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1. Introduction 
Corrosion is the deterioration of a metal by an attack or a chemical reaction with its environment. It is a 

constant and continuous problem, often difficult to eliminate. Corrosion affects most industrial sectors and can 
cost billion dollars each year [1]. The use of the inhibitors to prevent the process of dissolution of metals 
remains an inevitable and very widespread strategy. The corrosion inhibitors are substances, which when they 
are added to weak concentrations in corrosive mediums, decrease or prevent the reaction of metal with its 
environment. An inhibitor can function by adsorption on metal surface thus involving the reduction speed 
corrosion by: (A) – an increase in the kinetics of the anodic and/or cathodic reaction, (b) - a fall the speed of 
diffusion of the reagents on the surface of metals, and (c) – a reduction in the electrical resistance of metal 
surface. What makes it possible to define the type of the inhibitor used (anodic, cathodic or mixed) [2]. 

Considerable efforts are made to find the compounds suitable to employ like corrosion inhibitors in 
various corrosive mediums in order to stop or to delay to the maximum the attack of a metal. Several works 
were completed on the nitro genized organic compounds and showed that these inhibitors have a good inhibiting 
effectiveness on various materials and in various corrosive mediums [3-4]. However, in some cases, these 
compounds present toxic effects on the organization and poison the environment [5]. Consequently, because as 
of environmental concerns, oils and the extracts of plants are regarded more and more as a source of green 
inhibitors of corrosion [6-7]. They are used for the protection of metals in the environment; in order to replace 
the toxic chemical products used currently [8]. 
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The inhibition of the corrosion in 1.0 M HCl using celery essential oil extracts has been examined 
recently [8]. Such positive results inspired our team to examine the corrosion inhibition effect of celery belongs 
to Apiaceae family for steel in1.0 M HCl medium. It is well known by its antioxidant properties and the modes 
containing these antioxydants can reduce the risk of the fungic diseases, diuretic, analgesic, anti-inflammatory 
drug, the detoxication, anti-bacteria antispasmodic, of the rules constraining, anti-contractions, of the 
convulsions, tonics of the stomach and carminative [9.10]. Electrochemical techniques such as potentiodynamic    
polarization and electrochemical impedance spectroscopy have been used to evaluate the corrosion inhibition 
process. The effect of the inhibitor concentration and temperature and immersion were carried out. Quantum 
chemical calculation based on the Density Functional Theory were conducted to study the electronic properties 
of inhibitor component. 

2. Materials and Methods  
2.1. Vegetal material and extraction 

Equipment vegetable is made up by the grains wall and dry Apium graveolens.L. The fruits walls 
collected in the area of Marrakech in a movable, rich and wet ground in the following part are dried 
with the sun during approximately a week. Thus are dried with the drying oven at the weighed 
temperature of 40°C hanging two days then, is then ready for the extraction. 

The system of hydro distillation clevenger is the equipment used during extraction of celery 
seeds (Apium graveolens.L). The steam which assembles balloon condenses in cool and changes in the 
form of droplets (water + oil) in one the 2nd time oil will be recovered at the end by a decantation by 
elimination of water and obtaining desired oil the extraction made continuously is of approximately 
three good fortunes. 

2.2. Analysis chromatographic  

Operating conditions of Gas chromatography (CPG): The chromatographic analysis of HE was 
carried out with a chromatograph in gas phase standard chromatograph in gas phase 7890b - agilent 
technologies the fragmentation is carried out by electronic impact with 70eV. The column used is a 
capillary tube HP 5MS (30mx0, 25mm). The thickness of the film is of 0,25µm. The temperature of 
the column is programmed of 50 with 250°C at a rate of 4°C.min-1. The carrier gas is the helium whose 
flow is fixed at 1.5 mL.min-1. The mode of injection is mode Split (report of escape: 1/70). The device 
is connected to a computer system managing a library of spectrum of mass NIST 98 and is controlled 
by software “HP ChemStation” making it possible to follow the evolution of the chromatographic 
analyses. The identification of the components was made on the basis of comparison between their 
indices of retention and those of the standard compounds of the computerized data bank (NIST 98). [4] 

2.3. Material and aggressive solution 

The steel used in this study is a carbon steel (carbon steel C35E and the American 
specification: SAE 1035) with a chemical composition (en% in weight) (0.370% of C) (0.230% If) 
(Mn 0.680%), (0.016% S) (0.077% Cr) (Ti 0.011%) (0.059% Ni) (Co 0.009%) (Cu 0.160%) and the 
iron rest (Fe). The samples of carbon steel were pretreated before the experiments by crushing with 
paper emery Sic (120 to 1200), then one rinses with distilled water, degreased in acetone in an 
immersion in a bath with ultrasounds during 5 min, one again washes them with water distilled and 
then dried with the room temperature before use. The acid solutions (HCl 1M) were prepared by 
dilution of an analytical quality of reagent HCl with 37% of water bi-distilled. The beach of celery 
concentration employed was 2-0, 5 (g/L) [11]. 

2.4. Electrochemical measurements  

Electrochemical measurements were carried out using VoltaLab PGZ 100 controlled by 
ordinate associated with the software “Volta Master degree 4”. The cell of corrosion used had three 
electrodes. The temperature was controlled by thermostat. The electrode of work is out of carbon steel 
with the surface of 1cm2.  
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A calomel electrode saturated (SCE) was used as reference. All the potentials are given 
compared to this electrode. The counter-electrode is a plate of platinum of surface of 1 cm2. Calomel 
electrode saturated was used as reference and an electrode out of platinum is used as counter-electrode. 
All the potentials are reported compared to SCE. All the electrochemical tests were carried out in 
solutions aired to 308 K.  

For the curves of polarization, the working electrode is immersed in the test solution during 30 
minutes until a steady state open circuit potential (EOCP) was obtained. The scanning rate was of 1 
mV/S starting from an initial potential of -900 mV to -100 mV (vs SCE). After the determination of 
the current to the stable condition with a given potential, the tension of sinusoidal wave (10 mV) peak 
with peak, at frequencies ranging between 100kHz and 10 MHz were superimposed on the potential of 
rest. Automatically controlled computer programs measures taken with the potential of rest after 30 
min of exposure.. The diagrams of impedance are given in the representation of  Nyquist. The best 
half-circle can be in form through the points of data in the diagram of Nyquist by using an adjustment 
of least squares non-linear to give the intersections with the x-axis [11]. 

2.5. Theoretical calculations 

The quantum-based calculations were conducted using Gaussian program package, module 
version 9.0[12]. The calculations started without any geometry constraints until full geometry 
optimizations. The hybrid B3LYP functional level with a higher basis set denoted by 6-31G (d, p) of 
DFT has been used for the geometry optimization of the studied molecules[12–15]. The ionization 
energy and the electronic affinity were determined by the values of the energies of the HOMO and 
LUMO orbital[16]: 

! = #−%&'('                                                                    (1) 

) = #−%*+('                                                                     (2) 

The values of I and A are exploited in order to find the values of the electro negativity and the 
global hardness of the inhibitory molecule[17]: 

, =
-./

0
                                                                            (3) 

1 =
-2/

0
                                                                              (4) 

The fraction of electrons transferred (ΔN) from inhibitor to metallic surface was calculated using 
the equation[18]: 

∆4 = #
526789

0(;<=.;789)
                                                                    (5) 

Where ? is the work function used as the appropriate measure of electronegativity of iron, and 
ηFe= 0. The value of ? =4.82 eV for Fe (110) surface which is reported to have higher stabilization 
energy[17,18–20]. The local reactivity of inhibitor molecules (nucleophilic and electrophilic attacks) 
were obtained by condensed Fukui functions[21], using the following equations[22]: 

@A
. = #BA 4 + 1 − BA 4                                                           (6) 

@A
2 = #BA 4 − BA(4 − 1)                                                            (7) 

          Where qk (N − 1), qk(N + 1), qk (N) are the charges of the cationic, anionic and neutral molecule, 
respectively.  
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3. Results and discussion  

3.1. Chromatographic Analysis 

The results of the analysis by Gas chromatography of the chemical composition of essential oil 
are presented in the Table 1, in which the identified compounds are listed according to the order of 
prevalence. Overall, 12 compounds were identified what corresponds to a percentage of 94.99% 
compared to the whole of the component isolated. D-Limonene seems the constituent majority one of 
the essential oil (79.15%), followed by Alpha-Hydroxypropylbenzene (4.23%), of the β-Selinene 
(9.25%), of Beta-Myrcene (1.93%). Biochemically speaking, this essential oil is primarily made up of 
a mono terpene (80%). Sesquiterpenes (4%). Lastly, the minority compounds belong to the family of 
oxides, aldehydes and alcohols sesquiterpenic (Table 2). 

Table 1: Biochemical classes of the compounds identified in essential oil 

Identification Type of molecule Chemical formula 

Alpha-Thujene Monoterpene C10H16 

Beta-Pinene Monoterpene C10H16 

Bèta-Myrcene Monoterpene C10H16 

D-Limonène Monoterpene C10H16 

β-Selinene Sesquiterpene C15H24 

Caryophilene oxide Sesquiterpene C15H24 

 
 

 

 

 

 

 

 

 
 

Figure 1: chromatogram for oil of the Apium graveolens.L 

3.2. Effect of concentration  

3.2.1. Curves of polarization  

Cathodic and anodic curves of polarization of C35 steel, in absence and in the presence of 
various concentrations of Celery graveolensL. In 1.0 M HCl are presented in figure 2. Addition of the 
Celery moves the curves of polarization a slightly towards anodic potentials. Moreover, one can note 
that, the increase in the inhibitor concentration in the corrosive medium decreases the density of 
corrosion current, and that the total shape of the cathodic branches is unchanged. This indicates that 
the inhibitor does not change the cathodic process [25]. In the anodic process, it is observed that the 
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inhibitor effectively inhibits the steel corrosion up to -0.35 mV. In the higher potential, no inhibition 
effect can be observed. This is well known as desorption process of inhibitor molecules at higher 
anodic potential. Taken together, these results indicate that celery acts primarily like a mix-type 
inhibitor i.e. anodic and cathodic with an anodic predominance.  

Table 2: Chemical composition of Apium graveolens L. essential oil 

Identification % 
Alpha-Thujene 0.48 
Hydroxybutric acid lactone 0.46 
Beta-Pinene 1.04 
Beta-Myrcene 1.93 
D-Limonène 79.15 
6-butyl-1,4-cycloheptadiène 0.64 
Amyl benzene 0.96 
β-Selinene 3.73 
Caryophilene oxide 0.28 
Beta-Selineol 0.33 
2-chloro-1-(-2,4-dimethylphenyl)-2-methyl-1-
propanone 

1.76 

Alpha-Hydroxypropylbenzene 4.23 
Total of the percentages 95% 
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Figure 2: Polarization Curves of carbon steen in 1.0 M HCl in absence and presence of various 
concentrations of Celery graveolens L. 

Table 3 lists the values of the electrochemical parameters derived from the curves of 
polarization such as the density of corrosion current (icorr), the potential of corrosion (Ecorr), the 
cathodic Tafel slope (βc) [23], the anodic Tafel slope (βa) as well as the inhibition efficiency (E%) 
which is defined by[24]: 
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E#(%) =
GHIJJ2#GHIJJ

∗

GHIJJ
x#100                                                 (8) 

Where NOPQQ and NOPQQ∗  are the corrosion current density in the absenceand presence of inhibitor 
respectively. 

The results show that the corrosion current density icorr decreases considerably with the increase 
in the celery concentration while no significant change can be observed in the corrosion potential Ecorr 
values except a slight anodic displacement. Consequently, inhibition efficiency E (%) increased with 
the concentration of Celery to reach a maximum value of 96.66% at 1 g/L. From 2 g/L, the inhibitor 
effectiveness commences to decrease due to the less miscibility of celery in HCl solution. 

Table 3: Electrochemical parameters of steel with various Celery concentrations in HCl 1M and the 
corresponding effectiveness of inhibition. 

 Ecor (mV) icorr(mA /cm2) βc(mV) βa(mV) E% 

Blank -498 840 -105 99 - 

0.5 g/L -482 71 -95 74 91.54 

1 g/L -463 28 -94 76 96.66 

1.5 g/L -471 47 -93 77 94.40 

2 g/L -473 54 -86 60 93.57 
 

3.2.2. The electrochemical impedance spectroscopy (EIS)  

The purpose of the EIS diagrams is to get useful information into the mechanisms of corrosion 
and inhibition of carbon steel in 1.0 M HCl with inhibitor concentrations. The Nyquist diagrams of the 
steel immersed in 1.0 M HCl solution alone and in the presence of various Celery concentrations after 
30 minutes of immersion are presented in Figure 3.  
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Figure 3: Diagrams of Nyquist obtained for steel in HCl 1M with various concentrations out of celery.  
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The values of the electrochemical parameters and the inhibition efficiency E(%) for various 
celery concentrations obtained are collected in Table 4. The inhibition efficiency is calculated 
according to the relation:  

E#(%) =
RS2#RS

∗

RS
×100                                                (10) 

 
Where UVand UW∗t are respectively the values of the resistance of charge transfer of steel with and 

without addition of inhibitor. The values of the capacity of the double layer Cdl are obtained by the 
following relation [26]:  

CYZ = #
[

0\]^_`ab
(11) 

With CYZ is the capacity of the double-layer in (µFcm-2), fmax is the maximum frequency (Hz) and Rt is 
the resistance of charge transfer (kΩcm2) [27]. 

The diameters of the capacitive half-loops increase with the celery concentration, indicating that 
the inhibition efficiency is function of the concentration of the inhibitor. These graphs consist of only 
one capacitive boucle. This kind of diagram generally states that the reaction of corrosion is controlled 
by a process of transfer of charge on a solid electrode of heterogeneous and irregular surface. The 
general shape of the diagrams is very similar for all tests. This indicates that almost no change of the 
mechanism of corrosion occurred after the addition of inhibitor [28,29]. The values of the 
electrochemical parameters and the inhibition efficiency (E%) for various concentrations in inhibitor 
obtained by the EIS are presented in Table 4. 

Table 4: Electrochemical parameters and effectiveness of inhibition of the corrosion of steel in HCl 
1M without and with addition of various celery concentrations. 

 Rt(Ohmcm2) Cdl (µF/cm2) E% 
Blank 40 294 - 
0.5 g/L 231 108 83 
1 g/L 558 89      93 
1.5 g/L 325 97 87 
2 g/L 414 91 90 

 
 

From the results of impedance given in Table 4, we can observe that the values of the charge 
transfer resistance Rt increase with the increase in the celery concentration. This behavior is due to the 
adsorption of inhibitor molecules on the carbon steel surface [30]. In addition, an increase in the 
inhibition efficiencyfrom83% at 0.5g/L to 93% at 1 g/L was observed. The values of the capacity of 
the double-layer are also reduced in the presence of the inhibitor.  

3.2.3. Adsorption studies 
One of the proposed mechanisms of corrosion inhibition is the adsorption of inhibitor organic 
molecules on the metal surface by the replacement of already adsorbed water molecules forming a 
compact barrier film thus blocking active sites of corrosion as represented in the equation: 

NcℎePf + ng0hijVkf → NcℎijVkf + ng0hePf                    (11) 

The process of adsorption can be evaluated by fitting the surface coveragemas a function of 
concentration at constant temperature to obtain various adsorption isotherms like Langmuir, 
Freundlich, Temkin etc. and the best fit with almost unit correlation constant was selected. In the 
present investigation, the best-fit isotherm was found to be Langmuir, which is represented by the 
equation [31]: 
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n

θ
=#

[

o_pq
+ #C                                                                        (12) 

Where m is the surface coverage, Kads is the adsorption-desorption equilibrium constant, C is the 
concentration of inhibitor. 
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Figure 4: Langmuir isotherm of Celery obtained by using surface coverage values calculated from the Nyquist 

plots 
 

The adsorption-desorption equilibrium constant (rkse) which measures the strength of 
adsorption was given by the reciprocal of slope. The free energy of adsorption ∆tkYu°  is correlated to 
(rkse) as [32]: 

∆G°wYu = −RT ln(55.5×KwYu)     (13) 

where R is universal gas constant in kJ mol/L, 55.5 is taken as concentration of water in mol/L and T is 
the temperature.  

The ∆tkYu°  values gave insight into the type of adsorption like physisorption, chemisorption or 
mixed. The adsorption parameters calculated are listed in Figure 4. The high value of adsorption 
constant indicates the stronger adsorption. The negative value of ∆tkYu°  reflected the spontaneous and 
stable adsorption of Celery on mild steel surface [33].   

 
3.2.3 Kinetic and thermodynamic studies  

Temperature is an important factor which influences the process of corrosion and modifies the 
adsorption of inhibitor on metal surface. Various complex changes like rapid etching, desorption of 
inhibitor, decomposition of inhibitor etc. occur on the metal surface on the inhibited acid-metal 
solution during temperature enhancement. The influence of the temperature on the effectiveness of 
Celery inhibition was also studied by the potentiodynamic polarization. The curves of polarization 
obtained in 1.0 M HCl with and without addition of 2g/L of Celery during one hour of immersion in 
the range of temperature (298-328K) are presented in Figures 5 and 6. 
Figure 6 show that the temperature has a great effect on the inhibitor’s effectiveness. The corrosion 
current density value of steel without inhibitor increases considerably at higher temperatures while the 
inhibitor still effective in the studied temperature range. The electrochemical parameters obtained by 
exploitation of the Tafel lines are listed in Table 5. 
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Figure 5: Curves of polarization of steel in 1.0 M HCl in absence and in the presence of 2g/L of 

celery at various temperatures. 
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Figure 6: Potentiodynamic polarization curves of carbon steel in 1.0 M HCl at various 

temperatures. 
Table 5: electrochemical parameters of the steel of different Temperature involved and absence from 

celery in HCl 1M. 

 Ecorr(mV) Icorr(µA/cm²) Bc (mV) Ba(mV) E (%) 
298 Inhibitor -463 28 -94 76 96.67 

Blanc -498 840 -92 203 - 
308 Inhibitor -481 50 -119 70 96.87 

Blanc -491 1600 -178 200 - 
318 Inhibitor -494 107 -110 60 95.58 

Blanc -475 2420 -165 191 - 
328 Inhibitor -390 450 -119 74 85.48 

Blanc -465 3100 -151 170 - 
 

It is apparent from results in the Table 5 that the value of the (icorr) increases on increasing 
temperature for uninhibited as well as inhibited solutions. It is also clearly seen that inhibition 
efficiency is almost stable with increasing of the temperature, which is an indication of the high 
adsorption of tested inhibitor at highest temperatures. The increased value of icorr is attributed to the 
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less desorption of the Celery’s inhibitor molecules from mild steel surface at elevated temperatures. 
These results confirm that celery inhibits corrosion in the interval of temperature studied [34]. 

The Arrhenius and Transition state equations were used for studying the activation parameters, 
the apparent activation energy %k∗ for metal dissolution in 1.0 M HCl in the absence and presence of 
inhibitor were determined using Arrhenius equation [35]:  

!OPQQ =�ÄÅÇ
2ÉÑ

∗

RÖ
                (14) 

Where R, the universal gas constant and k, the Arrhenius pre-exponential factor. Figure 7 
represents the Arrhenius plots of ln (NÜáàà) against 1/T for the corrosion of mild steel in 1.0 M HCl 
solution in the absence and presence of Celery at concentration (1 to 2 g/L of inhibitor). 

The %k∗ values of the inhibited and inhibitor free solutions were obtained from the slopes of the 
Arrhenius plot and are tabulated in Table 6. The activation parameters like enthalpy of activation, ∆gk∗  
and the entropy of activation, ∆âk∗ for the corrosion of mild steel in acidic medium were obtained by 
transition state equation [36]: 

!OPQQ =
RÖ

äã
ÄÅÇ

∆åÑ
∗

R
ÄÅÇ −

∆&Ñ
∗

RÖ
    (15) 

Where N is the Avogadro’s number, h is Planck’s constant, ∆âk∗ is the entropy of activation and 
∆gk

∗  is the enthalpy of activation. A plot of ln (IÜáàà/ T) vs 1/T produces a straight line Figure 8 with a 
slope of (∆gk∗/R) and an intercept of (ln(R/N.h) + (∆âk∗/R)) from which the activation parameters ∆gk∗  
and ∆âk∗ were calculated and presented in Table 6. It could be seen from the table that Ea values 
increases by the introduction of inhibitor into the corrosive solution.   
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Figure7: Arrhenius plots for carbon steel corrosion 

in 1.0 M HCl solution containing various 
concentrations of Celery. 

 

Figure 8: Transition state plots of ln icorr/T versus 
1000/T for the corrosion of carbon steel in 1.0 M HCl 
solution containing various concentrations of Celery 

 
Table 6: The value of activation parameters for mild steel in 1.0M HCl in the absence and presence of 

Celery at different temperatures. 
 

Inhibitor Ea 
(kJ/mol) 

∆Ha 

(kJ/mol) 

∆Sa 
(J/mol) 

Ea - ∆Ha 
(kJ/mol) 

Blank 35.38 32.78 -76.86 2.6 
Celery 73.39 70.79 18.64 2.6 
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It can be inferred that in the presence of inhibitor, the acid ions must cross-higher threshold 
energy to get collide with the metal molecules and to cause corrosion compared to that in an inhibitor 
free solution [37].  

The condition of Ea(inh) > Ea(Blank) is consistent for the process of adsorption of inhibitor on 
most active adsorption sites having lowest energy and the corrosion takes place chiefly on the higher 
energy active sites[38]. 

The increase in activation energy is in consistent with the reported trends in literature and this 
type of behavior is associated with preferable physical adsorption [39]. It can be inferred from the 
trend of activation energy that corrosion rate of mild steel is mainly controlled by activation 
parameters. The positive values of enthalpy of activation point towards the endothermic nature of 
metal dissolution process. The increase in ∆gk∗  in the presence of inhibitor than that in its absence may 
be attributed to the deceleration of metal dissolution by the inhibitor molecules [40]. 

The value of entropy of activation is found to be higher and positive in the inhibited solution 
compared to the negative value in the inhibitor free solution. This reflects the decrease in randomness 
on converting from reactants to activated complex due to the adsorption of organic inhibitors from the 
acid solution, which could be regarded as a quasi substitution process between the organic inhibitor in 
the aqueous phase and water molecules at the electrode surface. 

 
3.3. Quantum chemical calculations of the limonene inhibitor molecule 

In order to investigate the relationship between inhibition efficiency and molecular reactivity at 
microscopic level, and to further explain the mechanism of inhibition based on molecular structural 
parameters, quantum chemical calculations were carried out on the studied inhibitor. Figure 9 shows 
the fully optimized geometries, HOMO called as the highest occupied molecular orbital, LUMO called 
as the lowest unoccupied molecular orbital. The reactive sites of the molecules can be better studied by 
analyzing the HOMO and LUMO while the reactivity trend can be identified by studying the 
electronic parameters [41]. The HOMO and LUMO electron density of Limonene are localized almost 
on the entire molecular structure showing the tendency of the mentioned compound towards chemical 
and physical interactions, which further support the experimental investigations. 

Table 7 reports the quantum chemical parameters, i.e. HOMO and LUMO energies, HOMO-
LUMO gaps (ΔE = EHOMO - ELUMO) and fraction of electron transferred ΔN.  
In the most cases, the chemical stability of the molecule can be deduced from the energy gap (ΔE), 
where a smaller ΔE might confirm that the molecule is much easier to be polarized and adsorbed on 
the metal surface [42]. If ΔN > 0, it exhibits the electron transfer from the molecule to the metal 
surface and if ΔN < 0, the electron transfer from metal surface to the molecule [43,44].   
 

Optimization Geometry HOMO LUMO 

   
 
Figure 9: Optimized molecular structure, HOMO and LUMO orbital of limonene calculated at DFT/6-31G(d, p) 
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Table 7 : The computed quantum chemical parameters for limonene compound. 
Quantum 

Parameters  
µ 

Debye 
EHOMO 
(eV) 

ELUMO 
(eV) 

∆Egap 
(eV) 

∆N110 

limonene 0.5467 -5.8472 -0.5437 5.3035 0.3063 
 

In order to obtain additional information about the donor-acceptor interactions, the Fukui 
function (FF) calculations are one of the useful means for this purpose Table 8. The local reactivity 
indices also define the most reactive regions in a molecule [45]. The nucleophilic and electrophilic 
behaviour of different sites of the inhibitor molecule are mainly determined by the maximum threshold 
@A
2and @A.values. When a molecule accepts electrons the changes in electron density are measured by 

the @A.values while the @A2 values give the measures of the changes in electron density when the 
electrons are lost by the molecules [46]. 

So, for limonene, the favorable centers for electron acceptance i.e., nucleophilic attacks are C(2), 
C(4), C(15) and C(16) atoms having @A. values 0.128, 0.073, 0.076 and 0.179 respectively. Moreover, 
the susceptible sites for electrophilic attacks i.e., electron donation are C (2), C(5) and C (16) atoms 
having @A2values 0.153, 0.090, and 0.208 respectively. Further, both of the electron density distribution 
in the HOMO and LUMO of the studied molecule and Fukui indices signify the same reactive sites for 
the corresponding donor-acceptor type interaction on the metallic surfaces Figure 10 [46]. 

 
Table 8: Fukui functions of limonene calculated at B3LYP/6-31G(d, p). 

 
Atom @A

2 @A
. 

C1 0.032 0.043 
C2 0.153 0.128 
C3 0.021 0.015 
C4 0.045 0.073 
C5 0.090 0.064 
C6 0.052 0.044 
C11 -0.031 -0.027 
C15 0.052 0.076 
C16 0.208 0.179 
C19 -0.027 -0.022 
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Figure 10: Graphical representation of the calculated Fukui indices of Limonene 
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Conclusion 

The essential oil of Apium graveolens.L (Celery) ensures the inhibition of steel C35 corrosion in 
1 M HCl medium by formation of a protective film and the adsorption of Celery obeys to Langmuir 
isotherm model. The polarization study shows that the Celery acts as a mixed type inhibitor, while the 
electrochemical impedance spectroscopy results show that as the inhibitor concentration is increased, 
the charge transfers resistance rise and the double layer capacity decreases. The tests concerning the 
effect of the temperature were carried in the interval (298K - 328K), this test showed that the increase 
in the temperature affects the inhibiting Celery power. Indeed, the effectiveness of the inhibitor which 
was from 90.8% to 25 °C becomes 62.9% to 35 °C. The DFT simulation supports the good inhibition 
performance of Celery. 
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