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ABSTRACT:   
In present work, the dissolution prevention of mild steel induced by Indigofera Tinctoria Leaves (ITL) extract was analyzed using 
different techniques such as mass loss, potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) in 
1N HCl solution at different contact period and temperatures (303-333K). The result exhibits that ITL acts as a suitable inhibitor 
for mild steel in 1 N HCl solution.  Inhibition Efficiency (IE) of mild steel in 1N HCl increase with an increase in inhibitor 
concentration. Highest percentage of inhibition efficiency was found to be 89.78% at 1000 ppm concentration at the temperature 
333K. The adsorption of ITL on mild steel surface obeys Langmuir adsorption isotherm (R2= 0.9939). Also, the electrochemical 
study exhibits that ITL acts as a cathodic inhibitor in 1N HCl medium. Thin film formation on metal surface may also be 
confirmed by XRD, SEM-EDX studies. 
 
KEYWORDS: MS-Mild Steel, ITL- Indigofera Tinctoria Leaves, IE- Inhibition efficiency 
 
INTRODUCTION 
MS is especially advisable for the commercial enterprise because of its joinability and manufacturability. It is appropriate for 
mechanical engineering and all-purpose fabrication. Its property makes it an intense choice of material for the construction of 
enclosures, frames, barrier and in other utilizations. MS has a high proportion of iron to carbon, which means that it is very 
susceptible to deterioration, which are responsible for numerous financial loss primarily in the industrial range. It is clear that the 
best way to combat it is prevention. Especially several methods to avoid destruction or deterioration of metal surface, the 
corrosion inhibitor is one of the best-known methods of corrosion protection and one of the most useful on the industry. This 
method is following stand up due to low cost and practice method (1 to 3). Historically, inhibitors had great acceptance in the 
industries due to excellent anti-corrosive properties. However, many showed up as a secondary effect, harm the surroundings. 
Thus, the scientific gathering began inquiring for environmentally riskless inhibitors, like the green inhibitors. Many plant extract 
such as Aloe vera gel4 , Caesalpinia pulcherrima5, Phyllanthus amarus6, Pterolobium hexapetalum and Celosia argentea7, 
Cucurbita maxima8, Polyalthia longifolia9, Ligularia fischeri10, Molasses11, Phyllanthus fraternus12, Pentaclethra macrophylla 
Bentham13, Antigonon leptopus14, Aniba rosaeodora15,   Rotula aquatica16, Nypa fruticans wurmb17, Anacardium occidentale 
gum18, Juniperus19, Amaranthus cordatus20, Citrus aurantifolia21, coconut coir dust22, Albizia lebbeck23, Hyptis suaveolens24, 
Eugenia Jambolana25,Terminalia chebula26, Musa paradisica peel27, Hibiscus sabdariffa28, Raphanus Sativus29, Ocimum 
tenuiflorum30, Cassiaalata leaves31 and canna indicaas32  exhibits great corrosion hindrance ability towards MS surface. In 
continuity of our research work, the inhibiting properties of the Indigofera Tinctoria Leaves (ITL) extract in 1 N HCl were studied 
using mass loss and electrochemical techniques. 
 
MATERIAL AND METHODS 
Properties of Indigofera Tinctoria Leaves  
Indigofera tinctoria is a branching shrub used in traditional medicines, ayurveda, sidda and unani.  Galactomannan, Glycoside, 
Colouring matter (Indigotin), Flavonoids, terpenoids, alkaloids, glycosides, Indiruben, rotenoids are phytochemical constituents of 
Indigofera tinctoria are mainly responsible for its wide therapeutic actions. Studies conducted on Indigofera tinctoria showed that 
it possesses anti hyperglycemic activity, anti-bacterial, anti-oxidant, cytotoxicity effect, anti-inflammatory activity, anti 
hepatoprotective activity, antidiabetic activity, anticonvelsive agent. In traditional system of medicine, it has medicinal properties 
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as it is used in constipation, liver disease, heart palpitation, gout, trichogenous and expectorant.  
 
Stock Solution of Indigofera Tinctoria Extract 
Indigofera Tinctoria Leaves (ITL) were collected from the source ‘Marunthuvazh malai’ and dried up for about 168 hours, grinded 
then thoroughly immersed in a solution of C2H5OH for about 48 hours. Then alcohol solvent was removed by evaporation process 
and the pure ITL extract was collected. From this extract, different concentration of 10 to 1000 ppm stock solution was prepared 
using double distilled water and used throughout our present investigation. 
 
Specimen Preparation 
Rectangular specimen of MS was mechanically pressed cut to form different coupons, each of dimension exactly 20 cm2 
(5x2x2cm) with emery wheel of 80, 120 and degreased with trichloroethylene, washed with distilled water, cleaned and dried, 
then stored in desiccators for our present study. 
 
Mass Loss Technique 
In mass loss measurements, MS specimens in triplicate were completely immersed in 100ml of the test solution in the presence 
and absence of the ITL inhibitor. The specimens were withdrawn from the test solutions after immersion of 24 to 720 hours at 
room temperature also different with temperature ranges from 303K to 333K after an hour. The mass loss of the specimens is 
taken as the difference in weight before and after immersion using digital balance with sensitivity of ±1 mg. The tests were 
performed in triplicate to guarantee the reliability of the results and the mean value of the mass loss is reported. From the mass 
loss measurements, the corrosion rate was calculated using the following relationship. 
Corrosion Rate (mmpy) = [87.6 x W] / DAT  (1) 
W = Mass loss (mg), D = Density (gm/cm3), A = Area of specimen (cm2), T = time in hours. 
The % of inhibition efficiency (IE) and degree of surface coverage (θ) were calculated using equation (2) and equation (3) 
respectively. 
 % IE = [(W1 – W2) / W1] x 100   (2) 
θ   = (W1 – W2) / W1                  (3) 
Where, W1 and W2 are the corrosion rates in the absence and presence of the TFL extract respectively. 
 
Activation energy (Ea) 
Assumptions of Arrhenius concept is expressed with the aid of equation (4) and its derived form (5). 
CR= Aexp (-Ea/RT)     (4) 
log (CR2/CR1) = Ea /2.303 R (1/T1-1/T2)   (5) 
Where, CR1 and CR2 are the corrosion rate at the temperature T1 (313K) and T2 (333K) respectively. 
 
Heat of adsorption (Qads) 
Q ads =2.303 R [log (θ2/1- θ2)-log (θ1 /1- θ1)] x (T2T1/T2-T1)  (6) 
Where, R is the gas constant, θ1and θ2 are the degree of surface coverage at temperatures T1 and T2 respectively. 
 
Free energy of adsorption (ΔGads) 
ΔGads = -2.303 RT log (55.5 K)                    (7) 
Where,R is the gas constant, T is the temperature, K is the equilibrium constant of adsorption. 
 
Langmuir adsorption isotherm (LAI) 
Langmuir adsorption isotherm can be expressed by the following Equation  
log C/θ = log C – log K     (8) 
Temkin Adsorption Isotherm (TAI) 
Temkin adsorption isotherm can be expressed by the following equation  
θ = K ln C      (9) 
 
Freundlich Adsorption Isotherm (FAI) 
Freundlich adsorption isotherm can be expressed by the following equation  
log θ = log K + n log C    (10) 
 
El-awady Adsorption Isotherm (EAI) 
El-awady adsorption isotherm can be expressed by the following equation  
log [θ/(1- θ)] = log K + y log C   (11) 
Where, θ is the surface coverage, C is the concentration of the inhibitor solution and K is an adsorption coefficient.  
 
Electrochemical techniques 
Potentiodynamic polarization measurement  
From Tafel plot, the percentage of inhibition efficiency (IE) was determined by the following relationship. 
% IE = [(ICorr – ICorr(1)) / ICorr] x 100                 (12)  
Impedance spectroscopy measurement  
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From Nyquist plot, the percentage of inhibition efficiency (IE) was determined by the following relationship.  
% IE = [(Rct – Rct(1)) / Rct] x 100   (13) 
 
RESULT AND DISCUSSION 
Non-electrochemical approach: 
Mass loss technique  
Loss in mass of MS is analysed, at different contact periods, with and without of various extent of ITL extract. The relationship 
between mass reduction and contact period are shown in Figure-1 for ITL extract. The %IE affected by the heteroatoms like 
nitrogen and oxygen present in the extract. The rising in concentration of the extract give a decreasing of mass reduction and rise 
of the metal dissolution prevention. Experimental data show that the ITL extract considers as an ideal inhibitory substance for MS 
dissolution in 1N HCl medium. The maximum of 88.89% of inhibition efficiency is attained at 1000 ppm of inhibitor 
concentration. 

Table-1: CR and IE data of MS in 1N HCl comprising ITL with various contact period 

Con. of 
inhibitor 

(ppm) 

CR (mmpy) IE (%) 

24 
hrs 

72 
hrs 

120 
hrs 

168 
hrs 

216 
hrs 

360 
hrs 

24 
hrs 

72 
hrs 

120 
hrs 

168 
hrs 

216 
hrs 

360 
hrs 

0 96.48 54.01 35.01 29.72 31.08 23.73 - - - - - - 

10 69.28 34.95 20.78 17.10 17.69 13.38 28.19 35.29 41.97 42.46 43.06 43.63 

50 56.49 29.14 18.41 14.12 14.49 9.47 41.44 46.05 47.41 52.51 53.36 60.09 

100 40.68 21.78 13.86 11.33 9.84 5.13 57.83 59.68 60.43 61.89 68.33 78.38 

500 22.78 11.86 7.25 5.61 5.50 4.08 76.38 78.05 79.28 81.12 82.29 82.82 

1000 19.29 9.99 5.58 4.09 4.00 2.63 79.99 81.49 84.06 86.26 87.12 88.89 

 
 

 
Fig-1: IE Diagram of MS in 1N HCl comprising ITL with various exposure time 

 
            Effect of Temperature 

The values of corrosion rate and %IE obtained from mass loss technique at various concentration of ITL in 1N HCl at 
303K,313K,323K and 333K are summarized in Table 2. It is seen that by increasing the inhibitor concentration large number of 
heteroatoms present in the inhibitor get tightly adsorbed on MS surface, which suggest that inhibitor cover more active sites of 
MS for direct acid attack and hence retards the dissolution of MS. The maximum of 80.08% and 89.78% inhibition efficiency is 
reached at 303K and 333K respectively. The gradual increase of inhibition efficiency with rise in temperature is suggestive of 
chemical adsorption mechanism.  

Table-2: CR and IE Data of MS in 1N HCl comprising ITL with various temperature 

Con. of 
inhibitor 

(ppm) 

CR (mmpy) IE (%) 

303 K 313 K 323 K 333 K 303 K 313 K 323 K 333K 

0 1344.69 1885.91 2304.38 3001.83 - - - - 
10 1048.97 1311.21 1512.08 1818.96 21.99 30.47 34.38 39.40 
50 792.31 1127.08 1182.88 1177.29 41.08 40.23 48.67 60.78 

100 630.49 786.73 769.99 703.03 53.11 58.28 66.59 76.58 
500 440.79 463.11 496.56 513.32 67.22 75.44 78.45 82.89 

1000 267.82 306.88 362.68 306.88 80.08 83.73 84.26 89.78 
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Fig-2: IE Diagram of MS in 1N HCl comprising ITL with various temperature 

 
Thermodynamic and Adsorption Parameters: 
Activation Energy: 

Table-3: Data of Ea and Qads of ITL on MS in 1N HCl 
Con. of 

inhibitor 
(ppm) 

Activation energy 
(Ea) 

(kJ/mole) 

Heat of adsorption (Qads) 
(kJ/mole) 

0 74.2053 - 
10 72.1048 23.376 
50 70.8205 22.339 

100 68.4330 29.649 
500 68.7941 24.052 

1000 68.6593 21.862 
 
The Ea and Qads values were calculated for MS dissolution both in the presence and the absence of ITL extract. The table shows 
that the Ea values are decreased in the presence of the inhibitor, indicating that the adsorption type is chemisorption. The Qads 
values are ranged from 21.862 to 29.649 kJ/mol (Table-3). This value clearly revealed that the adsorption of ITL extract on the 
surface of MS is endothermic.  
 
Free Energy of Adsorption (FEA): 

 
Table-4: FEA of ITL on MS in 1N HCL 

Adsorption 
isotherm 

Temperature 
(K) 

Slope K R2 
∆Gads 

(kJ mol-1) 

 
Langmuir 

303 0.7318 7.5071 0.9914 -15.198 
313 0.7725 5.5237 0.9959 -14.902 
323 0.8038 4.3122 0.9953 -14.713 
333 0.8294 3.3714 0.9933 -14.487 

El-awady 

303 0.5489 0.0815 0.9815 -3.802 
313 0.5487 0.1049 0.9603 -4.585 
323 0.5127 0.1552 0.9716 -5.784 
333 0.5423 0.2003 0.9568 -6.669 

Temkin 

303 0.2816 0.8736 0.9878 -9.779 
313 0.2785 0.9935 0.9585 -10.437 
323 0.2559 1.2372 0.9554 -11.359 
333 0.2442 1.5525 0.9155 -12.339 

Freundlich 

303 0.2683 0.1332 0.9383 -5.040 
313 0.2275 0.1810 0.9542 -6.005 
323 0.1962 0.2319 0.9246 -6.862 
333 0.1706 0.2966 0.8577 -7.756 

 
Adsorption isotherm plots produce reliable information on the interaction between the hetero atoms in ITL and MS surface. θ 
values obtained from the mass reduction technique have been used to explain the best isotherm that explains the adsorption 
process. In order to suggest the apt adsorption isotherm, which explains the adsorption of ITL extract on the MS surface, a number 
of adsorption isotherm plots such as, Langmuir (avg R2= 0.9939), El-awady (avg R2 = 0.9676), Temkin (avg R2 = 0.9543) and 
Freundlich (avg R2 = 0.9187) have been verified. Among these only Langmuir isotherm shows a best fit according to the higher 
linear regression value is almost close to unity.  This suggests monolayer adsorption of inhibitor molecules on the metal surface. 
The negative values of ∆Gads suggested that the adsorption of ITL extract onto MS surface is a spontaneous process and the 
adsorbed layer is more stable one. 
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Fig-3: Diagram of LAI for the adsorption of ITL on MS 

in 1N HCl 

 
Fig-4: Diagram of TAI for the adsorption of ITL on MS 

in 1N HCl 

 

 
Fig-5: Diagram of FAI for the adsorption of ITL on MS 

in 1N HCl 

 
Fig-6: Diagram of EAI for the adsorption of ITL on MS 

in 1N HCl 

 
Table-5: Thermodynamic parameters of MS in 1 N HCl of ITL 

Con. of 
inhibitor 

(ppm) 

∆H 
(kJ/mole) 

∆S 
(kJ/mole) 

0 8.3899 8.447 

10 5.4073 8.318 

50 3.4475 8.232 

100 0.0410 8.053 

500 0.7801 8.127 

1000 1.0187 8.151 

 
ΔH and ΔS values presented in Table-5 are positive. The positive values of ΔH suggests that the adsorption of the extract on mild 
steel surface was endothermic in nature which may further revealed that inhibition efficiency increases at elevated temperature. 
The ΔS values shows that the values are positive due to the formation of the adsorbed layer on MS surface, which increases the 
disorder of the system.  
 
Electrochemical approach: 
Potentiodynamic Polarization Measurements: 
 

 
Fig-7: Tafel plot of MS in 1 N HCl containing various conc. (0 to 1000 ppm) of ITL 
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Polarization of anodic and cathodic plot for MS dissolution in acid with and without ITL extract are shown in Figure-7. Tafel 
extrapolation method gives various parameters like corrosion current density (Icorr), corrosion potential (Ecorr), cathodic branch 
slope (bc), anodic branch slope (ba) and inhibition efficiency (%I.E ) are noted in Table 11. The values of corrosion current density 
(Icorr) reduced with increasing ITL concentration (i.e. 3564 to 557 µA/cm2). It is evident that the nitrogen atoms can donate the 
lone pair of electrons to the MS surface to adsorb more easily and hence diminish the corrosion rate of the metal. The maximum 
shift in Ecorr is 488.5 mV, which reflect that the ITL extract is affected the reaction of cathodic. Moreover, ITL extract causes 
change in the Tafel slopes, that is Ecorr shift moving to positive direction suggesting that this extract is initially adsorbed onto MS 
surface and consequently resist by only blocking the active positions with no change the reaction mechanism. The maximum of 
84.38% inhibition efficiency was reached with rise in inhibitor concentration. 

 
Table-6: Parameters derived from polarization measurements of MS in 1 N HCl containing various concentration of ITL 

Con. Of 
inhibitor 

(ppm) 

-Ecorr 

 (mV) 
ba 

(mV/decade) 
bc 

(mV/decade) 
Icorr  

(µA/ cm2) 
I.E 
(%) 

0 488.5 185.94 171.97 3564 - 
10 454.6 131.75 130.73 2865 19.62 
50 458.1 133.32 130.87 2502 29.79 
100 436.9 109.87 113.98 1239 65.24 
500 472.1 130.43 122.80 764 78.57 

1000 459.8 99.27 133.54 557 84.38 
 
Electrochemical Impedance Spectroscopy Measurements: 
This method is used to find out the thin film formation on MS surface. Nyquist plot of MS in the absence and presence of ITL 
extract in acid are showed in Figure-8. AC impedance parameters like double layer capacitance (Cdl), charge transfer resistance 
(Rct) and % of IE were arrived and given in Table 7.  
 

Table-7: Parameters derived from impedance measurements of MS in 1 N HCl containing various concentration of ITL 

Con. of inhibitor 
(ppm) 

Rct  
(Ω cm-2)  

Cdl  
(μF cm-2)  

I.E  
(%)  

0 8.26 342.5 - 
10 8.80 293.0 6.16 
50 9.48 186.4 12.87 

100 14.37 113.2 42.52 
500 36.88 20.4 77.60 

1000 69.30 5.8 88.08 
 
Nyquist plot have half loop appearance suggests that the mild steel corrosion in acid is controlled by charge transfer process. The 
observed values of Rct increased from 8.26 to 69.30 Ω cm-2 and Cdl decreased from 342.5 to 5.8 μFcm-2 with increase of inhibitor 
concentration and maximum of 88.08% of inhibition efficiency was obtained. These results may confirm that the adsorption of the 
inhibitor on the metal ion can prevent the further dissolution process. Also, these results are in almost fit with the previous results. 
 

 
Fig-8: Nyquist plot of MS in 1 N HCl containing various concentration of ITL 

 
Cyclic Voltammetry:  
Cyclic voltammetry was used to inspect the adsorption process of ITL extract on MS surface. Cyclic voltammetry is a perfect 
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method for surface characterizations. The peak potential, peak multiplicity, and the relative intensity of peaks can give information 
regarding any change in the surface composition and reversibility of the electrochemical reactions that takes place at metal 
surface. Figure-9 shows that the voltammogram of the MS plates in 1 N HCl with and without various concentrations of the ITL 
extract on MS. Observed result reveals that the surface is mainly MS and the areas under the peaks in presence of the inhibitor are 
less than those of the plain MS surface. Results propose that the MS surface was covered by a monolayer of ITL extract.  

 
Fig-9: Cyclic voltammograms in the absence and presence of ITL in MS immersed in 1N HCl 

 
Morphological Studies: 
EDX Analysis: 
 

     
Fig-10: EDX spectrum of the corrosion product on MS in the absence and the presence of  

ITL in 1 N HCl 
Energy dispersive X-ray (EDX) technique provide information regarding the composition of MS surface in the absence and 
presence of inhibitors in 1N HCl. The EDX spectra of uninhibited and inhibited MS samples are shown in Figure-10. It shows that 
the MS surface in the absence of inhibitor has chloride content due to the corrosive attack of hydrochloric acid environment 
whereas metal in inhibited solution shows the presence of nitrogen in addition to chloride and oxygen. Therefore, nitrogen present 
in the inhibitor acts as a barrier and retards further dissolution of MS against corrosion. 
 
XRD Analysis: 

 

 
Fig-11: XRD spectrum of the corrosion product on MS in the presence of ITL in 1 N HCl 
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The corrosion products are scrapped from MS surface in the presence of ITL inhibitor was examined by XRD studies and shown 
in Figure-11. It reveals that the composite may be combined with rich amount of Fe3N2, FeCl2 and FeO with inhibitor. 
 
SEM Analysis: 

    
(a)      (b)    (c) 

Fig-12(a-c): SEM micrograph of polished MS, MS in the absence and presence of ITL in 1 N HCl 
Surface analysis using scanning electron microscope (SEM) proved a significant improvement on surface morphology MS plates 
in the addition of ITL extract.  Uncorroded, uninhibited and inhibited MS were examined by using Scanning Electron Microscope 
(Figure-12(a-c)). Uninhibited and inhibited plates were immersed in the HCl medium for 48 hours at room temperature before 
analysis. For inhibited MS plates, inhibitor was also added at the optimal concentration. Above coupons with different treatment 
displayed in different images from SEM; (a) Uncorroded surface of MS plates without pits, but some scratches which occurred 
during cutting (b) Uninhibited MS plates with deep pits shows corrosion has taken place (c) Inhibited MS plates which shows the 
protected surface which is not much affected by the acid. Brightness of the image indicates that good interaction of inhibitor with 
MS surface from the surface profile of MS plates carried out, the difference indicated above, proves the formation of the adsorbed 
layer (film) which acted as a barrier to the acid corrosiveness. 
 
Conclusion 
Inhibition performance of Indigofera Tinctoria Leaves extract on MS in 1 N HCl was excellent and ITL acts as an apt inhibitor. 
Inhibition efficiency of 88.89% was attained even after 360 hrs exposure time. The dissolution resistance of the MS increased with 
rise in ITL concentration. ITL inhibitor on MS surface in 1 N HCl obeys Langmuir adsorption isotherm and exhibits strong 
chemisorption. The adsorption process is a spontaneous and endothermic process. The thin film formation on MS surface may 
also be confirmed by XRD, SEM-EDX studies. 
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