to realize the significance of chemical structure of un 
inhibitor and the adsorption performance on alloys [11]. 
Novel, exceedingly efficient inhibitors and various quantum 
chemical investigations were done that relate inhibition 
performance to geometrical characteristics of the various 
kind of molecules. The chemical structure in addition to 
electronic parameters, that may be acquired from theoretical 
estimations which  are include the EHOMO "highest 
occupied molecular orbital energy" the ELUMO "lowest 
unoccupied molecular orbital energy," and the energy of the 
gap, impact the effectiveness of an inhibitor in addition to 
reactivity  that may be treated by HSAB theory [12]. 
Continuing the previous studies on natural and synthetic 
organic inhibitors [13], the current investigation focuses on 
the impact of leaves extract of Citrus aurantium, as a 
corrosion inhibitor for CS "carbon steel," in HCl 
environment. The protection impact and the mechanism of 
corrosion were also investigated by mean electrochemical 
measurement (EIS) and gravimetric and SEM 
techniques. The electron configuration of Citrus aurantium 
leaves is isomerized, as in Scheme 1, using DFT 
elucidated, and we can also find out the relation of inhibitive 
performance and the structure of the extracts molecules. 

 

Scheme 1. Structures of flavanones, flavonols, flavones, 

polymethoxyflavones found in Citrus aurantium leaves  

2. Experimental Section 

2.1 Materials (Preparation of Specimens). 

The Carbon steel has been acquired and cut mechanically 
into small specimens, as described in reference [12]. 

2.2 EIS 

Electrochemical impedance spectroscopy has been achieved 
as described in reference [13]. 

2.3 Plant extract  

Fresh Citrus aurantium leaves were employed in this 
investigation. The plant was washed with distilled water 
many times and put on a tissue to dry. Citrus aurantium 
leaves of two grams were immersed for 48 h. in 100 ml of 
ethyl alcohol and then filtered. 

2.4 DFT investigations 

To evaluate the geometry of ground state, "Gaussian 03, 
Revision C.01 [14] has been optimized to a local minimum 
without symmetry restrictions, using the valence and 
polarization basis set (6-31G++(d,p)) [15, 16]. A 
combination of the Becke three-parameter hybrid (B3) 
exchange functional and the Lee-Yang-Parr (LYP) 
correlation functional (B3LYP) [17] and a version of the 
(DFT) method have been used to determine all optimized 
geometries", HOMO, LUMO and physical characteristics of 
the studied chemical compounds in this research. The 
obtained frontier molecular orbital energies, including 
EHOMO and ELUMO, help evaluate other considerable 
factors, ΔE, η, σ, χ, and ΔN utilizing [18,19] and the 
equations (1-5).  

𝛥𝐸 = 𝐸!"#" − 𝐸$%#"																																											1 

𝜂 = −
1
2 (𝐸!"#" − 𝐸$%#")																																			2 

𝜎 =
1
𝜂 																																																																								3 

𝜒 = −
1
2 (𝐸!"#" + 𝐸$%#")																																			4 

∆𝑁 = −
𝜒'( − 𝜒)*+
2(𝜂'( + 𝜂)*+)

																																						5 

Where χFe = electronegativity, ηinh = hardness of Fe.  
The researchers published the χFe, as equal to 7 eV/mol and 
ηFe as equal to zero eV/mol [20]. Nowadays, researchers 
publish that the value of χFe being equal to 7 eV is not  
reasonable because  of electron/electron interactions, so ϕ 
(work function) of tested CS is employed instead of χFe, as in 
equation (6)  

              ∆𝑁 = − ,-./01
2(45674/01)

																																											6 
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2.5 Characterization of surface 

To study the surface modifications on the CS morphology 
before and after the addition of Citrus aurantium leaves 
extract, SEM "scanning electron microscopic" investigations 
are  done. The CS coupons were, firstly, immersed without 
and with the Citrus aurantium leaves extract for 5 h at 303 
K. After the exposure, the CS coupons were picked out, 
washed with water then alcohol, and dried, in order to 
analyze the morphology of the coupons. 
 

3. Results and Discussion 
3.1 Concentration of plant extract 

CR "Corrosion Rate" of CS in one molar of corrosive 
solution with various extract contents was estimated after 
three hours immersion at 303 K. CRs and IEs "Corrosion 
Rate and Inhibition Efficiencies" are showed in Table 1. 
From Figs. 1 and 2, it can be seen that IE is raised with the 
increase of the extract concentration and reaches the highest 
value "80.2 at 20%" of the inhibitor, but CR decreases with 
the increase of the extract content. This action could be 
attributed to the adsorption of the inhibitor molecules that 
utilized this investigation on CS surface [21, 22]. 

Table 1. Corrosion rate, inhibition efficiency and weight 
loss "WL" for the tested plant extract 

Extract 
content (%) CR  IE% WL  

0 83.48 × 10-2 ---- 27.9 
5 24.91 × 10-2 70.1507 7.61 
10 22.89 × 10-2 73.4285 7.13 
15 19.30 × 10-2 77.5913 6.74 
20 17.05 × 10-2 80.2070 5.92 

 

 

Figure 1. Corrosion rate of carbon steel with and without 
the extract in corrosive solution at 303K 

 

Figure 2. IE with the content of the extract in hydrochloric 
acid at 303 K 

 
3.2 Temperature degrees 

The temperature degrees impact on the WL "Weight Loss", 
CR and IE were investigated in hydrochloric acid for three 
hours at temperatures (303, 313 and 323 K). As in Table 2 
and Figs. 3 and 4, specified that the corrosion rate of carbon 
steel in absence and presence of the extract increases with 
raising the temperature degree, although CR is decreased in 
the solution that has the extracts compared with blank media, 
while inhibition efficiency increases with temperature 
degree increase. These results demonstrate that the 
adsorption of  the tested extract on the carbon steel in HCl is 
chemi-sorption [23, 24]. 

 

Figure 3. Corrosion rate of carbon steel of the extract in HCl 
at different temp. degrees 
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Figure 4. Inhibition efficiency of the extract in HCl at 
different temp. degrees 

3.3 EIS 
The methodological results which were achieved from 
EIS techniques for the corrosion of CS in the presence 
and absence of the Citrus aurantium leaves extract at 303 
K are summarized in Table 2. 

Table 2.   CPE data for CS in corrosive environmet with 
various concentrations plant extract at 303K 

Rs 
(ohm 
cm2) 

Rct  
(ohm 
cm2)  

CPE Cdl  
(μFcm-

2)  

IE  
(%)  

Yo (μS 
sα cm-

2)  

𝜶 

0.2724 0.0869 9195  0.9228  339.1  0.00 
0.3543 0.7688  3793  0.7036  822.6  51.63 
0.3689 0.7728 1996  0.7734 956.2  73.94 
0.3902 0.7974  1694  0.8132  366.1  80.26 
0.5606 0.8572  433  0.8611 265.4  91.83 

 

The impedance spectra for the CS coupons in 1.0 M 
corrosive media without and with various concentrations of 
Citrus aurantium leaves extract at 303 K are demonstrated 
as Nyquist plots in Fig. 5, and a considerable increase in the 
total impedance is observed with the addition of a corrosion 
inhibitor. In Figure 5, the impedance response of CS is 
considerably varied after the addition of the plant extract to 
HCl media. These results could be imputed to increase the 
substrate impedance and the plant extract concentrations. 
The analyzed results of EIS utilizes equivalent circuit [25], 
as displayed in Figure 6. IEs % have been calculated 
according to Eq. 7: 

IE% =
R89: − R;989:

R89:
																								7 

Where  Roct is the charge transfer resistance in the presence 
of Citrus aurantium leaves extract, and Rct is the charge 
transfer resistances in the absence of Citrus aurantium 
leaves extract. 

 
Figure 5.   Nyquist plots for CS in 1.0 M hydrochloric acid 
environment with different concentrations of Citrus 
aurantium leaves extract at 303K 

Through utilizing Gamry Software, EIS methodological 
information have been analyzed, which are data matching 
constant phase element (CPE) for CS coupons calculation 
solution impedance R and CPE, calculation of Rct, and Cdl 
[26]. Table 2 demonstrates the EIS information for 1.0 M 
HCl with various plant extract concentrations at 303K, 
where the value of Cdl decreases and the value of Rct 
increases with the addition of plant extract. This is because 
of the gradual substitutions of water molecules by the 
adsorption of the plant extract molecules on the CS surface, 
and diminishing the extent of degradation reaction. The high 
values of Rct are usually related with slower corrosive 
systems [27, 28]. However, the decrease of the value of Cdl 
results from the electrical double layer thicknes increase 
[29]. This confirms that the plant extract molecules are 
absorbed on the CS surface and form a protective layer. Big 
impedance transfer charges proportional with systems that 
corrode slowly [30]. With the Rct value increase, the IE also 
increases; it reached to 91 % at the highest utilized 
concentration. 

 

Figure 6.   Equivalent model, utilized to fit resistance 
information for CS in the corrosive solution in the absence 
and presence of Citrus aurantium leaves extract 
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3.4 SEM 

The morphology of the surface of CS coupons in an acidic 
environment without and in addition of Citrus aurantium 
leaves extract, exposed for five hours at 303 K, have been 
done through SEM "scanning electron microscopy". The 
carbon steel coupons exposed to one molar of hydrochloric 
acid are undergoes significant corrosion demonstration in 
Fig. 7a. Furthermore, a smooth surface with low damage is 
spotted in the case of the carbon steel with more Citrus 
aurantium leaves extract (Figure 7b), which indicates that 
CS is protected from the corrosive solution by the addition 
of Citrus aurantium leaves extract. 

 

Figure 7. SEM images 

3.5 Computational calculations 

Four different compounds have been picked as the types of 
molecules, namely, Hesperetin, Apigenin, Kaempferol and 
Nobiletin to include the most significant electronic impacts. 
The four compounds are a strong donor. The positions of the 
hydroxy and methoxy groups substituent on the benzene and 
pyran rings in the selected compounds were "C-1, C-2, C-3, 
C-6, C-8, C-12 C-13, C-14, C-15 and C-16". These positions 
make the same contribution to both the HUMO and LUMO 
levels with a small difference, as shown in Fig. 8. Fig. 8 also 
demonstrates the structures of the optimized geometries for 
Hesperetin, Apigenin, Kaempferol and Nobiletin. Table 3 
demonstrates the energies of the "HOMO, LUMO and 
energy gap" values for Hesperetin, Apigenin, Kaempferol, 
Nobiletin and all models. I "ionization potential" and 
"electron affinity" have been estimated through employment 
of Koopman’s theorem [31]. This theorem confirms a 
correlation between the HOMO and LUMO energies in 
addition to I and A, respectively. 

Table 3. Q-CP "Quantum-chemical parameters" for 
Hesperetin, Apigenin, Kaempferol and Nobiletin, as 
showed by DFT 

Comp. HOM
O (eV) 

LUMO 
(eV) 

∆E 
(eV) 

 (I)  (A) 

Hesperetin -10.84  -3.65 7.18 10.83 3.65 
Apigenin -11.62 -4.37 7.24 11.62 4.37 
Kaempferol -10.40 -3.59 6.43 10.40 3.59 
Nobiletin - 9.28 -4.31 4.97 9.285 4.31 

 

   

Hesperetin HOMO LUMO 

   

Apigenin HOMO LUMO 

 
  

Kaempferol HOMO LUMO 

 

  

Nobiletin HOMO LUMO 

Figure 8. The optimized structures for Hesperetin, 
Apigenin, Kaempferol and Nobiletin 

I = - EHOMO 

A = - ELUMO 
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Table 4 shows the values that calculated the IE % for 
Hesperetin, Apigenin, Kaempferol and Nobiletin that were 
determined utilizing the following formula: 

𝐼𝑎𝑑𝑑.% = 𝐼𝑀𝑜𝑙 − 𝐼 × 100	% 

𝐼𝑒𝑎𝑑𝑑.% = 𝐼𝑎𝑑𝑑.% × 𝐼𝑒𝑀𝐼	% 

𝐼𝑒𝑡ℎ𝑒𝑜𝑟.% = 𝐼𝑒𝑀𝐼%+ 𝐼𝑒𝑎𝑑𝑑.% 

"Where Iadd.% is the percentage of ionization potential of 
the additive for compounds (x - MI), Ieadd.% is the inhibition 
efficiency % of the additive, and Ietheor.% is the 
theoretically calculated percentage inhibition efficiency." 

Table 4. The calculated IE % of Hesperetin, Apigenin, 
Kaempferol and Nobiletin 

Molecules % Iadd. % Ieadd. IE %, 
theoretical 
(Ietheor.) 

Hesperetin +17.112 +13.273 88.936 
Apigenin +16.488 +12.178 87.442 
Kaempferol +8.782 +5.328 77.216 
Nobiletin -11.243 -8.662 44.623 

Results showed that methoxide groups of green inhibitors 
progress to a diminution in inhibition effectiveness. The 
maximum effective inhibitors were Apigenin and 
Hesperetin, which displayed an inhibition efficiency of 88.9 
% and 87.4 % respectively. In contrast, hydroxyl group lead 
up to an increase in IE, but on other hand, the steric handers 
decrease the inhibition activity as in Nobiletin, which 
displayed an inhibition efficiency of 44.623%. DFT data are 
especially helpful in getting more information on inhibitive 
phenomenon. Inhibitive performance of a plant extract is 
correlated with theoretical parameters such as HOMO, 
LUMO, ΔE, η, σ, χ and ΔN, as in Eq. 8. These factors can be 
seen by the optimization of the tested inhibitor molecule 
[32]. These factors give a glance at understanding the CS 
interaction with inhibitor molecules. In this investigation, all 
of the quantum parameters were calculated for Hesperetin 
molecules. These investigations were summarized in Table 
5. 

Table 5. DFT factors for Hesperetin 

Parameters Calculations 
HOMO (eV) -10.834 
LUMO (eV) -3.653 
ΔE (eV) 7.181 
Hardness (η) 3.5905 
Softness (σ) 0.278 
Electronegativity (χ)  7.243 
fraction of electrons 
transferred (ΔN) 

0.369 

Dipole moment 3.992 

Electron affinity (A)  10.834 
Ionization potential (I)  3.653 

In the geometrical optimization of Hesperetin, as displayed 
in Fig. 9, IE can be acknowledged by energies of HOMO and 
LUMO, for Hesperidin’s factors are demonstrated in Fig 9.  
 

  
Optimized 

molecular structure 
Total Charge density 

  
HOMO LUMO 

  
Fukui (f−) function Fukui (f+) function 

 
Figure 9. Optimization, total electron density, HOMO, 
LUMO and Fukui functions of Hesperetin 

The HOMO value displays the ability of donation electrons 
of the inhibitor. HOMO with a high value indicates that the 
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tested molecules have high value affinity. LUMO illustrates 
the capability of accepting electrons. The low value of 
LUMO reveals that the inhibitor has the ability to accept free 
electrons from the metal surface via back-donation. The low 
value of ΔE recommends significance of IE of the tested 
inhibitor. IE increases with σ increase and decreases on η 
increase.  η and σ are considerable parameters that provide 
data about reactivity and stability [33]. It can be concluded 
that η with a low value propose a higher IE.  In Hesperetin 
molecules (Figure 9), Table 5 demonstrates that the ΔE value 
for Hesperetin (7.181eV) and the values of σ with η, and in 
addition to ΔN for Hesperetin are in good agreement with 
methodological results. The value of χ is 7.2435, that in good 
indication that Hesperetin molecules have excellent 
inhibition efficiency. ΔN provides data about the number of 
electrons in which a molecule transfers to the empty orbital 
[34]. 

Dipole moment (μ) is the polarity measurement of a covalent 
bond. It is the effect of charges on the bonded atoms and the 
distance. An inhibitor with a high value of dipole moment 
(μ) has ability to form potent interactions with the metal 
surface, which results in a potent adsorption on CS surface, 
leading to a good IE. Inhibition techniques may be 
demonstrated according to dipole moment. Hesperetin 
molecules have a dipole moment of 3.992, and IE is equal to 
91.83%.  

3.6 Mulliken charge 

Mulliken Atomic charges are significant for assessing the 
adsorption centers of the investigated molecules. Charges 
with high values, demonstrate the capability of tested 
molecules to be adsorbed on CS surface. Oxygen and some 
carbon atoms in the Hesperetin molecules have high values 
of negative charges which refer to complexation reaction 
with iron atoms, as demonstrated in Table 6 and Fig. 10. 
Therefore, carbon and oxygen atoms are the active centers, 
which have the capability to be coordinated with CS surface. 
Hesperetin molecules could accept unpaired electrons from 
the surface of CS, due to positive charges carbon atoms that 
were often sites where nucleophiles could attach. Nowadays, 
some investigators publish that good inhibitors have the 
capability to donate and accept electrons with the metal [33-
35].  

Table 6. Mulliken charges of heteroatoms present in 
hesperetin 

At. CH. At. CH. At. CH. 
C1 0.20 O10 -0.26 O19 -0.23 
C2 -0.24 C11 -0.08 O20 -0.24 
C3 0.27 C12 -0.03 O21 -0.30 
C4 -0.34 C13 0.08 C22 0.21 
C5 0.23 C14 0.06 H23 0.08 
C6 -0.17 C15 -0.09 H24 0.09 

C7 0.29 C16 -0.02 H25 0.04 
C8 -0.06 O17 -0.33 H26 0.04 
C(9 0.19 O18 -0.24 H27 0.00 

 

 
Figure 10. The optimized chemical structure of hesperetin 
molecule with atoms numbers   

4. Conclusions 

Citrus aurantium leaves extract have been selected as an 
efficient ecofriendly inhibitor on CS in one molar 
hydrochloric acid. The extract demonstrates excellent 
inhibition efficiency at the inhibitor concentration of 20% in 
v/v for three hours at 25℃. The inhibition efficiency has 
been increasing in parallel with the increasing temperature 
degree of solution. DFT calculations confirmed the relation 
between parameters "related to electronic structure" and the 
inhibition potential of the four tested compounds, 
Hesperetin, Apigenin, Kaempferol and Nobiletin. The 
structural parameters estimated at "B3LYP/6-311G++(d,p) 
level" specified that the steric hinders lead up to a decrease 
the IE, while hydroxyl groups lead up to increasing in IE. 
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