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1. Introduction 

The use of inhibitors is one of the most practical methods for protection of corrosion, especially in 
acidic media [1-4]. The hydrochloric acid is also an important acid with many uses in some industries [5-7]. The 
adsorption of organic inhibitors depends mainly on the electronic and structural properties of the inhibitor 
molecule such as functional groups, aromaticity, electron density on donor atoms and !  orbital character of 
donating electrons [8Ð14]. The corrosion inhibitors organic, having heteroatomÕs in their aromatic or long 
carbon chain [15], those that are non-toxic or low-toxic to both human and environment [16-37].  

The strict environmental legislations and increasing ecological awareness among scientists have led to 
the development of ÒgreenÓ alternatives to mitigate corrosion. Recently, natural compounds such as herb plants 
were employed as inhibitors in order to develop new cleaning chemicals for green environment [38-39]. Plants 
are rich sources of naturally synthesized chemical compounds (organic acids, glucosinolates, alkaloids, 
polyphenols, and tannins) and most are known to have inhibitive action [38, 40]. Most of the natural products 
are non-toxic and biodegradable. Various parts of the plants, leaves, fruits, seeds, and flowers [41-46] were 
extracted and used as corrosion inhibitors. Several literature reviews on the suitability of natural products such 
as essential oils and its major components as corrosion inhibitors of steel in chlorhydric acid were recently 
published [47-51].  

This work contributes to develop the green corrosion inhibitors and investigates the inhibiting effect of 
camphor against corrosion of carbon steel in a 1M HCl medium. Camphor (Figure 1) is a major component of 
salvia officinalis oil. It is a white or transparent solid with a strong aromatic odor and a naturally occurring 
component of some volatile essential oils [52]. It is a terpenoid with the chemical formula C10H16O. It is found 
in the wood of the camphor laurel (Cinnamomum Camphora), a large evergreen tree found in Asia (particularly 
in Sumatra, Indonesia and Borneo) and also of the unrelated Kaptur tree, a tall timber tree from the same region. 

Abstract 
The inhibition of corrosion of carbon steel by camphor in hydrochloric acid (1M HCl) 
was tested, using electrochemical techniques (impedance spectroscopy (EIS) and 
potentiodynamic polarization (PDP) and quantum chemical calculations (QCC). 
Impedance measurements showed that the double-layer capacitance decreased and 
charge transfer resistance increased with the rise of the inhibitor concentration, which 
explains the increase in inhibition efficiency. Potentiodynamic polarization techniques 
reveal that the presence of the inhibitor does not change the mechanism of hydrogen 
evolution. The effect of temperature on the corrosion behavior of carbon steel in 1 M 
HCl with and without addition of camphor was studied in the temperature range 
between 303 and 333 K.  Phenomenon of physical adsorption is proposed from the 
activation parameter obtained. Thermodynamic parameters show that the adsorption 
process is spontaneous. Quantum chemical calculations using DFT were used to 
calculate some electronic properties of the molecule in order to ascertain the correlation 
between the inhibitive effect and the molecular structure of the camphor molecule.         
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It is also present in the mint family, which contain up to 20% camphor. Camphor is used for its scent, as an 
ingredient in cooking (mainly in India), as an embalming fluid, for medicinal purposes, and in religious 
ceremonies. Theoretical calculations have been used recently to explain the mechanism of corrosion inhibition. 
The geometry of the inhibitor molecule in its ground state, the nature of its molecular orbitals HOMO (Highest 
Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) are directly involved in the 
corrosion inhibition activity. In continuation of our previous study, the present work is devoted to the 
investigation of the corrosion inhibition by adsorption of camphor on carbon steel in chlorhydric acid by 
potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS) and quantum chemical 
calculations in detail. The molecular structure of this compound is shown in Figure 1. 

 
Figure 1: Molecular structure of camphor    

2. Experimental details 
2.1. Materials 
In this study we have used carbon steel (C35) (Euronorm: C35E carbon steel and US specification: SAE 1035) 
with a chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011% 

Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remainder iron (Fe).                                                               

2.2. Solutions 
The aggressive solutions of 1 M HCl were prepared by dilution of analytical grade 37% HCl with distilled 

water. The concentration of camphor was in the range between 1.31 mM and 7.88 mM.                                    

2.3. Electrochemical impedance spectroscopy 
The electrochemical measurements were carried out using a Volta lab (Tacussel- Radiometer PGZ 100) 
potentiostate and controlled by a Tacussel corrosion analysis software model (Voltamaster 4) under static 
conditions. The corrosion cell used had three electrodes. The reference electrode was a saturated calomel 
electrode (SCE). A platinum electrode was used as auxiliary electrode with surface area of 1 cm2. The working 
electrode was made of carbon steel. All potentials given in this study were referred to this reference electrode. 
The working electrode was immersed in a test solution for 30 minutes to a establish the steady state open circuit 
potential (Eocp). After measuring the Eocp, the electrochemical measurements were performed. All 
electrochemical tests have been performed in aerated solutions at 303 K. The EIS experiments were conducted 
in the frequency range of 100 kHz to 10 mHz at open circuit potential, with 10 points per decade, at the rest 
potential, after 30 min of acid immersion, by applying 10 mV peak-to-peak ac voltage. Nyquist plots were made 
from these experiments. The inhibition efficiency of the inhibitor was calculated from the charge transfer 
resistance values using the following equation: 
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Where, &'(
¡ .and &'(

*  are the charge transfer resistance in absence and in presence of the inhibitor, respectively. 

2.4. Potentiodynamic polarization 
The electrochemical behavior of carbon steel in inhibited and uninhibited solution was studied by recording 
anodic and cathodic potentiodynamic polarization curves. Measurements were performed in the 1.0 M HCl 
solution containing different concentrations of the tested inhibitor by changing the electrode potential 

. The linear Tafel 1-spotential at a scan rate of 1mV.300 mV versus corrosion -800 to -automatically from 
obtain the corrosion segments of the anodic and cathodic curves were extrapolated to corrosion potential to 

) was calculated using corr). From the polarization curves obtained, the corrosion current (Icorrcurrent densities (I
the equation:                                                                                                                                                          
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The inhibition efficiency was evaluated from the measured Icorr values using the following relationship:            

              

....?@=ABC$ %
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Where,.EFGHH
D  and  EFGHH

I  are the corrosion current density in absence and presence of the inhibitor, respectively.   
   

2.5. Quantum chemical calculations  
Complete geometrical optimizations of the investigated molecule are performed using density functional theory 
(DFT) with the BeckeÕs three parameter exchange functional along with the LeeÐYangÐParr nonlocal 
correlation functional (B3LYP) with 6-31G* basis set as implemented in the Gaussian 09 program package[53]. 
Theoretical parameters such as the energies of the highest occupied and lowest unoccupied molecular orbital 
(EHOMO and ELUMO), energy gap (#E) and dipole moment (µ) absolute electronegativity ($), global hardness 

(%) and softness (&), and fraction of electrons transferred (#N) were calculated.                                                  
                                                                                                                                                                                
2.6. Molecular Dynamics Simulations details                                                                       
MD simulations were carried out using Materials Studio 8.0 (from Biovia-Accelrys Inc.). The box consisted of a 
6 layers of iron atoms cleaved along the (110) plane. A supercell of (10 '  10) simulation box was created, and a 
liquid phase (500 water molecules) and vacuum layer of 20 nm height was fabricated. During the simulation, all 
6 layers of iron atoms were fixed. One camphor molecule was optimized and included in the simulation box 
using the amorphous cell module. The simulation was carried out using For cite module with a time step of 1 fs  
and simulation time of 500 ps performed at 298 K, NVT ensemble, using COMPASS force field [54-56].           

  

3. Results and discussion 
3.1. Electrochemical experiments 
3.1.1. OCP vs. time measurements 
The potentiostatic curves E=f(t) are illustrated in Figure 2 without and with various concentrations of camphor 

0.456 (mV/SCE) in -was  corrAccording to this Figure, the initial value of E ranging between 1.38 and 7.88 mM.
blank the solution, and it becomes almost constant around -0.584(mV/SCE) after 600s. The addition of 

The variation of  during the immersion. corrinhibitors in aggressive solution, cause a slight displacement of E
corrosion potential values in the presence of the inhibitor compared with the blank solution can be explained by 
the adsorption of the inhibitor compounds on the metal surface. The potentiodynamic polarization and 

impedance values have been measured after 30 minute of immersion.                                                                  

 
Figure 2: Variation of the open circuit potential versus time of the carbon steel in 1 M HCl solutions and containing 

different concentrations of camphor at 303K 
 

3.1.2. Polarization measurements                                                                                                                           
The electrochemical measurements were carried out to understand the kinetic process of the anodic and cathodic 
reactions. The work electrode was maintained at its free potential during 30 min. After a period of immersion, 
the polarization curves have been also illustrated for 10 min.  Figure 3 shows that the corrosion potential is 
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varied between -800 mV and -300 mV with a scan rate of 1 mV/s. The polarization curves of carbon steel in 
chlorhydric acid solution (1M HCl) containing different concentration of camphor at 303K are presented in 

cathodic  ),corrtial (Eparameters such as corrosion poten Figure 3. Table 1 shows the electrochemical corrosion
and  degree of  " @=ABC./ $ 0), inhibition efficiency EFGHH), corrosion current density (( ',( =and anodic Tafel slope (

surface coverage () ) were derived from the potentiodynamic polarization curves. It can be seen from Figure 3 
that the existence of inhibitor molecule in the corrosive medium increases anodic and cathodic over potentials, 

). These changes increase with increasing inhibitor concentration. This corrand decreases corrosion current (I
behavior supports the adsorption of inhibitor onto metal surface and causes a barrier effect for mass and charge 
transfer for anodic and cathodic reactions. However Table 1 shows markedly that the addition of camphor 
decreases the corrosion current density and hence the inhibition efficiency " @=ABC./ $ 0.increases with the 
inhibitor concentration to reach its maximum value, 72.10 %, at 7.88 mM.  This behavior explains its ability to 
inhibit the corrosion of carbon steel (C35) in chlorhydrique acid solution .The slight variation of the cathodic 
Tafel slope (( ' ) upon addition of camphor indicates that the cathodic corrosion mechanism of carbon steel does 
not change, but the small changes in the anodic Tafel slope (( =) values are probably due to the adsorption of 

is more corr al surface (C35). According to literature if the displacement in Echloride ions or inhibitor on the met
than ±85mV relative to the corrosion potential of the blank solution, the inhibitor can be considered as a 

he corrosion inhibitor may be regarded as a is less than ±85 mV, t corranodic type, if the change in Ecathodic or 
mixed type [57,58].  In our study, the presence of this compound in acidic media causes a slight displacement of 

       , which mV37 -ues is in the range of 21val corrshift in Eto the blank solution, corrosion potential compared 
indicates that the inhibitor  tested act as mixed-type inhibitor [52-59].                                                                    

!
Figure 3: Anodic and cathodic polarization curves for the corrosion of carbon steel in 1 M HCl in the absence and presence 

of different concentrations of camphor at 303K 

Table1: Electrochemical parameters calculated by using the potentiodynamic polarization technique for the corrosion of  
carbon steel in 1 M HCl in the absence and presence of different concentrations of camphor  at 303K 

Medium Conc 
mM 

corrE- 
(mV/SCE) 

corrI 
)2(! A/cm a!

(mV) 
c!- 

(mV) 

J KLMNO.$  " 

1 M HCl - -452 507 100 122 - - 

Camphor 1.31 437 281.0 42.3 67.8 44.58 0.4458 

1.97 438 213.1 42.9 59 57.97 0.5797 

3.28 453 166.6 42.6 61 67.14 0.6714 

7.88 450 128.8 55 60 74.60 0.7460 
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3.1.3. Electrochemical impedance spectroscopy (EIS) 
Measurements of the corrosion inhibition of carbon steel in the 1M HCl medium in absence and presence of 
various concentrations in Camphor were studied with the EIS method at 303 K, after an immersion time of 30 
minutes. The results obtained are presented as Nyquist plots (see Figure 4). The impedance spectra are 
represented as one single capacitive loop, which is attributed to the charge transfer at the carbon steel /solution 
interfaces. However, the shape of the capacitive loops suggests that the charge transfer process controls the 
corrosion of carbon steel [63,64]. On the other hand, the diameter of the capacitive loop increases with the rise 
of the inhibitor concentration compared to the behaviour observed in the absence of the inhibitor. We have 
noted that, the depressed semi-circle in Nyquist diagram is not perfect. This has been attributed to the frequency 
dispersion as well as to the heterogeneity due to surface roughness, impurities or dislocations [65], fractal 
structures [66].The inhibitor is adsorbed on activity centers which lead to the formation of porous layers [67]. 

 
Figure 4: Nyquist plots for carbon steel in 1M HCl solution without and with different concentration of camphor at 303K 

!!!!! 

 
 Figure 5: Equivalent circuit used to fit the EIS data 

 

, the ctR , the charge transfer resistancesR electrochemical parameters, comprise the solution resistanceThe 
constant phase element (Q), empirical exponent (n) and the time constant (! ), obtained from fitting the recorded 
EIS data are listed in Table 2. The capacitance is replaced with a constant phase element (CPE). The 
electrochemical equivalent circuit used to model the metal/acidic solution interface is shown in Figure 5. The   

impedance (Z) of CPE is given by the expression [68]:                                                                                             
                                                                                          

PQR! % S) T/ U* 0) V........../ W0 

), *  is the angular frequency, j is the imaginary number 2+cm ns 1+Q is proportionality coefficient (in ,Where 
and n is the CPE exponent which gives details about the degree of the  surface inhomogeneity resulting. The 

                                  ]:70-using the following equation [68alculated ) are cdldouble layer capacitance values (C 

XYC% / S&'(
T) V0

Z
[ ................/ \ 0 

] % XYC&'( ........................./ ^0.
It is very clear after the in Table 2 that the camphor inhibits the corrosion of carbon steel in 1 M HCl solution, at 

as the  )ctwhich confirms the increase in the charge transfer resistance (R all concentrations used in this study,
concentration rises and consequently the protection efficiency increases.  Also, the value of the proportional 

and the Q values can  ctE decreases with increasing of the inhibitor concentration. The change of Rfactor Q of CP
be related to the gradual replacement of the water molecules and the other ions originally adsorbed on the surface 
by the camphor molecule and consequently to a decrease in the number of active sites necessary for the corrosion 
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reaction [71]. The factor values (n) increases with increasing of the camphor concentration (see Table 2). This 
data can be explained by the reduction of the surface inhomogeneity due to the adsorption of the inhibitor on the   

most active sites [72].                                                                                                                                             

Table 2: Electrochemical parameters for carbon steel electrode corresponding to the EIS data in 1.0 M HCl solution in the 
absence and the presence of various concentrations of camphor 

Medium 
 

Conc. 
(mM) 

sR 
)2cm -( 

ctR 
) 2cm -( 

A410 
)2Ðcm ns 1Ð"( 

n dlC 
)2ÐF cmµ( 

! 
(s) 

Z# 
(%) 

1M HCl - 0.5558 20 4.715 0.8619 223.33 0,0044 - 

 

camphor 

1.31 0.9669 35.46 3.973 0.8796 221.68 0,0078 43.59 
1.97 0.6882 42.27 3.295 0.8927 197.13 0,0083 52.68 
3.28 1.0150 53.91 2.698 0.8929 162.43 0,0087 62.90 
7.88 2.2880 99.00 1.550 0.8949 94.90 0,0093 79.79 

 

) dladdition of the inhibitor in free solution decreases merely the double layer capacitance (C However, the
(Table 2), while the time constant (! ) value increases from 0.0044 s in the blank solution to 0.0093 s in 7.88 mM 

in inhibitor concentrations may be attributed to the formation of a  with an increasedl in C decrease camphor. This
protective layer on the electrode surface [73]. This trend is in accordance with the Helmholtz model, given by 

the following equation [74]:                                                                                                                                  
                                                                                                                      ..........

XYC%
.. ¡

_
................/ ` 0 

is the  0thickness of the protective layer, .  is the dielectric constant of the protective layer and .here d is the W
).This data signify that the presence of the inhibitor in the 1+F cm 14+permittivity of free space(8.854 '  10

chlorhydric acidic solution decrease charge and discharge rates to the metal-solution interface. The double layer 
formed between the corrosion solution and the charged metal surface is considered as an electrical capacitor. 

n and the protection concentratio These results show that the inhibitor tested has a protective effect in each
s waximum inhibition efficiency increases with increasing of the concentration; the ma (%)Z#efficiency 

achieved at 7.88 mM.                                                                                                                                              

3.1.4. Effect of temperature 
The temperature has an effect on the corrosion inhibition. This problem is very complex, because many changes 
exist occur on the surface of the metal such as desorption of inhibitor. The effect of temperature on the 
inhibition performance of camphor for carbon steel in 1M HCl solution in the absence and presence of 7.88mM 
the inhibitor at temperature ranging from 303 to 333 K was obtained by potentiodynamic polarization 
measurements (Figures 6; (a) and (b)). The results are given in Table 3.        

 
Figure 6: Potentiodynamic polarization curves of carbon steel in 1 M HCl in the absence and presence of the optimum 

concentration of camphor at different temperatures 
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Table 3: Electrochemical parameters and the corresponding inhibition efficiencies at various temperature studied of carbon 
steel in 1M HCl in absence and presence 7.88 mM of camphor 

Inhibitor Temperature 
(K) 

 corrE
(mV/SCE) 

corri 
)2-(/ A cm 

0(%) 

 
Blank 

303 -452 507 - 
313 -454 860 - 
323 -443 1840 - 
333 -450 2800 - 

 
Camphor 

303 -450 129 74.60 
313 -455 291 66.16 
323 -461 639 65.27 
333 -455 1138 59.35 

 
The dependence of the corrosion rate on the temperature can be expressed by the Arrhenius equation [75]:      
The rise of the temperature, leads to a decrease of inhibition efficiency. This behavior can be interpreted that the 
inhibition efficiency depends of the temperature, confirming that camphor acts as an efficient inhibitor for the 
carbon steel in 1M HCl in the studied temperature range. The results can be explained by the decrease of the 
adsorption process at the highest temperature, and one can suggest a physical adsorption mode. Table 3 shows 
that the corrosion current density (Icorr) increases more rapidly with the increasing temperature both in 
uninhibited and inhibited solutions. 

1'233 % a 456./
> ;b .

&c
0...................../ d0 

Where Ea is the apparent activation corrosion energy, R is the universal gas constant and k is the Arrhenius pre-
exponential constant Arrhenius plots for the corrosion density of carbon steel in the case of camphor are given 
in Figure 7. The values of corrosion  apparent activation energy (Ea) for carbon steel in 1 M HCl with the 
absence and presence of camphor were determined from the slope of Ln (Icorr) versus 1/T plots and shown in 
table 4.           
According to the literature [76], the higher value of Ea was considered as physisorption that occurred in the first 
stage. There are two possibilities for these active centers with different Ea on the metal surface: (1) the 
activation energy in the presence of the inhibitors is lower than that of pure acidic medium, namely Ea(inh) < 
Ea(HCl), which suggests a smaller number of more active sites remain uncovered in the corrosion process; (2) 
the activation energy in the presence of inhibitor is higher than that of the pure acidic medium, Ea(inh) > 
Ea(HCl), which represents the inhibitor adsorbed on the most active adsorption sites (having the lowest energy) 
and the corrosion takes place chiefly on the active sites (having higher energy).                                                                                                                                                       

 
 Figure 7: Arrhenius plots of the carbon steel in 1M HCl with and without 8.33mM of Camphor 
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Figure 8: Transition Arrhenius plots of the carbon steel in 1M HCl with and without 7.88 mM of camphor 

 
HCl in the absence and presence of mM 1M S for carbon steel in$H and $, avalues of activation parameters EThe  Table 4:

of camphor 
Inhibitor aE 

)1-(KJ.mol 
#H 

)1-(KJ.mol 
#S 

)1-.K1-(J.mol 
#H -aE 

Blank 41.72 39.12 -62.896 2.6 
Camphor 61.478 58.838 -10.475 2.6 

 
The data in Table 4 specifically indicate that the value of Ea in the presence of camphor is larger than that in the 
absence of camphor. Thus, it is clear that the adsorption of camphor on the carbon steel surface blocks the active 
sites from acid solution and consequently increases the apparent activation energy.  Then, it can be suggested 
that the camphor adsorb by physisorption on the metallic surface. Activation parameters like enthalpy (#H) and 
entropy (#S) for the dissolution of carbon steel in 1 M HCl in the absence and presence of camphor were 
calculated from the transition state equation (Eq. (9)) [77]: 

                                                 ef
"ghii

@
%

j@

kl
456 >

#m

j@
456

##

j
............../ n0 

exponential factor, h is PlanckÕs constant, N is the Avogadro -is the corrosion rate, A is the pre corrIhere W
is the entropy of activation.  ais the enthalpy of activation and #S anumber, R is the universal gas constant, #H 

#H/R) and -/T) versus 1/T give straight lines with slope (corr(Ihowing the Arrhenius plots of Ln Figure 8 s
intercept (Ln R/Nh + #S/R) from which #H and #S values were calculated. The activation parameters are given 

            the steel dissolution  reßects the endothermic nature of aThe positive sign of the enthalpies #Hin Table 5.
process. #S (HCl) < #S (inh), suggests an increase in disorder.                                                                             

 
3.2. Adsorption isotherm 
The mechanism of the interaction between inhibitor and the electrode surface can be explained using adsorption 
isotherms. The fractional surface coverage % for different concentrations of camphor in 1 M HCl solution can 

easily be determined using the flowing formula:                                                                                                   

� %
1'233 > 1'233 / *0

1'233
+ ,-- ................../ ,- 0 

As it is known that the adsorption of an organic molecule onto metal-solution interface can be presented as a 
and the water  (sol)substitution adsorption process between the organic molecules in the aqueous solution Org
                                                                                                               :(ads)O2molecules on the metallic surface H 

(sol)O 2+    n H    (ads)Org       &        (ads)O 2+    n H    (sol)Org  
Org(sol) and Org(ads) are the organic molecules in the aqueous solution and adsorbed on the metallic surface, 
respectively, H2O(ads) is the water molecules on the metallic surface, n is the size ratio representing the number 
of water molecules replaced by one molecule of organic adsorbate.                                                         
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Several models of the adsorption isotherms process of camphor in the carbon steel surface such as: Langmuir,   
Temkin and Frumkin, were obtained according to the following equations:                                                         

Langmuir:             
opqr

s
%

T

t uvw
x yIz { ........................../ ,, 0                                                                                                   

Frumkin:        
s

T) s
456/ > 7|} 0 % ~yIz { ...................../ ,7 0 

Temkin:        456/ > 7|} 0 % ~yIz { .............................../ ,9 0                                                                                                      
Freundlich:   •€• } % •€• ‚ x ƒ•€• y ........../ ,W0 

 

 inhdesorption equilibrium constant, C-the adsorption adshere )  is the surface coverage of the metal surface, KW
the inhibitor concentration and a is the lateral interaction term describing the molecular interactions in the 
adsorption layer and the heterogeneity of the surface, n is generally positive constant and not an integer 
constant. The fractional coverage values )  as a function of the inhibitor concentration can be obtained from the 

potentiodynamic polarization.                                                                                                                               
To determine which adsorption is the best fitting isotherm the surface coverage; the respective plots were 
obtained in Figures (9 Ð 12). These curves represent the adsorption isotherms that are characterized by, in a first 
part, a sharp rising, followed by another part, a gradual rising (less significant than in the first part), indicating 
formation of an adsorbed molecular layer on the steel surface. By far, the best fit was obtained with the 
Langmuir isotherm (strong correlation R2 =0.99745.). The plots of Cinh/)  vs. Cinh yield a straight line (Figure 9).  

 
Figure 9: Langmuir adsorption plots obtained for carbon steel in 1 M HCl containing different concentrations of camphor 

 
Figure 10: Temkin adsorption plots obtained for carbon steel in 1 M HCl containing different concentrations of camphor 

 
This confirms that the inhibitor obeys Langmuir adsorption isotherm at 1M HCl medium. Kads is related to the 
standard free energy of adsorption (#„ =Y….

¡ 0, according to [78]:                                                                                
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Where R is the universal gas constant, T the thermodynamic temperature and CH2O the concentration of water in 
the solution which is 55500 mM.                                                                                                                     

 
Figure 11: Frumkin adsorption plots obtained for carbon steel in 1 M HCl containing different concentrations of camphor 

 
Figure 12: Freundlich adsorption plots obtained for carbon steel in 1 M HCl containing different concentrations of camphor 

Table 5: Values of parameters the adsorption of camphor on the mild steel in 1 M HCl  

Inhibitor )1-(mMads K )1-(KJ.mol ads
¡#G- 2R 

Camphor 8.52514919 22.80 0.99754 

are associated with an electrostatic interaction between  1-20 KJ mol-around  Œ•†‡ˆ
¡energy values of  Generally,

or more  1-40kJ mol-charged inhibitor molecules and charged metal surface, called physisorption. Those of 
negative involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a 
coordinate type bond. This corresponds to chemisorptions [78-81]. In our study the physisorption mode is likely 

                                                                       ).1-kJ mol 22.80-(Œ•†‡ˆ
¡ned value of to predominate due to the obtai 

3.3. Quantum-chemical calculations 
3.3.1. Global reactivity descriptors  
Quantum chemical calculations have been widely used to study the reactivity of organic compounds[82,83]. The 
inhibition potential of camphor has been elucidated using quantum chemical calculations based on density 
functional theory (DFT). Hence, we have investigated the relationship between the molecular structure, the 

!"#$ !"#% !%#& !%#' !%#( !%#$ %#%
%#(%

%#()

%#)%

%#))

%#'%

%#')

%#*%

%#*)

%#&%

+

+

!"#
$

%
"&'('

#)
*

!+
,!+

#-
.+

!

/012)3445'67128598:
++++'; 50124889<3

!

!"! !"# !"$ !"% !"& '"!

(!")*

(!")!

(!"#*

(!"#!

(!"'*

(!"'!

+

+

!"#
$

!%

!"#$&
'()

%$*+%

,-./0123456./78893
+++:; 0-.<410.93

!



Author et al., J. Mater. Environ. Sci., 2018, 9 (3), pp. 1058-1074 1068 
!

electronic structure and the inhibition efficiency of the studied molecule. Full geometry optimization (Figure 13) 
with no constraints of camphor was performed using DFT based on the BeckeÕs three parameter exchange 
functional and the LeeÐYangÐParr nonlocal correlation functional (B3LYP)  ,as well as  the 6-31G* orbital 
basis set for all atoms as implemented in the Gaussian 09 program [53]. This approach has been proved to be a 
very powerful tool for studying corrosion inhibition mechanism [84-86] consistent reaction field) was used to 
perform the calculation in aqueous SCRF method [87] solution. 

 

Figure 13: Optimized structure of camphor as calculated at the B3LYP/6-31G* level 

(highest occupied  HOMOsuch as total energy (TE), E parameters of  the camphor moleculeThe quantum chemical 
), the energy gap (1Eg), electron (lowest unoccupied molecular orbital energy LUMOmolecular orbital energy), E

affinity (EA), ionization potential (IP), the absolute electronegativity ($), the hardness (" ), the Global chemical 
softness (S),  dipole moment (µ) and the fraction of electrons (#N) in aqueous solution, were calculated and       

gathered in Table 6.                                                                                                                                              

Table 6:  Calculated quantum chemical parameters of camphor in aqueous solution 

Quantum parameters Camphor 

TE (a, u) -465.93 

(ev)HOMOE -6.170 

(ev)LUMOE -0.190 

#Eg (ev) 5.980 

!  (debye) 2.800 

S 0.333 

IP  (ev) 6.170 

$(ev) 3.180 

EA (ev) 0.190 

% (eV) 3.000 

&N 0.639 
 

The frontier molecular orbital HOMO and LUMO of a given chemical compound are very important in defining 
its reactivity. Survey of literature[88Ð90] shows that the adsorption of the inhibitor on the metal surface can 
occur on the basis of donorÐacceptor interactions between the ! -electrons of the heteroatom (-O-) in a 

and  HOMOEshows the TE,  6.The Table [91]etal surface atoms orbital of the m-compound and the vacant d
corresponds  to a tendency of the molecule to donate electrons to appropriate  HOMOA high value of E .LUMOE

acceptor molecules of low LUMO energy [92]. The inhibitor does not only donate electrons to the unoccupied 
d-orbital of the metal ion but can also accept electrons from the d-orbital of the metal leading to the formation of 

6,17eV -= HOMOand E0,19eV -=  LUMOThe values of theoretical parameters such as E. back bond-a feed
are in good correlation with the distribution of HOMO and LUMO orbitals. The highest  6d in Table presente

of the studied compound indicates the better inhibition efficiency. Therefore, the tendency HOMO value of the E
leads LUMO . The lower value of the ELUMOend on the values of Eback bond would dep-for the formation of a feed

to suggestion that the acceptance of electrons from the d-orbital of the metal is easier.  It is well known that 
larger values of the energy gap Œ•‘ , will lead to low reactivity  with  chemical species [93, 94]. Conversely, 
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lower values of the 1Eg will correspond to good inhibition efficiency, because the energy required to remove an 
electron from the lowest occupied orbital will be low. From Table 6, the calculation indicates that the small 
value of Œ•‘ / 5,98 eV) which means the highest reactivity and accordingly the highest inhibition efficiency. 
This agrees well with experimental observations. The inhibition effect of a given compound is usually ascribed 
to the adsorption of the molecule on the metal surface. There can be physical adsorption (physisorption) and 
chemical adsorption (chemisorption) depending on the adsorption strength. When chemisorption takes place, 
one of the reacting species acts as an electron pair donor and the other one act as an electron pair acceptor. The 
ground state geometry of the inhibitor as well as the nature of its frontier molecular orbitals, namely the HOMO 
and LUMO is involved in the activity properties of the inhibitor. In this study, the HOMO and LUMO are 
delocalised over the entire molecule of camphor. We have recalculated the proprieties of the molecule in 
aqueous solution. We found that the shapes of the HOMO and LUMO do not change compared to the gas phase. 
Hence, the shape of the HOMO and LUMO is independent of the environment of the molecular system. In 
Figure 14, we present the frontier molecule orbital density distributions of the studied compound.  It can be seen 
that the electronic densities of the HOMO and LUMO are delocalized almost over the entire molecule. These 

atoms are the favourite sites for adsorption [95,96].                                                                                             
 

HOMO                                                                                      LUMO 

                                                                       
 

      Figure 14: Schematic representation of HOMO and LUMO molecular orbital of camphor 
 
Another method to correlate inhibition efficiencies with parameters of molecular structure is to calculate the 
fraction of electrons transferred from the inhibitor to the metal surface. According to KoopmanÕs theorem [93], 
EHOMO and ELUMO of the inhibitor molecule are related to the ionization potential (IP) and the electron affinity 
(EA), respectively. The ionization potential and the electron affinity are defined as IP = - EHOMO and EA = -
ELUMO, respectively. Then the absolute electronegativity ($) and the global hardness (" ) of the inhibitor molecule 
are approximated as follows [97,98]: 

’ %
1“ x ;”

7
................................/ ,^ 0 

? %
1“ > ;”

7
................................/ ,` 0 

Hardness (" ) and softness (S) are global chemical descriptors measuring the molecular stability and reactivity. 
There is related by:                                                                                                                                               

• %
,

–
......................................../ ,d 0 

The chemical hardness is the resistance against the deformation or polarization of the electron cloud of the 
atoms, ions or molecules under small perturbations in a chemical reaction. A hard molecule has a large energy 
gap and a soft molecule has a small energy gap [95]. In our study, the smallest energy gap is encountered for 
camphor in aqueous solution. There, we have found the highest value of softness (S= 0,334eV) and the lowest 
value of hardness ("  =3.00 eV). Normally, the inhibitor with the lowest value of global hardness (respectively, 
the highest value of global softness) is expected to have the highest inhibition efficiency [96]. In fact, soft 
molecules are more reactive than hard ones because they could easily offer electrons to an acceptor. Thus, for 
the simplest transfer of electron, adsorption could occur at the part of the molecule where softness(S), which is a 
local property, has a highest value [97]. Hence, in the present work, our calculations confirm the highest 
inhibition efficiency of the studied compound. Another quantity, called the fraction of electrons (#N) 
transferred can be evaluated by Pearson electronegativity scale:                                                                           

: —%
˜ > ?*Vl

7/ ?™Bx ?*Vl 0
.............../ ,n 0.................. 
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is the  inh], $ue of 4.06 eV for Fe (1 1 0) [99,100Where ¯ is the work function of the iron surface with the val
are the absolute hardness of metal  inh= 0 and " Feelectronegativity associated to the inhibitor molecule, " absolute

and the inhibitor molecule, respectively.  It has also reported that the #N value measures the ability of a 
]. In this 0 [101,102 0 and vice versa if #N  rons to metal if #N chemical compound to transfer its elect

study, the positive value of #N = 0,639 presented in Table 6, suggest the high capability of camphor to donates 
electrons to the carbon steel surface. In general, the atomic charges of the inhibitor and the dipole moment (/ ) in 
particular are important electronic parameters that increase the adsorption between a chemical compound and a 
metal surface [88]. In our study, the value of the dipole moment is 2,803 Debye in aqueous solution. This means 

a better inhibition efficiency.                                                                                                                                  

3.3.2. Fukui Functions                                                                                                                                           
Fukui functions are parameters that determine the type of attack (nucleophilic, electrophilic or radical). There a 
may be a competition between the three types of attack. The fukui functions provide us with a measure of the 
change in the density with respect to a change in the number of electrons[92, 102, 103]. The Fukui functions are 

be defined as follows[104, 106]:                                                                                                                           
š›

œ % “ › —x , > “ › —(For nucleophilic attack)                         (20) 
š›

) % “ › — > .“ › —> , (For electrophilic attack)                        (21) 

The molecule of (N + 1) are used.  k(N), and the anion P k(N+1), the neutral PkWhere the densities of the cation P
camphor can donate electrons to the metal surface and also can accept electrons. It is important to look at the 
active sites responsible for giving or accepting electrons that can be derived by evaluating the Fukui functions.   

The calculated Fukui functions of camphor are presented in Table 7.                                                                     
Table 7: Fukui functions calculated at B3LYP/6-31G* 

Atoms 
• (N) • (N-1) • (N+1) žŸ

œ)  žŸ
œ 

C    1 -0.44967 -0.46397 -0.42388 +0.0143 +0.02579 
C    2 -0.15179 -0.07059 -0.12851 -0.0812 +0.02328 
C    3 -0.33525 -0.28112 -0.30389 -0.05413 +0.03136 
C    4 -0.45532 -0.46853 -0.42769 0.01321 +0.02763 
C    9 -0.04633 -0.04229 -0.04674 -0.00404 -0.00041 

C   10 -0.45805 -0.45945 -0.41819 +0.0014 +0.03986 
C   14 -0.67674 -0.6993 -0.63436 +0.02256 +0.04238 
C   18 -0.66815 -0.6862 -0.6331 +0.01805 +0.03505 
C   22 -0.66997 -0.70536 -0.62148 +0.03539 +0.04849 
C   26 +0.59663 +0.65726 +0.26747 -0.06063 -0.32916 
O   27 -0.53122 -0.19371 -0.85492 -0.33751 -0.3237 

 

Table 7 represents the effective atomic charges from the Mulliken population analysis of camphor, From this 
Table, the oxygen and C26 atoms in the camphor compound, have high negative charge densities, and present 
the highest values of.š›

) and.š›
œ, respectively, implying that the most probable reactive sites for the adsorption of 

camphor on a carbon steel surface is located on this atom. For a finite system such as an inhibitor molecule, 
when the molecule is accepting electrons, one has..š›

) , the index for nucleophilic attack; when the molecule is 
donating electrons, one has....š›

œ, the index for electrophilic attack. This observation confirms the high 
importance of the heteroatoms in a heterocyclic ring, on the adsorption of the organic compounds on the carbon 

steel surface.                                                                                                                                                         
 
3.3.3. Mulliken charge analysis  
The Mulliken population analysis is an important type of calculation. It is used to investigate the electronic 
charges on the atoms of the molecule, Table 8 present the Mulliken charges of non-hydrogen atoms. Table 8 
represents the effective atomic charges from a Mulliken population analysis of camphor in aqueous solution. 
From this Table, the most negative charges are located on the oxygen atom. These finding is due to the 
electronegativity of the oxygen atom.                  
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Table 8: Effective atomic charges from Mulliken populations of camphor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The atoms carrying negative can offer electrons to the Fe atoms to form coordinate bonds. The atoms carrying 
positive charges can accept electrons from Fe atomic orbitals to form feed-back bonds.Thus, the optimized 
structure is in accordance with the fact that an excellent corrosion inhibitor can not only offer electrons to 
unoccupied orbital of the metal but also accepts free electrons from the metal. Therefore, it can be inferred that 
the oxygen atom is the possible active adsorption site. These results are in good agreement with the Fukui 
functions result. Besides, the atoms (C22, C18, C14, C10, C4, C3, C2 and C1) bear significant negative charges. This 
is due to the mesomeric effect between the cyclic ring and the=C=O function. This delocalized character of the 
electrons leads to a more stable form structure of camphor.                               

3.4. Molecular Dynamic (MD) simulation                                                                                                              
The interaction energy (Eint) of inhibitor with Fe (110) surface was obtained using the following equation:          
 

Eint =Etotal Ð (Esurface +solution+ Einhibitor + solution) + Esolution 
Where Etotal is the total energy of the entire system; Esurface+ solution is the total energy of Fe (110) surface and 
solution without camphor; Einhibitor + solution is the total energy of camphor and solution and Esolution is the total 
energy of the water molecules.                                                                                                                              
The binding energy is the negative of the interaction energy and is given as: Ebinding = -Eint                                                           
Figure 15 shows equilibrium adsorption of camphor on Fe (110) surface in the presence of 500 molecules of   
water. Also Table 8 presents the interaction energy (Eint) of the adsorption of camphor on Fe (110) surface.   
    

!
Figure 15: (a) Initial configuration of camphor molecule on Fe (110) surface in the presence of 500 water molecules 

(Camphor was visualized by balls and sticks, and water molecule by lines) and (b) Final equilibrium configuration of the 
MD simulation box (adsorption behavior of camphor on the Fe (110) surface 

Atomes Mulliken Charges 

1  C -0.195629 

     2 C            -0.007472 

3  C -0.126703 

4  C -0.189639 

9  C         +0.051432           

10  C -0.185062 

14  C -0.322118 

18  C -0.317680 

22  C -0.322818 

26  C + 0.42073 

27  O -0.455626 
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The interaction energy is regarded as indication of the stability of adsorption system. Large negative value of 
interaction energy guarantees an easier adsorption of inhibitors on the iron surface and by extension higher 

 178.36 kcal/mol for camphor adsorbed on steel surface-is  intinhibition efficiency [55]. The calculated value of E
(table 9). Therefore, camphor is expected to binds stronger on carbon steel surface in the presence of water. This 

ensures effective inhibition of corrosion of carbon steel.                                                                                        

) of camphor adsorption on Fe (110) surface in the presence of 500 molecules of water intraction energy (EInte :9Table 
(kcal/mol) 

totalE surface +solutionE inhibitor + solutionE solutionE intE bindingE 
-85601.89 -85556.87 -3597.39 -3611.06 -178.36 178.36 

 
Conclusion 
It can be concluded as follows: 
1. Camphor  acts as good  carbon steel corrosion inhibitor in hydrochloric acid. 
2. PDP measurements demonstrate that the Camphor act as a mixed-type inhibitor. 
3. In all tested experimental methods, the IE% increase with the rise in Camphor concentration. 
4. The adsorption of the Camphor on the steel surface obeys the Langmuir adsorption isotherm. The adsorption 
occurs by physical interactions  
5. The results obtained from PDP and EIS are in good agreement. 
6. The molecular modelling including, Quantum-chemical calculations method and MD simulations support the 
good 
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