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Abstract- The application of Nigella sativa oil extract (NS) as a corrosion inhibitor for mild 

steel (MS) protection was investigated in neutral solution of 3% NaCl solution has been 

investigated byusingweight loss method, potentiodynamic polarizationand electrochemical 

impedance spectroscopy (EIS). Polarization curves indicate that NS is a cathodic inhibitor. 

The inhibition efficiency of NS reached 94% at 250 ppm. However, the adsorption of 

thisinhibitor at the metallic surface is a physisorption type and follows the Langmuir isotherm 

adsorption. Thus the thermodynamic and kinetic parameters were calculated and discussed.  
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1. INTRODUCTION  

Mild steel is widely used in most of the chemical industries for the fabrication of various 

reaction vessels, pipes, tanks, etc.; due to its easy availability and low cost, where they are 

deployed in various service environments containing alkalis and salt solutions are generally 
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used. The use of corrosion inhibitors is one of the most effective and economical methods to 

protect metal surfaces against corrosion in such aggressive media. A number of organic 

compounds have been reported as effective corrosion inhibitors, especially those containing 

nitrogen, oxygen, sulfure, phosphorus, and multiple bonds or aromatic rings in their 

structures. The lone pairs and π-electron distribution in these function groups are the key 

structural features that control the inhibition efficiency .Apart from the electronic structure 

considerations, there are also economic and toxicity considerations. Therefore, the focus now 

is to develop inexpensive, readily available and non-toxic (benign) corrosion inhibiting 

additives [1-4]. 

In this regard, immense number of scientific studies have been devoted to the inhibitive 

action of plant extracts on the corrosion of mild carbon steel in neutral solution, showing that 

these extracts could serve as good corrosion inhibitors; the cited extracts include; 

OccimumviridisHibiscus,sabdariffa,Garciniakola,Phyllanthusamarus,Phaseolusvulgares L [5-

7]. 

The present study is aimed at investigating the inhibitive and adsorption properties of 

Nigella sativa oil (NS) on mild steel corrosion in 3% NaCl using gravimetric and 

electrochemical methods. NS is Nigella Seed (Nigella sativaL.1753) or cumin black1 is an 

annual plant of the family Ranunculaceae native to Morocco and southwest Asia. 

Usually, inhibition efficiency increases with the increase of inhibitor concentration until 

to achieve a steady state beyond some higher inhibitor concentration. However, some 

inhibitors may exhibit the peak-value-phenomenon of inhibitor concentration [8,9]. The 

concentration, where the peak-value-phenomenon (the lowest corrosion rate) is exhibited, is 

called the optimum concentration 

The seeds are used as a traditional medicine or as a spice in many countries of the world 

(particularly in the Muslim world).Potentially toxic due to the presence of alkaloids and 

terpenoids; however they can be safely consumed in small quantities. The black cumin seeds 

have a high content of fatty oil (31%) consisting of glycerol ester of linoleic, oleic and 

palmitic. With further, phospholipids, glycolipids, tocopherols, sterols and that are especially 

active thymoquinone, the thymohydroquinone, and thymolandphenolics.The inhibition 

efficiency of this oil attains the maximum value of 94% at 250 ppm in neural solution of 

NaCl 3%. 

 

2. EXPERIMENTAL 

2.1. Inhibitor 

Seeds of Nigella sativa L. (black cumin or black seeds) are widely used in traditional 

Islamic medicine and for culinary purposes worldwide. Nigella seed oil is becoming popular 

in and out of the Islamic world. Composition of Nigella seed oil is known to be location-
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dependent. We investigated the composition of Nigella seed oil, prepared by solvent- or cold 

press-extraction of Nigella seeds grown in Morocco, Oil extraction yield was 37% and 27% 

when solvent or cold press extraction methods were used, respectively. In terms of oil major 

components, composition of Nigella seed oil from Morocco is similar to that from other 

Mediterranean countries known for their Nigella seed-oil quality. In Nigella, seed oil from 

Morocco, linoleic and oleic acids represented the main unsaturated fatty acids and accounted 

for more than 80% of the total fatty acids and the high linoleic/oleic acid ratio evidenced that 

such Nigella oil should not be used in fried food (Table 1).The oil fatty acid composition 

were identified by using gas chromatography method [10]. 

 

Table 1. Moroccan Nigella seed oil fatty acid composition (%) 

 

Fatty acid Cold press-extracted Solvent-extracted 

Myristic acid (C14:0) 1 0.1  0.2 0.1  

Palmitic acid (C16:0) 13.1 0.2  11.9 0.2  

Palmitokik acid (C16:1) 0.2 0.1  0.2 0.1  

Stearic acid (C18:0) 2.3 0.1  3.2 0.1  

Okik acid C(18:1) 23.8 0.1  24.9 0.5  

Linokic acid (C18:2) 58.5 0.1  56.5 0.7  

Linoknic acid (C18;3) 0.4 0.1  0.2 0.1  

Araachidic acid (C20:0) 0.5 0.1  0.2 0.1  

Saturated fatty acids 16.8 0.5  15.5 0.5  

Unsaturated fatty acids 82.9 0.5  82.1 0.5  

 

 

 

 

Scheme 1. Major constituent of Nigella sativa oil extract produced in Morocco  
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2.2. Corrosive medium 

We used the neutral solution of 3% NaCl as a corrosive solution. We prepared 100 ml of 

3% NaCl, namely 3 g of NaCl, which is dissolved in 100 ml of distilled water. 

 

2.3. Specimens 

Mild steel having the chemical composition C=0.5%, Mn=0.5%, S=0.05% and the 

remainder Fe was used for all experimental investigations. Rectangular specimens of the size 

5 cm×1 cm×0.2 cm were used for weight loss measurements. 

For polarization measurements, the working electrode was cut from mild steel with an 

exposed area of 1 cm
2
. The samples were mechanically polished with different grades of 

emery papers, degreased with ethanol, washed with doubly distilled water and finally dried. 

 

2.4. Weight loss measurements  

Weight loss measurements were performed using 100 ml capacity beakers containing 100 

ml test solution under total immersion in stagnant aerated condition at 298–328 K maintained 

in a thermostatic water bath. The pre-cleaned and weighed mild steel coupons were 

suspended in the beakers with the help of rods and hooks. The coupons were withdrawn at 2 

h interval progressively for 10 h, cleaned as previously reported and reweighed. The weight 

loss, in grams, was taken as the difference in the weight of the mild steel coupons before and 

after immersion in different test solutions. Tests were performed for the blank solution (3% 

NaCl), solutions of 25-250 ppm ethanol and acetone extracts of coconut coir dust at different 

temperatures. The experiments were done in triplicate to ensure good reproducibility. The 

standard deviation values among parallel triplicate experiments were found to be smaller than 

5%, indicating good reproducibility. From the weight loss values, corrosion rates were 

computed using the expression: 

𝑊 =
𝑚1−𝑚2

𝐴.𝑡
                                                                                                                 (1) 

Where m1 and m2 are weight loss (mg) of mild steel coupons before and after immersion 

respectively in test solutions, A is the area of specimen (cm
2
) and t is the exposure time (h).  

The inhibition efficiency (E%) was computed using Eq. (2): 

𝐸% =
𝜔𝑏𝑙𝑎𝑛𝑘−𝜔𝑖𝑛ℎ

𝜔𝑏𝑙𝑎𝑛𝑘
                                                                                                         (2) 

Where blank  and inh are the corrosion rate in the absence and presence of the inhibitor 

respectively in 3% NaCl at the same temperature. 

 

 



Anal. Bioanal. Electrochem., Vol. 8, No. 8, 2016, 962-976                                                   966 

 

2.5. Electrochemical measurements 

The electrochemical measurements were carried out using Volta lab (Tacussel- 

Radiometer PGZ 100) potentiostat and controlled by Tacussel corrosion analysis software 

model (Voltamaster 4) at under static condition. The corrosion cell used had three electrodes. 

The reference electrode was a (Ag/AgCl) (3 M KCl). A platinum electrode was used as 

auxiliary electrode of surface area of 1 cm
2
. The working electrode was mild steel. All 

potentials given in this study were referred to this reference electrode. The working electrode 

was immersed in test solution for 30 min to a establish 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 298 K. The EIS 

experiments were conducted in the frequency range with high limit of 100 kHz and different 

low limit 0.1 Hz at open circuit potential, with 10 points per decade, at the rest potential, after 

30 min of acid immersion, by applying 10 mV ac voltage peak-to-peak. Nyquist plots were 

made from these experiments.  

After ac impedance test, the potentiodynamic polarization measurements of mild steel 

substrate in inhibited and uninhibited solution were scanned from cathodic to the anodic 

direction, E = Ecorr±200 mV, with a scan rate of 1 mV s
−1

. The potentiodynamic data were 

analysed using the polarization VoltaMaster 4 software. The linear Tafel segments of anodic 

and cathodic curves were extrapolated to corrosion potential to obtain corrosion current 

densities (Icorr). From the polarization curves obtained, the corrosion current (Icorr) was 

calculated by curve fitting using the equation 3: 

2.3 2.3
corr

a c

E E
I I exp exp

 

     
     

    

                                                                         (3) 

The inhibition efficiency was evaluated from the measured Icorr values using the following 

relationship: 

Tafel (%) = 
corr

corr(i)corr

I

II   100                                                                            (4) 

Where Icorr and Icorr(i) are the corrosion current densities for steel electrode in the 

uninhibited and inhibited solutions, respectively. 

 

3. RESULTS AND DISCUSSION 

3.1. Gravimetric measurements 

Values of the inhibition efficiency and corrosion rate obtained from the weight loss 

measurements of mild steel for different concentrations of NS in 3% NaCl at 298 K after 24 h 

of immersion are given in table 2. 
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Table 2. Corrosion rate of carbon steel and inhibition efficiency at different concentrations of 

NS in 3% NaCl obtained from weight loss and surface coverage (θ) measurements at 298 K  

 
 Concentration© 

(ppm) 

Wcorr 

(mg/cm
2
h

1
) 

E% Θ 

Blank 00 0.3 - - 

 

NS 

25 0.042 86 0.84 

50 0.047 84 0.86 

100 0.029 90 0.90 

250 0.028 91 0.91 

 

It can be seen from table 2 that results indicate that the compound NS in question inhibit 

mild steel corrosion in 3% NaCl, the efficiency values of inhibition increases substantially 

with the increase of the concentration of the inhibitor, , and reaches a maximum value of 91% 

at 250 ppm of NS. 
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Fig. 1. Polarization curves for mild steel in 3% NaCl in the absence and presence of various 

concentrations of NS after 30 mn of immersion at 298 K 

This behavior could be attributed due to interaction of compounds with the metal surface 

that results in the adsorption of inhibitor molecules[11]. The lone pair of electron on the 

oxygen will co-ordinate with the metal atoms of active sites. The presence of higher electron 

density on acid group as well as π-electrons in NS causes stronger interaction with metal 

surface [12]. 

 

3.2. Polarization measurements 

The anodic and cathodic polarization behavior of mild steel in the presence and absence 

of NS in 3% NaCl is shown in Fig. 1. Various corrosion parameters such as corrosion current 

density (Icorr), corrosion potential (Ecorr), Tafel slopes ( c and a ) and inhibition efficiencies 

(%η) are given in Table 3. 
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From the results obtained, we note on the one hand, a decrease of current densities on the 

two cathodic and anodic branches after the addition of different concentrations of NS with 

increasing inhibitory efficiency and an achieved concentration of a maximum value of 94% at 

250 ppm.  

 

Table 3. Summarizes the different electrochemical parameters associated with mild steel 

polarization curves in 3% NaCl at different concentrations NS 

 

 C 

(ppm) 

Ecorr 

(mV/Ag/AgCl) 

Icorr×10
6
 

(A/cm²) 
c  

(mV) 

a  

(mV) 

η 

% 

Blank 00 -559 280 121 121 - 

 

 

NS 

25 -419 151 538 142 46 

50 -469 31 151 547 90 

100 -562 19 557 14.7 93 

250 -579 15 525 122 94 

 

3.3. Electrochemical impedance spectroscopy 

To confirm the results obtained by the polarization curves and to extract more 

information about the corrosion mechanisms, we used some techniques of electrochemical 

impedance. The Nyquist diagrams obtained in 3% NaCl medium in the absence and presence 

of different concentrations for NS after one 30 mn of immersion at 298 K are shown 

respectively in Figure 2. 
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Fig. 2. Nyquist diagrams for mild steel electrode with and without NS at different 

concentrations after 30 mn of immersion 
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We notice that the diameter of the half-circles, relative to the witness, increases with 

increasing concentrations of inhibitor, which means that increasing concentrations lead to an 

increase of the inhibiting effect, hence a delay of iron dissolution speed due to the formation 

of a protective film on the surface of the electrode [13]. 
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Fig. 3. (a) and (b) the Bode plots for carbon steel in 3% NaCl at different concentrations of 

NS 

 

Table 4. Electrochemical impedance parameters for corrosion of mild steel in 3% NaCl at 

various contents of NS 

 

 C 

(M) 

Rs 

(Ω.cm²) 

Rf 

(Ω.cm²) 

Cf 

(µF/cm²) 

Cdl 

(µF/cm²) 

Rct 

(Ω.cm²) 

Rp 

(Ω.cm²) 

η% 

Blank 00 10 175 201 - - 165 - 

 

NS 

25 16 31 68 116 289 304 46.00 

50 42 308 12 37 992 1258 86.60 

100 10 459 5.5 19 1948 2397 93.11 

250 09 234 3 3 2311 2536 93.50 

(a) 

(b) 
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The impedance data of carbon steel recorded after 30 min of electrode immersion 3% 

Nacl with and without NS are presented as Bode plots in Fig. 3. The Bode plots show two 

phase maxima at intermediate and low frequencies.  

The examination of Table 4 show that Cdl and Cf values decrease while the values of Rct 

increase when the concentration of NS increases. The significant decrease in capacitance 

values can be attributed to a decrease in the dielectric constant or increasing the thickness of 

the electrical double layer due to the adsorption of the inhibitor forming a protective layer on 

the mild steel surface [14]. 

Similarly, when the concentration of inhibitor increases, the values of charge transfer 

resistance Rct increase. These respective evolutions of Rct suggests that the amount of 

inhibiting molecules formed on carbon steel increases, and consequently the decrease of 

active sites becomes necessary for the reactions of iron dissolution. 

The equivalent circuit model employed for these systems is presented in Figure 4. 

 

 

Fig. 4. The electrochemical equivalent circuit used to fit the impedance spectra. Where: Rs is 

solution resistance, Rct is charge transfer resistance, Rf is the film resistance, Cf is the film 

capacitance, and Cdl is the double layer capacitance. 

 

3.4. Adsorption isotherm and thermodynamic consideration 

The adsorption of organic inhibitors on metal surface can markedly change the corrosion 

resisting properties of the metals. Therefore, the investigation of relation between the 

adsorption and corrosion inhibition is important [15].  

The adsorption isotherms can give valuable information on the interaction of inhibitor and 

metal surface. So, it is essential to know the mode of adsorption and the adsorption isotherm. 

Several adsorption isotherms were assessed and the Langmuir adsorption isotherm was found 

to be the best description of the adsorption behaviour of the studied inhibitor, which obeys 

the following Eqs. (5) and (6)[16]: 

θ

1- θ
=KadsCinh                                                                                                                  (5) 

Kads=
1

55.55
 exp  (-

∆Gads
°

RT
 )                                                                                                (6) 
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Cinh is the inhibitor concentration, θ is the fraction of the surfacecoverage, Kadsis the 

adsorption equilibrium constant and ∆Gads
°

 is the standard free energy of adsorption. 

Figure 5 shows the dependence of the fraction of the surface coverage Cinh/ θ as a 

function of the concentration (Cinh) of NS. 

The degree of surface coverageθ for different concentrations of the inhibitorin 3% NaCl 

has been evaluatedfrompolarization curvemeasurements. The obtained plot of Cinh/θ vs Cinh 

is linear and it presented in figure 5. The regression coefficient is R
2
=0.999. The 

interceptpermits the calculation of the adsorptionequilibrium constant Kadswhichisequal 

34.4867 M
-1

 and leads to evaluate ∆Gads
°

=-18.71 kJ mol
-1

. The value of ∆Gads
°

indicates the 

low interaction betweeninhibitormolecules and the steel surface[17,18] . 
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Fig. 5. Langmiur adsorption plot of mild steel in 3% NaCl solution containing various 

concentrations of NS 

 

3.5. Effect of temperature 

The effect of temperature on the inhibited metal/3% NaCl reaction is complex, because 

many changes occur on the metal surface such as rapid etching and desorption of inhibitor 

and the inhibitor itself may undergo decomposition. The change of the corrosion rate with the 

temperature was studied in 3% NaCl, both in absence and presence of NS. For this purpose, 

polarization readings were performed at different temperatures from 298 to 328 K in absence 

and presence of 250 ppm of NS (Fig. 6). The electrochemical parameters were extracted and 

summarized in Table 5. Corrosion inhibition efficiencies ( %) calculated from Eq. 4 are also 

shown in Table 5. Fig. 5 shows that raising the temperature shifts corrosion potentials to 

nobler potentials. As seen, this led to a higher corrosion rate (Icorr). 
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Fig. 6. Potentiodynamic polarisation curves of mild steel in 3% NaCl in the presence of 250 

ppm of NS at different temperatures 

 

Table 5. Electrochemical parameters and the corresponding inhibition efficiencies at various 

temperature studied of mild steel in 3% NaCl in absence and presence 250 ppm of NS 

 
T (K) Ecorr  mV/Ag/AgCl 

 

Icorr×10
6
 (A/cm²)  % 

 Blank 250 ppm of NS Blank 250 ppm of NS - 

298 -559 -579 280 15 94 

308 -568 -427 345 39 88 

318 -653 -508 556 68 87 

328 -677 -422 706 131 81 

 

An inspection of Table 5 shown that, as the temperature increased, the values of Icorr 

increase and η (%) decrease. This behaviour reflects physical adsorption of NS on the steel 

surface [19]. 

 

3.6. Kinetic parameters of activation corrosion process 

Effect of temperature on the corrosion parameter can be deduced by comparing the 

activation energy in the presence and absence of the inhibitor. In order to calculate the 

activation energy of the corrosion process and investigation of the mechanism of inhibition, 

polarization measurements was carried out at various temperatures. The dependence of the 

corrosion rate on temperature can be expressed by the Arrhenius equation (7) [20-23]: 

icorr =A exp ( -
Ea

RT
  )                                                                                                    (7) 
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Where icorr is corrosion current, A is the constant, Eais the activation energy of the metal 

dissolution reaction, R is the gas constant and T is the temperature. Arrhenius plots for the 

corrosion rate of carbon steel were given in Figure 7.  
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Fig. 7. The relationship between Ln (icorr) and 1/T for mildsteelin 3% NaCl in the absence 

and presence of NS 
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Fig. 8. Transition state plots for mildsteelin 3% NaCl in the absence and presence of 250 ppm 

concentration of NS 

Value of Ea for mild steelin 3% NaCl and presence of the optimum concentration 250 

ppm of the inhibitor were estimated by calculating the slope of Ln (icorr) vs. 1/T. Moreover, 

the Arrhenius equation can be converted an alternative Eq 8 as follow[24]: 

𝑖𝑐𝑜𝑟𝑟  =  
𝑅𝑇

ℎ𝑁
 𝑒𝑥𝑝  ( 

∆𝑆𝑎

𝑅
 )𝑒𝑥 𝑝 (−

∆𝐻𝑎 

𝑅𝑇
)                                                                         (8) 
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Where N is Avogadro’s constant, h is the Plank’s constant, ΔSa is the entropy of activation 

and ΔHa is the enthalpy of activation (Figure 8). A plot of Ln (
icorr

T
⁄ ) against 1/T should 

give a straight line with a slope of (
∆Ha

T
⁄  )and intercept of  [ Ln(R

Nh⁄ )+ (
∆Sa

R
⁄ )], Ea, ΔHa 

and ΔSa were calculated and tabulated in Table 6. 

 

Table 6. The influence of temperature on the electrochemicalparameters for mildsteelin 3% 

NaCl and 250 ppm of NS 

 

 Ea 

(kJ/mol) 

ΔHa 

(kJ/mol) 

ΔSa 

(J.mol
-1

 K
-1

) 

Blank 26.3 24 -120 

250 ppm of NS 57.42 54.8 -37.6 

 

The important fact is that the activation energy for the corrosion of carbon steel in that 

solution has been increasedfrom 26.3 to 57.48 kJ/mol by adding the NS corrosion inhibitor, 

which indicates that required energy for carbon steel corrosion has been increased by adding 

the inhibitor i.e. corrosion current has been increased by addition of NS corrosion inhibitor. 

The increase in the apparent activation energy may be interpreted as physical adsorption that 

occurs in the first stage[25]. It is well known that decrease in efficiency with the increase of 

temperature is attributed to the physical adsorption[26]. The results show that the addition of 

NS decreases metal dissolution in 3% NaCl medium. This hindrance to dissolution is due to 

the formation of the metal complex layer [27]. Large and negative values of entropies show 

that the activated complex in the rate determining step represents an association rather than a 

dissociation step, meaning that a decrease in disordering takes place on going from reactants 

to the activated complex [28,29] .The values of ∆Sain the presence of NS are large and 

negative that is accompanied with exothermic adsorption process [30]. 

 

4. CONCLUSION 

The inhibition efficiency of mild steel corrosion in 3% NaCl by NS has been investigated 

by using weight loss test and electrochemical measurement. The following conclusions were 

drawn from this study: 

 Reasonably good agreement was observed between potentiodynamic polarization and 

electrochemical impedance spectroscopy techniques. 

 The examined NS shows excellent inhibition properties for the corrosion of mild steel in 

3% NaCl at 298 K, the efficiency values of inhibition increases with increasing the 
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concentration of the inhibitor. The maximum inhibition efficiency of 94% was observed at 

250 ppm concentration. 

 The effectiveness of inhibition NS slowly decreases with temperature. 

 The adsorption of NS on the mild steel surface from 3% NaCl obeys a Langmuir adsorption 

isotherm. 
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