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Abstract 

The influence of a natural extract of fenugreek on the corrosion of steel in 1 M HCl has 

been studied by weight loss, polarisation and EIS measurements. Results obtained show 

that the natural substance inhibits the corrosion process. It acts on the cathodic domain 

without modifying the reduction mechanism. The inhibition efficiency increases with 

fenugreek concentration to attain 94% at extract of 10 g/L of fenugreek at temperatures 

between 308 and 353K. It is an efficient inhibitor. The effect of temperature on the 

corrosion behaviour of steel indicated that inhibition efficiency is temperature-

independent. The activation energy of adsorption is determined. 
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Introduction 

The use of inhibitors is a practical technique to secure metals and alloys from 

aggressive environment. Large numbers of organic compounds revealed that N, S 

and O containing organic compounds may be efficient inhibitors. However, most 

of these compounds are not only expensive, but also toxic to living beings. It is 

needless to point out the importance of cheap and safe inhibitors of corrosion. So, 

considerable efforts are made to find corrosion inhibitors which are 

environmentally safe, ready available and of relatively low cost. Literature shows 

a growing trend in the use of natural products known as non-toxic compounds, 
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called also green inhibitors, as corrosion inhibitors. We cited natural honey [1], 

nypa fructicans wurmb [2], opuntia extract [3], saccharides [4], natural tannins 

extracted from acacia and from pine bark [5], tryptamine [6]. A part of the 

program of our laboratory is devoted to research new non-toxic inhibitors. 

Natural plants are added as extract, oil or pure compounds and are the subject of 

various contributions: limonene [7], ginger [8], henna [9], jojoba oil [10], 

rosemary oil [11], artemisia oil [12], bgugaine [13-15], thym [16], eugenol and 

acetyleugenol [17], pulegone [18], menthols [19], cedar [20], rosmarinus [21], 

pulegone [22], have been found to be very efficient corrosion inhibitors for metal 

in aggressive media.  

Our choice is made on fenugreek seeds, which contain the unique major free 

amino acid 4-hydroxyisoleucine (4-OH-ILeu) [23], to test as a non-toxic inhibitor 

for the protection of steel against corrosion in acid media.  

The aim of the present paper is to study by gravimetric, polarisation and EIS 

measurements, the effect of the extract of the natural substance fenugreek as a 

non-toxic compound, on the corrosion of steel in 1 M HCl solution in the 

temperature range 308 - 353 K. 

 

 
Figure 1. Molecular structure of 4-hydroxyisoleucine (4-OH-ILeu). 

 

Experimental 

The investigated steel materials of chemical composition in weight (0.21% C, 

0.38% Si, 0.09% P, 0.01% Al, 0.05% Mn, 0.05% S) are used. The aggressive 

solution (1 M HCl) is prepared by dilution of Analytical Grade 37% HCl. The 

fenugreek seeds were ground and dried. The inhibitory solutions are prepared 

from the stirred 1 M HCl solution containing 10 g/L of fenugreek during 3 days. 

The extract was filtered to serve as initial solution.  

Gravimetric measurements were carried out in a double walled glass cell 

equipped with a thermostat-cooling condenser. The solution volume is 60 mL. 

The steel specimens used have a square form (2.0 cm x 2.0 cm x 0.05 cm). Prior 

to immersion, the steel samples are polished with different emery papers up 

1200, degreased with acetone, washed thoroughly with doubly distilled water, 

and finally dried in air. The immersion time for the weight loss is 6 hours at 308 

K and 1 hour at other temperatures. To ensure the reproducibility, each 

experiment is repeated three times. 

Electrochemical measurements were carried out in a conventional three electrode 

electrolytic cylindrical Pyrex glass cell. The working electrode (WE) had the 

form of a disc cut from the steel sheet. The area exposed to the corrosive solution 

was 1 cm
2
. A saturated calomel electrode (SCE) and a disc platinum electrode 
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were used, respectively as reference and auxiliary electrode. The temperature was 

thermostatically controlled at 308 ± 1 K. 

Electrochemical experiments were recorded using an EG&G potentiostat (263 

A), coupled to a computer equipped with a 352 Soft Corr III software. Before 

recording the polarisation curves, the test solution was de-aerated and 

magnetically stirred for 30 min in the cell with pure nitrogen. Gas pebbling was 

maintained throughout the experiments. WE was then inserted and prepolarised 

at -800 mV for 10 min, in order to remove the oxide film from the electrode, and 

Ecorr was monitored until stationary (30 min). The scan rate was 1 mVsec
-1

. 

Electrochemical impedance spectroscopy (EIS) was carried out with a Tacussel 

electrochemical system at Ecorr after immersion in the solution without bubbling, 

the 1 cm
2 

circular surface of steel exposed to the solution being used as working 

electrode. After the determination of the steady-state current at a given potential, 

sine wave voltage (10 mV) peak to peak, at frequencies between 100 kHz and 10 

mHz were superimposed on the rest potential. Computer programs automatically 

controlled the measurements performed at rest potentials after 30 min of 

exposure. The impedance diagrams are given in the Nyquist representation.  
 

Results and discussion  

Gravimetric measurements 
The corrosion rate in 1 M HCl (W°corr) and at various concentrations of the tested 

compound (Wcorr) is determined after 6 hours of immersion at 308 K. Values of 

corrosion rate and inhibition efficiencies are given in Table 1. The inhibition 

efficiency E is calculated by the relation : 

 

E % = 100 . ( 1 - Wcorr / W°corr ) 

 
where Wcorr and W°corr are the corrosion rates of steel with and without 

fenugreek. 
 

Table 1. Weight loss of steel in 1 M HCl at different concentrations of fenugreek and 

the corresponding inhibition efficiencies at 308 K after 6 h immersion. 

 

Fenugreek 

(g/L) 

Wcorr 

(mg/cm
2
.h) 

E

% 

blank 0.330 - 

0.002 0.265 17 

0.01 0.147 54 

0.1 0.060 80 

5 0.055 83 

10 0.021 94 

 

It is clear that the addition of fenugreek reduces the corrosion rate (CR) in 1 M 

HCl solution.  It is clear from Table 1 that CR decreases more and more with the 

increase of natural extract. This phenomenon is widely observed from the 

reduced quantity of hydrogen formed on the metal surface. The inhibitory effect 
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increases then with the increase of fenugreek concentration to attain 94% at 10 

g/L of fenugreek extract. From these essays at 308 K, we may conclude that  

fenugreek is an efficient inhibitor of steel corrosion in 1 M HCl solution. 

 

 
Polarisation measurements 
Polarisation essays were performed to know how inhibitory effect acted. Fig. 2 

shows the influence of fenugreek extract on the polarisation curves for the steel 

electrode in 1M HCl. Values of associated electrochemical parameters and 

corresponding inhibition efficiencies (E%) are given in Table 2. The examination 

of Fig. 2 and Table 2 shows that the addition of the fenugreek decreases only the 

cathodic current density. The decrease is more pronounced with the increase of 

the inhibitor concentration. The Tafel plots indicate that the mechanism of 

hydrogen reduction is activation control.  

 

 

Figure 2. Polarisation curves of steel in HCl at various concentrations of fenugreek. 

 

Table 2. Electrochemical parameters of steel in 1 M HCl + fenugreek extract at various 

concentrations and the corresponding inhibition efficiency. 

Extract 

(g/L) 

Ecorr 

(mV/SCE) 

bc 

(mV/dec) 

Icorr 

(µA/cm²) 

E% 

blank -440 -153 648 - 

0.5 -445 -136 253 61 

1 -445 -135 176 73 

5 -430 -136 136 79 

10 -435 -142 57 91 

 

The presence of the tested oil does not affect the cathodic Tafel slope, indicating 

that the mechanism of H
+
 reduction is not modified with the oil concentration. 

Also the corrosion potential is almost the same in the presence of inhibitor. In the 

other hand in the anodic domain, a slight decrease of anodic current is observed 

in the presence of natural product. The cathodic effect is then dominant against 

the anodic one. In other words, the decrease of the corrosion rate may be 

explained by the inhibitory action of the inhibitor on cathodic branches of the 
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polarisation curves by blocking the reduction of H
+
 ions on cathodic sites. The 

observed inhibitory action of fenugreek may be due to the adsorption of its 

molecules on the metal surface, making a barrier for the access of hydrogen ions, 

and then their reduction on the cathodic sites of the steel surface. 

The inhibition efficiency reaches 80% at 10 g/L. Consequently, fenugreek is a 

good inhibitor and acts as a cathodic inhibitor. 

 

EIS measurements 
In order to get more information about the corrosion behaviour of steel in 

unihibited acid and inhibited acid at 10 g/L natural extract, electrochemical 

impedance spectroscopy (EIS) measurements have been carried out at 308 K. 

Table 3 collects the EIS parameters and corresponding efficiency derived from 

EIS diagrams. The charge-transfer resistance (Rt) values are calculated from the 

difference in impedance at lower and higher frequencies. The double layer 

capacitance (Cdl) and the frequency at which the imaginary component of the 

impedance is maximal (-Zmax) are found as represented in equation: 

  

( ) tdl RC .1
ω

=      where    ω = 2πfmax 

 

The inhibition efficiency got from the charge transfer resistance is calculated by: 

 
E (%) = 100 . ( 1 – Rt / Rt/inh ) 

 

where Rt/inh and Rt are the charge transfer-resistance values with and without 

inhibitor, respectively. 
 

 
Figure 3. Impedance plots for steel in 1.0 M HCl solution and with fenugreek (10 g/L). 

 

 

Table 3. Characteristic parameters evaluated from EIS diagrams for steel in 1 M HCl. 

Fenugreek 

(g/L) 

Rt 

(ΩΩΩΩ.cm) 

Fo (Hz)  Cdl 

(µµµµF) 

E 

(%) 

0 147 15.82  68.47 - 

10 872 15.79  11.56 83 
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The corroding surface of steel in 1 M HCl is inhomogeneous because of its 

roughness, presence of impurities, dislocations, grain and subgrain morphology, 

etc. These phenomena explained the depression of the capacitance semi-

depressed obtained in Fig. 3 [25]. The increase of Rt and the decrease of the 

capacitance with the concentration of natural extract can be explained by some 

decrease of the surface heterogeneity, due to the adsorption of the inhibitor on 

the most active adsorption sites. 

It is important to note that the IE values calculated using different methods are 

smaller than the values obtained by the other methods. However, three methods 

were used in the present work to determine the inhibitive action of fenugreek 

toward corrosion of steel in HCl solution. If the techniques which give the 

highest and the lowest values are excluded, we still have the proof of the good 

inhibitive power of the fenugreek. 

 
Effect of temperature 
Since temperature has a great effect on the corrosion rate and acid pickling of 

steel, usually carried out at elevated temperatures up to 333 K in hydrochloric 

acid, measurements were made in 308-353 K range. Inhibitors are expected to be 

chemically stable to provide high protective efficiency in hot acid solutions.  

Gravimetric measurements are also taken at various temperatures 308-353 K 

with and without inhibitor, during a period of one hour and at a maximal 

concentration; the corresponding results are given in Table 4.  

It is clear from Table 4 that the corrosion rate increases with the rise of 

temperature in absence and presence of the inhibitor. 

The increase in corrosion rate is more pronounced with the rise of temperature 

for blank solution. In the presence of fenugreek, the attack of steel is highly 

reduced. The inhibition efficiency is constant with the temperature; it oscillates 

around 94%.  
 

Table 4. Effect of temperature on the corrosion rate of steel at 10g/L (t=1h). 

Temperature 

(K) 

WHCL W’HCL+In

h 

IE% 

313 1.06 0.05 95 

323 3.24 0.19 94 

333 5.39 0.31 94 

343 11.01 0.59 95 

353 20.05 1.32 94 

 

Fig. 4 shows Arrhenius plots of the corrosion rate for both the blank and the 

inhibitor. The activation energies are determined by the relation:  

 
W = K exp (-Ea / RT) and W’ = K’ exp (-Ea’/ RT) 

 

where Ea = 66.5 kJ/mol and Ea’ = 71.9 kJ/mol are the activation energies in the 

absence and presence of fenugreek, respectively. 
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The increase of E% with temperature is explained by a specific interaction 

between the steel surface and the inhibitor [25-26]. It’s also stated that the 

corrosion process taking place in the presence of powerful inhibitors is 

characterised by an activation energy whose value is smaller than that of the 

uninhibited process [27]. Generally, the lower value of Ea in an inhibitor’s 

presence when compared to that in its absence is attributed to its chemisorption, 

while the opposite is the case with physical adsorption. In our case, the values of 

activation energy are close and then we may introduce that the molecules of the 

extract act by both physical adsorption and chemisorption [25-27]. 
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Figure 4. Arrhenius plots for the dissolution of steel/1 M HCl with and without 

fenugreek. 

 

 

Conclusion 

From the obtained results the following conclusions can be deduced: 

� Fenugreek extract acts as an excellent inhibitor; its inhibition efficiency 

attains 94%. 

� The inhibition efficiency is constant with the rise of temperature. 

� It may be suggested to be applied at elevated temperature. 

� The natural oil acts on steel surface as cathodic inhibitor 
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