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ABSTRACT ▬    The aim of this article is to study the Eugenia Caryophyllata extract (ECE) like a 

green corrosion inhibitor of steel in 1 M hydrochloric acid solution (HCl). The extract was obtained by 

hydro-distillation and then it was characterized by gas chromatography coupled with mass spectroscopy 

(GC/MS). Its efficiency was evaluated by electrochemical measurements (linear polarization resistance 

(LPR) potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS)) and non 

electrochemical methods like gravimetry and surface observations by scanning electron microscope 

(SEM). The results revealed that the extract behaves as an effective mixed inhibitor, and that the 

inhibition efficiency increases with increasing inhibitor concentration. The inhibitor adsorption on the 

steel surface follows a Langmuir adsorption indicating a monolayer adsorption. This study confirmed 

the use of ECE in HCl 1 M solution like a green inhibitor.   
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I.Introduction 
Carbon steel is extensively used in different 

industrial applications, such us treatment with 

acid, alkaline or salt solutions. Those 

compounds cause severe corrosion and damage 

to engineering structures. Hence, a protection 
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by corrosion inhibitors is necessary. Several 

chemical compounds, which have in their 

structure N, S, O, P hetero-atoms [1,2], p-

electron in triple or conjugated double bonds 

and aromatic rings [3,4], have been used as 

corrosion inhibitors of metals. 

The current environment requirements imposed 

eco-friendly (green) corrosion inhibitors, to 

ovoid the toxicity of synthetic inhibitors. For 

the purpose, various plant extracts have been 

found to have anticorrosion effects, in addition 

to their biological activities. Extract inhibitors 

from plants, is a cheap and renewable source, 

then it gained much attention. Consequently, 

several studies have been intensified on the use 

of plant extracts and several organic molecules 

from plants as a green corrosion inhibitor              

[5-10].  

This research reports that the extract of the 

different parts of the plant (roots, seeds, leaves, 

stems, flowers and fruits) can be used as 

corrosion inhibitor of various materials in acid 

medium [11- 27].  

A medicinal plant belonging to the family 

Myrtaceae has caught our attention; it is the 

Eugénia Caryophyllata [28]. Its leaves are 

useful in the preparation of artificial vanillin 

[29], its flowers and branches are used in 

pharmacy for medicines in medicine, cosmetic 

surgery, perfumery and soap factury. 

The aim of this work is to study the ECE 

corrosion inhibition efficiency on carbon steel 

in 1 M HCl. The extracted molecules, obtained 

by hydro-distillation of the aromatic dried 

flowers, was identified by GC-MS. Weight loss 

and electrochemical tests (potentiodynamic 

polarization and EIS), were applied. The 

efficiency was confirmed by SEM.  

II.Materials and Methods 

II.1. Extraction and characterization of ECE  

The Eugenia Caryophyllata flowers were 

cleaned with distilled water and then dried in 

the open air and in the laboratory oven at 30°C 

for 24 hours before being crushed into powder 

form. The powder was extracted for 3 hours by 

hydro-distillation with extraction efficiency of 

2,25 % and a density of the extract of 1,03. ECE 

was stored at 4°C in a sealed brown glass tube 

to keep it from air and light [30].  

1 µL of ECE diluted in methanol was analyzed 

by gas chromatography coupled with mass 

spectroscopy (GC/MS) SHIMADZU brand GC-

MS QP 2010 plus.  

II.2. Preparation of samples  

The material test is A60 carbon steel, 

commonly used in general mechanical 

engineering. For electrochemical measurements, 

cylindrical steel specimen with a surface area of 

0.5 cm
2
, coated with polymerizable resin, was 

used. Rectangular samples with size                          

2.4 × 1.5 × 0.6 cm, were used for weight loss 

measurements. Before any test, the samples 

were mechanically polished on silicon carbide 

abrasive disks with decreasing roughness (180, 

400, 800, 1000, 2000 and 4000) under water jet, 

followed by polishing on felt by different 

suspensions (9, 6, 4,... 0.05 μm) of alumina, 

Al2O3. Finally, the samples are cleaned with 

ethanol in an ultrasonic bath and then rinsed 

with distilled water and dried in cold air. 

II.3. Electrolytic solutions  

The corrosive solution is 1 M HCl aerated at 

ambient temperature and containing different 

concentrations of ECE (0.1, 0.5 and 1 g/L), 

maintained under a moderate stirring of 100 

rpm. 

II.4. Electrochemistry measurements  

The electrochemical tests were carried out in a 

conventional three electrodes cell with Ag/AgCl 

as a reference electrode (RE) and a platinium 

with a surface area 0,5 cm
2
 as the auxiliary 

electrode (Aux). These electrodes are connected 

to Autolab PG STAT 30 potentiostat-

galvanostat, controlled by GPES and FRA 

program for polarization and impedance, 

respectively.  

The evolution of the open circuit potential 

(OCP) of the working electrode (WE) was 

measured during the first hour of immersion. 

Once the stationary state is reached, the 

polarization curves or EIS diagrams were 

plotted. 
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II.4.1. Measurements of linear polarization 

resistance (LPR) 

LPR measurements were obtained by 

polarization of WE in the immediate vicinity of 

the corrosion potential Ecorr ± 20 mV, with 0,16 

mV/s scan rate and after 1 hour of immersion. 

The polarization resistance, Rp, is detrmined 

from the slope of the i-E polarization curve in 

the neighborhood of Ecorr , given by Stern and 

Geary relation [31] : 

Rp =   
∆E

∆i
 

Ecorr

                                               (1) 

The inhibition efficiency, ɳ , was calculated 

from the following equation: 

ɳ =   
Rp

inh −Rp
0

Rp
inh   × 100                                    (2) 

Where 𝑅𝑝
𝑖𝑛ℎ  and 𝑅𝑝

0 are the polarization 

resistance in the presence and absence of ECE 

inhibitor, respectively. 

II.4.2. Potentiodynamic polarization (PP) 

The potentiodynamique i-E curves were 

obtained at ± 300 mV from Ecorr with a scan rate 

of 1 mV/s after 1 hour of immersion time. The 

extrapolation of the cathodic and anodic Tafel 

lines, bc and ba intersect at Ecorr and allows the 

determination of the corrosion current density, 

icorr.  

The inhibition efficiency, ɳ′ , was evaluated 

using the following equation: 

 ɳ′ =   
icorr
0 −icorr

inh

icorr
0  × 100                                (3) 

Where 𝑖𝑐𝑜𝑟𝑟
𝑖𝑛ℎ  and 𝑖𝑐𝑜𝑟𝑟

0  are the corrosion current 

density in the presence and absence of ECE 

inhibitor, respectively. 

II.4.3. Electrochemical impedance spectroscopy  

(EIS) 

EIS method gives information on the kinetics 

process of the WE. EIS measurements were 

performed by Autolab PG STAT 30 

potentiostat-galvanostat by means of FRA 

program. After 1 hour of immersion at OCP, 

EIS diagrams were plotted at Ecorr in a 

frequency range from 10 KHz to 10 mHz and 

10 mV of amplitude. 

The FRA software allows the determination of 

the electrical parameters of the metal/solution 

interface, Re the resistance of the electrolyte, Rtc 

the charge transfer resistor and CPE, the 

constant phase element, by simulating the 

impedance diagrams, using an equivalent 

electrical circuit (Rundles circuit). In the 

Rundles equivalent circuit, Re is in series with 

Rtc which is in parallel with a CPE. The CPE is 

used when the semicircle is depressed. It is 

characterized by a proportionality factor Q and 

the phase shift n [32], which enables the 

calculation of the double layer capacitance, Cdc, 

from the following expression:   

Cdc =  Qdc  Re
−1 + Rtc

−1 n−1 
1

n                        (4) 

Inhibition efficiency, ɳ′′ , was calculated 

replacing 𝑅𝑝
𝑖𝑛ℎ  and 𝑅𝑝

0 by 𝑅𝑡𝑐
𝑖𝑛ℎ  and 𝑅𝑡𝑐

0  in 

equation (2), respectively. 

II.5. Non-electrochemical measurements  

II.5.1. Gravimetric measurements and 

microscopic surface characterization 

The rectangular steel samples (2,4 × 1,5 ×0,6 

cm), finely polished and dried as before, were 

weighed on an analytical balance with 10
-4

 

precision and vertically immersed for 7 days in 

a beaker of 100 mL containing 50 mL of 

stagnant solution with different concentrations 

of ECE at room temperature (25 ± 2°C). At the 

end of the experiment, the freely corroded and 

inhibited samples were rinsed with distilled 

water followed by degreasing in acetone under 

ultrasound and dried under air flow before being 

weighed.  

The weight loss ∆𝑊 was determined from the 

sample mass difference, (m0 – m) before and 

after immersion in the corrosive medium at 

different concentration of ECE. The corrosion 

rate, Ѵ𝑐𝑜𝑟𝑟 , in mg.cm
-2

.h
-1

 was calculated from 

the following relation: 
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Ѵcorr =  
∆W

S ×t 
                                                    (5) 

Where, S: submerged sample surface, t: 

immersion time. 

 

The inhibition efficiency, ɳ′′′, was evaluated 

from the corrosion rate as following:  

ɳ′′′ =  
Ѵ0−Ѵinh

Ѵ0
× 100                                     (6) 

Where, Ѵ0 and Ѵ𝑖𝑛ℎ  represent corrosion rate of 

steel, in the absence and presence of inhibitor, 

respectively. 

 

The surface coverage, 𝜃, was calculated from 

the inhibition efficiency : 

 

θ =  
ɳ

100
                                                           (7) 

 

The morphology of the steel surface was 

performed on the samples immersed in HCl 

without and with ECE for 7 days, using 

PHILIPS ESEM XL 30 scanning electron 

microscope.   

II.6. Adsorption isotherms  

Adsorption isotherms indicate the interaction 

between the metal and the inhibitor and its 

adsorption mechanism. In generally, it is a 

substitution process of water molecules by 

inhibitor molecules. [33] 

Various models of adsorption process of ECE 

on the steel surface were proposed: Langmuir, 

Frumkin and Temkin, which were represented 

by the following equations:  

 

Isotherm of Langmuir : 

𝐶𝑖𝑛 ℎ

𝜃
=  

1

𝐾𝑎𝑑𝑠
+ 𝐶𝑖𝑛ℎ                                    (8) 

Isotherm of Temkin : 

𝑒−2𝑎𝜃 =  𝐾𝑎𝑑𝑠 𝐶𝑖𝑛ℎ                                           (9) 

Isotherm of Frumkin : 

𝜃

1−𝜃
𝑒−2𝜃 =  𝐾𝑎𝑑𝑠𝐶𝑖𝑛ℎ                                     (10)  

Where, 𝜃 : the coverage rate of the inhibitor 

molecules on the steel surface, calculated from 

the equation (7), a : the constant of the 

heterogeneity of the surface and intermolecular 

interactions of the adsorbed inhibitor film, Kads : 

the equilibrium constant of the adsorption 

process. 

 

III.Results and discussions  
 

III.1. Characterization GC/MS 

We propose hereafter the experimental results 

of two protocols obtained by GC/MS where 

interest resides in the interpretation of the 

spectra. At the end of the GC, the 

chromatogram detects the molecule 

corresponding to this chromatogram. Once the 

SM analysis is completed, the software 

compares the m/z ratios over the entire 

experimental interval with its tandem in the 

database (theoretical) with an identification 

percentage of 99%. The analysis protocol gave 

the following chromatogram: 

Fig. 1: Chromatogram of the ECE. 
 

Fig.1. illustrates, on the one hand, the molecule 

corresponding to tr2 = 22,5 is a derivative 

product due to the rearrangement of the acetate 

eugenol following the electron bombardment on 

the latter. It should be noted that the presence 

ratio of the second peak relative to the first peak 

is 12.5%. It is probable that the formation of 

this derivative is due to the injection protocol 

and to the temperature gradient used in the 

experiment; it can then be excluded from the 

interpretation. 

The mass spectrum obtained corresponding to 

the peak 1at tr1 = 27,5 is the following. 

tr2 

tr1 
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          Fig. 2: Experimental mass spectrum for peak1 

 

      Fig. 3: Theoretical mass spectrum of eugenol-acetate 
 

The superposition of this experimental spectrum 

with the different base spectra of Data revealed 

a single spectrum identical to the experimental 

obtained at 99% which is that of the eugenol 

acetate shown schematically in Fig. 4. 

 

 

 

 

 

 

 

 
Fig.4: Chemical structure of ECE inhibitor 

 

III.2. Electrochemistry measurements  

III.2.1. Open circuit potential (OCP) 

The shape of the E-t curve gives information 

about the phenomena that occurs at the 

metal/solution interface, which makes it 

possible to determinate stationary system. 

Without inhibitor, the potential decreases and 

becomes less and less noble, to stabilize at         

-0.69 V/Ag-AgCl, after 20 hours of immersion. 

There is therefore a continuous and local attack 

of the steel by the H
+
 and Cl

-
 ions of the 

solution which cause the potential fluctuations 

and shifting towards more electronegative 

values. With ECE addition, Ecorr shifts towards 

nobler potentials; this indicates the benefits 

increase of the inhibitor with increasing ECE 

concentration.  

 

 
Fig.5: OCP of steel in the absence and presence of ECE. 
 

III.2.2. Polarization resistance measurements  

The Rp values obtained from LPR were listed in 

Table I. We note that increase in ECE 

concentration, CECE, induced an increase in Rp 

values, which suggests the formation of a 

protective nonconductive film, adsorbed on the 

steel surface. 

 
Table I : LPR data of steel in 1 M HCl without and with 

ECE. 

𝑪𝑬𝑪𝑬 (g/L) 
LPR 

Rp (Ω.cm2) η (%) 

0 0.0357 - 

0.1 0.1009 64.6 

0.5 0.13 72.5 

1 0.168 79 

 

III.2.3. Potentiodynamic polarization 

measurements 

Fig. 4 shows the global polarization curves of 

carbon steel after 1 hour of immersion in 1 M 

HCl with different ECE inhibitor concentration. 

The same general shape of the curves is 

obtained, where two domains were observed: 

Cathodic field described by the following 

reaction :  

2𝐻+ + 2𝑒−  →  𝐻2                  (11) 
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Anodic field of steel dissolution with a 

passivation plateau according to the following 

reaction: 

𝐹𝑒 → 𝐹𝑒2+  +  2𝑒− 
                (12) 

When the concentration of the inhibitor 

increases, a decrease of the anodic and cathodic 

current densities is observed. This result 

indicates that ECE is a mixed inhibitor, which is 

in agreement with the work of Den et al. [34], 

Kina et al. [35] and Vra et al. [36]. 

 

 

Fig. 6: Polarization curves of steel in the presence and 

absence of ECE. 
 

The cathodic and anodic Tafel lines were 

obtained graphically. The corrosion current 

density was obtained by extrapolating the linear 

portions of Tafel curves to the intersection at 

Ecorr, based on the cathodic line because the 

anodic Tafel slopes were not determined in the 

Tafel domain due to the presence of a 

passivation plateau. 

 

The following table regroups the electrokinetic 

parameters values determined graphically from 

the straight lines of Tafel curves.  

Table II: Values of electrokinetic parameters obtained from 

polarization curves 

 

The following observations can be made: 

- The addition of the inhibitor varied slightly 

the values of the cathodic Tafel slopes bc., 

which suggests that proton reduction 

mechanism is partially unaffected by the 

addition of the inhibitor. 

- The icorr values decrease with the increase of 

the ECE concentration compared to blank test, 

this is due to the blocking effect of the active 

sites on the metal surface by the adsorbed 

inhibitor molecules [37]. 

- The calculated values of η' increase with the 

concentration to reach a maximum of 91% at 1 

g/L. This excellent efficiency is explained by 

the presence of the high electronic densities on 

the inhibitor molecules due to the existence of 

the non-binding doublets of the oxygen and the 

π electrons of the aromatic nucleus, which 

favors the adsorption process on the steel [38-

39]. This last can occur directly by acceptor-

donor interactions between the free doublets 

and the π electrons of the inhibitor molecule 

with the d orbitals of the metal [1]. 

III.2.4. Impedance measurements  

The experimental and adjusted impedance 

diagrams are shown in Fig. 7, in Nyquist mode. 

An enlargement of the spectra is proposed in 

order to discern the high frequencies domain of 

the diagrams. 
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Fig. 7: Nyquist plots of impedance diagrams of steel after 1 

hour immersion in 1 M HCl with and without ECE. 
 

These diagrams show a capacitive behavior of 

the interface over the entire frequency domain, 

𝑪𝑬𝑪𝑬 

(g/L) 

𝑬𝒄𝒐𝒓𝒓 

(V/AgCl) 

ba 

(V/dec) 

-bc 

(V/dec) 

𝒊𝒄𝒐𝒓𝒓 
(mA.cm-2) 

η' 

(%) 

0 -0.487 - 0.130 1.333 - 

0.1 -0.504 0.150 0.147 0.320 75.99 

0.5 -0.497 0.122 0.170 0.222 83.35 

1 -0.460 0.107 0.215 0.119 91.07 



 

L. Allam, C. Oulmas, D. Boughrara, A. Kadri, N. Benbrahim 

 

 

Vol.5. No1                                                                          24 

 

represented by a single loop with a diameter 

equivalent to the charge transfer resistance, Rtc 

[40] and its value increases with increasing 

inhibitor concentration. 

It appears that those loops are not perfect semi-

circles, which means it’s not centered on the 

real axis. This can be attributed to the frequency 

dispersion due to the heterogeneity of the 

electrode surface [41-42], hence the necessity of 

the constant phase element (CPE) which 

accounts for its heterogeneities, through the 

coefficient n. According to some authors [28-

29], this non-perfect capacitive loop results 

from roughness, impurities, adsorption of the 

inhibitor and/or formation of porous layers, 

which generally indicates that the reaction of 

corrosion is controlled by a charge transfer 

process on heterogeneous and irregular solid 

surface electrode [43-44]. 

Indeed, during the process of immersing the 

steel in the solution, the molecules of the 

inhibitor adsorb on the electrode surface. Thus, 

the formed film serves as a blocking barrier 

which would prevent the corroding ions of the 

electrolyte from reaching the surface of the 

electrode, which effectively protect it against 

corrosion.  

A better 3-D visualization for the Nyquist 

diagram is shown in Fig. 8. 
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Fig. 8: A better 3-D visualization for the Nyquist diagram 

is shown in figure 
 

The equivalent electrical circuit represented in 

the insert gave excellent spectral adjustment 

with good correlation (< 0.01). The electrical 

parameters (Re, Rtc and CPE) of the equivalent 

circuit and the inhibitory efficiency, obtained 

from the impedance diagrams are summarized 

in Table III. 

 Table III. Values of electrical parameters obtained from 
Nyquist impedance diagrams 

 

Fig. 9 shows the evolution of the inhibition 

efficiency with different concentrations of ECE, 

and as expected the efficiency increases with 

the ECE concentration. The values obtained 

with the different measurement techniques are 

in good agreement and have shown that ECE 

can serve as an effective inhibitor against 

corrosion. 
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Fig. 9: Inhibition efficiency of ECE on steel corrosion in 1 
M HCl. 
 

III.3. Non-electrochemical measurements  

III.3.1. Gravimetric measurements and 

microscopic surface characterization  

Gravimetric tracking of ɳ′′′  and ∆𝑊 is carried 

out for reasons of simplicity of the process and 

corrosion data approaches service conditions 

more accurately, hence its use by several 

C
in

h
 

(g
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'' 
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) 

Q
.1
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(Ω
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-

2
.s

n
) 

n
 

0 1.05 30 2.3 0.78 416 - 

0.1 1.78 91.7 1.35 0.67 65.1 67.28 

0.5 0.625 114.2 0.265 0.75 14.5 73.73 

1 1.05 137.8 0.316 0.81 48.2 78.23 
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researchers [19]. Table IV summarizes the 

values of Ѵ𝑐𝑜𝑟𝑟  and ɳ′′′  obtained by gravimetry 

at different concentrations of ECE in 1 M HCl, 

after 7 days of immersion of steel. 

Table IV: Gravimetric data obtained after 7 days of 
immersion of steel in HCl 1M with and without ECE. 

 

We note from Table IV, that the inhibition 

efficiency increases with increasing inhibitor 

concentration to a maximum value of 89.34%  

for 1 g/L of ECE, following a decrease in 

corrosion rate. This suggests that ECE is 

increasingly adsorbed on the steel surface and 

covers the active sites. 

 

 

 

 

 

 

 

Fig. 10 : SEM images of steel (a) before and after 7 days of 
immersion in (b) 1 M HCl, (c) 1 M HCl + 0.1 g/L ECE, (d) 

1 M HCl + 0.5 g/L ECE, e) 1 M HCl + 1 g/L ECE 

 

The SEM images shown in Fig. 10 confirm the 

results of the electrochemical measurements. 

Severe corrosion of the entire steel surface 

immersed in 1 M HCl is observed (image b) and 

compared to the polished steel prior to 

immersion (image a), where a smooth and 

homogeneous surface is seen. On the other 

hand, Figures. 10c. , 10d. and 10e, reveal the 

surface state of the protected samples, by the 

addition of different concentrations of the ECE 

inhibitor. This is due to the formation of an 

adsorbed layer on the steel surface. These 

observations show that the extract prevents steel 

CEEC 

(g/l) 

                              Gravimetry 

∆W (g) Ѵ (mg.cm-2.h-1) ɳ′′′(%)  

0 2.386 1.351 - - 

0.1 0.723 0.424 68.62 0.69 

0.5 0.550 0.323 76.09 0.76 

1 0.246 0.144 89.34 0.89 

a 

b 

c 

d 

e 
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corrosion by limiting access to the acid on the 

surface, which increases its resistance to 

corrosion. The three images show that ECE 

molecules cover more area with increasing 

inhibitor concentration. At low concentration, 

low surface coverage, consequently, large 

attacked surface. 
 

III.4. Adsorption isotherms  

Fig. 11. represents the set of isotherms obtained 

for the ECE inhibitor. For each representation, 

the linear regression was plotted from 

calculated experimental data. The analysis of 

these curves shows that, the variation of the 

ratio  
𝐶𝑖𝑛 ℎ

𝜃
 as a function of 𝐶𝑖𝑛ℎ  is linear and fit 

well the experimental data.  

This indicates that the adsorption of the 

inhibitor molecules on the steel surface obeys 

the Langmuir adsorption isotherm. The model 

was reported by Faustin [45] and Suedile [46] 

and it was in generally considered to represent 

adsorption phenomena involved in corrosion 

inhibition processes, due to the formation of 

monolayer coverage on the adsorbent surface, 

limiting the access of the electrolyte. Langmuir 

adsorption assumes that the solid surface 

contains a determined number of adsorption 

sites and that each site can accommodate only 

one adsorbed species. Moreover, the adsorbed 

molecules do not interact with each other and 

all adsorption sites are thermodynamically 

equivalent [45-46]. 

 

 

 

 

Fig. 11 : Langmuir, Frumkin and Temkin adsorption 

isotherms for steel in 1 M HCl in the presence of ECE  

at 25°C 
 

IV. Conclusions 

The gravimetric method has shown that the 

corrosion rate decreases while the efficiency 

increases to reaches a maximum value at a 

concentration of 1 g/L of ECE. The 

electrochemical method revealed that the 

addition of ECE inhibitor at increasingly 

concentrations led to decrease the current 

densities of both cathodic and anodic branches 

with a slight displacement of the corrosion 

potential on both sides, which indicates a mixed 

character of the ECE inhibitor. The EIS method 

gave a significant increase in the charge transfer 

resistance as the concentration of ECE 
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increases, which justify the adsorption of this 

inhibitor on the steel surface. SEM observations 

confirmed the presence of a protective layer 

formed on the metallic surface in the presence 

of the extract. Moreover, the plot of the 

different adsorption isotherms (Langmuir, 

Temkin and Frumkin), showed that the 

adsorption of ECE is well fitted to the Langmuir 

adsorption model. This model assumes that the 

adsorption is monomolecular and that the 

interactions between absorbed particles are 

negligible. 

All results, via electrochemical and non-

electrochemical methods, are in good agreement 

and show a highest inhibition efficiency at 1 g/L 

of ECE inhibitor, which confirm that ECE can 

be used as corrosion inhibitor for steel in 1M 

HCl bath. 
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