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1. Introduction 

Corrosion of metals is, though unavoidable, but a controllable process. The National Institute of Standards and 

Technology has estimated that the annual cost of corrosion in the US was in the range of $9 billion to $ 90 billion 

[1]. In most of the industrialized nations the cost of corrosion has been identified upto 3 -5% of the gross national 

product [2]. Metals and their alloys which are exposed to adverse conditions during various stages can accelerate 

degradation. In order to prevent corrosion, methods like water displacing products (oil or grease), water absorption 

products (silica gel) and dehumidification were employed previously, but they became insignificant due to high 

material cost for application and removal and high labour [3]. In acidic media, especially in oil and gas industries, 

the use of inhibitor was found to be the best approach for protecting metals against corrosion. The general 

corrosion rate may be extremely high and increase exponentially with increasing temperature and acid 

concentrations, in the absence of corrosion inhibitors [4].                                                                          

Corrosion inhibitors execute inhibition by protecting the surface of metals either by merging with them or by 

reacting with the impurities in the environment which may cause pollution [5]. Corrosion inhibitors act in many 

ways; it may restrict the rate of the cathodic or anodic process by blocking the active sites on the metal surface or 
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it may increase the potential of the metal surface so that the metal enters the passivation region where a natural 

oxide film forms. Further some inhibiting compounds form a thin layer on the surface which stifles the corrosion 

process [6]. For the protection of steel in acidic media, organic corrosion inhibitors are more effective than 

inorganic compounds [5]. Environmental damage due to inorganic inhibitors and toxicity due to organic inhibitors 

resulted in the use of ecofriendly green inhibitors. Non toxic, biodegradable green inhibitors from different plant 

parts has been proven as good corrosion inhibitors as revealed in literature [7-20]. Various factors like nature of 

metal , chemical structure of inhibitor, presence of additives, testing media, solution temperature , solution 

concentration etc. influence adsorption of natural corrosion inhibitors on mild steel surface [21].  

Plant extracts are rich in compounds like alkaloids, flavonoids, tannins etc., which have the potential to act as 

corrosion inhibitor. In case of natural products it is difficult to identify the compound which exactly acts against 

corrosion. In fact it is a synergistic action of several components in a plant extract. Even though it is unknown 

that which component may act as inhibitor, the major components of a plant extract can also be monitored for its 

corrosion inhibition property [17]. 

Pogostemon quadrifolius (Benth.) belonging to family Lamiaceae is a common ethnobotanically important 

medicinal plant in India and some adjacent countries and is used as a folk medicine against chiken pox worms. It 

is also a blood purifier [22, 23]. Methanolic stem extracts of P. quadrifolius has been reported to show good 

corrosion inhibition activities for mild steel in 1 M HCl [24]. (Z)- ethylidene-4,6-dimethoxycoumaran-3-one 

(EDC)  was identified and separated as one of the major compound from the leaves of P. quadrifolius [25]. 

Geranyl vinyl ether (GVE) has been identified as the major compound in the methanolic extract of flowers of P. 

quadrifolius [26]. (Z)-ethylidene-4,6-dimethoxycoumaran-3-one and Geranyl vinyl ether (Fig 1 & 2) were 

analysed in this study for its corrosion inhibition property theoretically. As it won’t be cost effective, separation 

and experimental work using EDC and GVE has not been attempted. With the support of theoretical calculations 

the potential of the plant as an inhibitor can be best studied [18]. Apart from leaf extracts floral extracts were also 

studied for corrosion inhibition property using weight loss method, electrochemical impedence spectroscopy, 

potentiodynamic polarization technique, FT-IR and SEM. 

 

Fig. 1: Structure of (Z)-ethylidene-4, 6-dimethoxycoumaran-3-one (EDC) 

 

Fig 2:  Structure of Geranyl vinyl ether (GVE)       MW 180 

 

2. Material and Methods 

2.1/ Materials                                                                                        

Mild steel of size 2 × 1.8 cm2 were used as test specimens. Only 1 cm2 area of test specimen was exposed during 

each measurement in electrochemical experiments. Prior to the measurements the test specimens were rubbed 

with various grades of emery papers (600 - 1200 grades) and then subjected to the action of a buffing machine 

with a cotton wheel and a fibre wheel having buffing soap to ensure a mirror- bright finish followed by washing 

with water and acetone as recommended by ASTM standard G -1-72. Weight of the samples was taken accurately 

using four digit electronic balance (Shimadzu AAY220). 1 M HCl was prepared from analytical grade HCl 

(Merck) using double distilled water. The concentration ranges of the inhibitors were 100, 150, 200, 250 and 300 

ppm in 1 M HCl.                        
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2.2/ Inhibitor preparation 

The fresh flowers and leaves of P. quadrifolius were collected from the surrounding areas and were washed, shade 

dried and made into fine powder using a mixer grinder and the powder was kept in small airtight bottles with 

proper labelling. Powdered flowers and leaves were extracted using methanol in soxhlet apparatus, until all the 

constituents were completely eluted. The filtered and evaporated dry extracts were used as the corrosion inhibitor.                                                                                              

2.3/ Gravimetric measurements 

The pre- weighed steel samples were immersed in blank solution of 1 M HCl and also in 50 ml 1M HCl solution 

containing different concentrations of inhibitor (100 ppm, 150ppm, 200 ppm, 250 ppm and 300 ppm) for 6 hours.  

Gravimetric measurements were carried out at 303 K, 313 K and 323K temperatures. The withdrawn steel 

specimens were carefully rinsed with double distilled water, cleaned with acetone, dried at room temperature and 

weighed.                                                                  

2.4/ Electrochemical measurements 

Electrochemical measurements were carried out by the method described in literature [17,18] using Gill AC 

computer controlled work station. A conventional three – electrode cell assembly with thermostatically controlled 

temperature (303 K) was used for electrochemical studies. Working electrode (WE) was the pure mild steel 

specimen, counter electrode was the platinum electrode and reference electrode, the saturated calomel electrode 

(SCE). Electrochemical impedence spectroscopy was carried out imposing sinusoidal voltage of 10 mV amplitude 

at a frequency range 10 kHz to 0.1 Hz to determine the corrosion inhibition efficiency of PQ extracts.  The 

inhibition efficiency was calculated with the equation     

                                                                                                       (1) 

where R*
ct and R ct are the charge transfer resistances with and without inhibitor respectively. 

Information regarding corrosion potential and corrosion current density which is directly proportional to corrosion 

rate was provided by polarisation technique. By extrapolating the linear segments of anodic and cathodic 

polarization curves (Tafel extrapolation method) to corrosion potential ( Ecorr) at different inhibitor concentrations,  

corrosion current density  ( icorr ) was obtained. The impedence diagrams are provided in the form of Nyquist plots. 

The charge transfer resistance values were identified from the diameter of the semicircles of the Nyquist plots. 

The corrosion inhibition efficiency was evaluated from the measured icorrvalues as,    

                                                                                                        (2) 

where icorr and i* corr are corrosion current densities without  and with the inhibitor respectively. 

2.5/ Computational studies 

Full geometry optimization of the inhibitors were performed using DFT (density functional theory) with Becks 

three –parameter exchange functional along with Lee-Yang - Par  non local correlation functional (B3LYP) with 

6-311 G (d,p)  basic set using the Gaussian 09 programme package. Energy of the highest occupied molecular 

orbital (E HOMO ), energy of the lowest unoccupied molecular orbital (E LUMO) , ΔE ( HOMO – LUMO energy 

gap),  dipole moment (µ), total energy (TE) , electronegativity ( χ ) , hardness (ɳ ), the number of transferred 

electrons (ΔN) etc. are identified.           

3. Results and discussion 

3.1/ Weight loss technique  

Though weight loss method is the easiest regarded as ‘gold standard’ corrosion testing, the sensitivity of this 

method is very limited as weight can be measured only to about 0.1 mg. The weight loss measurement results 

conducted at 303 K, 313K and 323 K for floral and leaf extracts are provided in tables 1& 2. It can be noted that 

with increasing inhibitor concentration the inhibition efficiency percentage increased which was estimated as                                                                                              

IE (%) =   R
*
ct – R ct       × 100                                                                                                               

                      R
*
ct

IE (%) =      icorr - i*corr          × 100                                                                                                               (2) 

                       icorr
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Inhibition efficiency                                                                     [3]                                                                       

where W1  was weight loss without inhibitor and W2 weight loss with inhibitor  and corrosion rate as   

Corrosion rate                                                                         [4]                                                                                    

where Wa and Wb are the weight of steel specimens after and before immersions in the corrosion media, A the 

area of steel specimen in cm2, t the time of exposure in hours.      

Table 1. Corrosion parameters of mild steel in the absence and presence of PQMF      

Temperature Conentration of 

plant exract in 

1M HCl (ppm) 

Weight of 

steel before 

immersion 

Weight of 

steel after 

immersion 

Weig

ht 

loss 

wb-wa Corrosion 

rate (CR in 

g/cm2h) 

Inhibition 

Efficiency 

(IE %) 

303K 

Blank 3.26 3.19 0.07  3.162  

100 3.26 3.25 0.01 0.062 0.459 85.5 

150 3.25 3.24 0.01 0.064 0.357 88.7 

200 3.59 3.58 0.01 0.066 0.275 91.3 

250 3.24 3.23 0.01 0.067 0.206 93.5 

300 3.47 3.46 0.01 0.070 0.111 96.5 

313K 

Blank 3.78 3.67 0.11  5.031  

100 3.85 3.83 0.02 0.096 0.826 83.6 

150 3.47 3.45 0.02 0.099 0.689 86.3 

200 3.21 3.20 0.01 0.103 0.528 89.5 

250 3.75 3.74 0.01 0.105 0.418 91.7 

300 3.74 3.73 0.01 0.108 0.292 94.2 

323K 

Blank 3.74 3.60 0.14  6.263  

100 3.26 3.23 0.03 0.117 1.134 81.9 

150 3.78 3.76 0.02 0.120 0.965 84.6 

200 3.69 3.68 0.01 0.125 0.802 87.2 

250 3.25 3.24 0.01 0.128 0.658 89.5 

300 3.54 3.53 0.01 0.132 0.482 92.3 
 

Table 2. Corrosion parameters of mild steel in the absence and presence of PQML 

Temperature Conentration of 

plant exract in 1M 

HCl (ppm) 

Weight of 

steel before 

immersion 

Weight of 

steel after 

immersion 

Weig

ht 

loss 

wb-wa Corrosion 

rate (CR in 

g/cm2h) 

Inhibition 

Efficiency 

(IE %) 

303K 

Blank 3.26 3.19 0.07  3.162  

100 3.26 3.24 0.02 0.054 0.784 75.2 

150 3.69 3.67 0.02 0.057 0.619 80.4 

200 3.48 3.46 0.02 0.061 0.490 84.5 

250 3.79 3.78 0.01 0.063 0.386 87.8 

300 3.97 3.96 0.01 0.065 0.300 90.5 

313K 

Blank 3.78 3.67 0.11  5.031  

100 3.25 3.22 0.03 0.084 1.338 73.4 

150 3.25 3.22 0.03 0.090 1.097 78.2 

200 3.68 3.66 0.02 0.094 0.890 82.3 

250 3.46 3.44 0.02 0.098 0.714 85.8 

300 3.25 3.23 0.02 0.101 0.599 88.1 

323K 

Blank 3.74 3.60 0.14  6.263  

100 3.25 3.21 0.04 0.103 1.766 71.8 

150 3.66 3.62 0.04 0.110 1.459 76.7 

200 3.89 3.86 0.03 0.114 1.284 79.5 

250 3.25 3.22 0.02 0.120 1.033 83.5 

300 3.74 3.72 0.02 0.123 0.864 86.2 

 

(IE %) = [(W1 – W2) / W1] × 100                                                                         

(CR) = (Wb – Wa) / A t 
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3.2. /Electrochemical Impedance Spectroscopic (EIS) studies                                                                    

The Nyquist plots which has been obtained from EIS studies has been provided in figures 3 & 4. Due to surface 

inhomogenity, roughness or impurities or dislocations, [27, 28, 17] the Nyquist plots are not perfect semicircles. 

The impedance spectra shows a single semicircle for a particular PQ concentration. The diameter of the capacitive 

loop in the presence of  PQ extracts is larger than in the blank solution  and diameter of Nyquist plots were found 

increasing with increase in concentration of PQ extracts  which resulted in strengthening the inhibitive film. EIS 

result (Table 3) also shows that Rct value increases with increasing inhibitor concentration indicating that the mild 

steel surface is protected by the inhibitor. The maximum IE in PQ extracts reaches more than 90% and these 

results are in agreement with those obtained from polarisation studies.                                                                

 
              Fig. 3. Nyquist plot for mild steel PQMF                          Fig. 4. Nyquist plot for mild steel PQML                                                            

Table 3. EIS data for mild steel in 1 M HCl without and with extracts of leaves and flowers of PQ 

Sample Concentration (ppm) Rct(Ω cm2) I corr (mAcm2) Cr (mm/yr) IE % 

 Blank ----- 9.256 2.818 32.67 ------- 

PQML 100 45.52 0.573 6.642 79.66 

 200 47.91 0.545 6.31 80.68 

 300 61.71 0.423 4.899 85.00 

PQMF 100 112.00 0.233 2.700 91.73 

 200 129.30 0.202 2.338 92.84 

 300 220.20 0.119 1.373 95.79 

 

3.3./Potentiodynamic polarization studies                                                                                                  

The inhibition of various extracts of PQ on mild steel specimens in 1 M HCl were investigated by measuring the 

anodic and cathodic behavioural changes of the specimens which is corresponding to metal oxidation and 

hydrogen reduction. The anodic and cathodic potentiodynamic polarization curves of carbon steel in 1 M HCl   

without  and with varying concentrations of samples of various extracts of PQ were recorded at a scanning rate of 

1 mV s-1 at room tempearture (303 K) are represented in figures 5 & 6. In table 4 electrochemical parameters 

determined from polarisation curves as corrosion potential (E corr), anodic and cathodic Tafel constants ( βa and βc 

), corrosion current density ( I corr) and corrosion rate are given . From these polarisation results it is clear that the 

Icorr values decrease considerably in the presence of PQ extracts with increasing concentrations from 100 – 300 

ppm. Inhibition efficiency increases with increasing extract concentration , reaching  87.20 %  and 95.10 % 

respectively in leaves  and flowers of PQ . The addition of PQ extracts in HCl slightly modifies the Tafel slopes. 

In the presence of various concentrations of PQ extracts in 1M HCl, no defenite trend was observed in the shift 

of Ecorr values. These observations indicate that PQ exhibits cathodic and anodic inhibition effects showing mixed 

type of inhibition behaviour in 1 M HCl. Generally if the displacement in corrosion potential is more than 85mV 

with respect to corrosion potential of blank, the inhibitor may be cathodic or anodic type.                                                                                                  
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                                                      Fig : 5. Polarization curves for mild steel PQML 

                       
                                                     Fig : 6. Polarization curves for mild steel PQMF 

            Table 4. Polarisation data for mild steel in 1 M HCl without and with extracts of different parts of PQ for 1 hr 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Concentration 

of inhibitor 

(ppm) 

E corr 

(mV) 

βa 

(mV/dec) 

-βc 

(mV/dec) 

I corr 

(mA cm2) 

C r 

mm/yr 

IE % 

 

Blank  -443 117 173 1.662 19.262  

PQML 100 -461 97.00 126 0.460 5.333 72.30 

 200 -483 101 118 0.305 3.539 81.60 

 300 - 464 92.00 108 0.212 2.454 87.20 

PQMF 100 -474 79.00 154 0.155 1.797 90.60 

 200 -478 77.00 127 0.131 1.521 92.10 

 300 -455 85.54 125 0.081 0.934 95.10 
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Based on the results obtained from electrochemical studies it can be concluded that the IE increases gradually 

with addition of each 100 ppm  of the extract upto the highest concentration , and even at the lowest inhibitor 

concentration, there is considerable IE. Thus, PQ is a good inhibitor against mild steel corrosion in HCl and floral 

extracts are more efficient inhibitor than leaves.       

3.4/ Adsorption studies and thermodynamic parameters 

The corrosion inhibition mechanism can be best explained using adsorption isotherms. It provide information 

regarding  the interaction between inhibitor and mild steel surface. The surface coverage values (θ) at different 

concentrations of inhibitor (PQML & PQMF) in 1M HCl were calculated from weight loss measurements 

conducted at 303K, 313 K, and 323 K. The frequently used adsorption isotherms are Temkin, Frumkin and 

Langmuir isotherms. The experimental data was tested on these adsorption isotherms and through correlation co 

efficient (R2) usage the best fit was obtained from Langmuir adsorption isotherm (Figs. 7 & 8) which is represented 

by the equation  :    

                               

where Cinh represent the concentration of the inhibitor, Kads is the equilibrium constant of adsorption process and 

θ, the surface coverage. Figures 7 & 8,   show straight lines of Cinh/θ against  Cinh  at all studied temperatures. The 

results show the linear regression coefficient (R2) and slope close to unity, which confirms the adsorption of both 

PQ leaf and flower extracts on mild steel surface obeying Langmuir  adsorption isotherm.            

 
                   Fig : 7 Langmuir adsorption isotherm for mild steel in 1M HCl for different concentrations of PQMF 

 
                 Fig: 8 Langmuir adsorption isotherm for mild steel in 1M HCl for different concentrations of PQML 

Cinh/θ = 1/Kads + Cinh  [ 5]
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It is well known that the natural extract contains infinite components at various contents and the majority contains 

one and/or more than function group as ketone, alcohol, acid, aldehyde…, the inhibitory effect is generally 

interpreted by the intermolecular synergistic effect of several molecules [29-34]. Also, the concentration is 

generally expressed by ppm or g/L and not for specific molecule, the determination of adsorption parameters as 

free enthalpy, enthalpy and/or entropy has no scientific meaning [35-37]. 

3.5/ Theoretical calculations                                                                                                                       

Quantum chemical study is an excellent tool in determining the molecular structure, electronic structure as well 

as reactivity of molecules in corrosion studies [38]. Certain quantum chemical calculations were performed to 

study the effect of molecular structure on inhibition efficiency using Gaussian 09 programme package.  Quantum 

chemical parameters obtained from the calculations such as the energies of frontier molecular orbitals (E HOMO) 

and (E LUMO),  the separation energy (E HOMO - E LUMO) (ΔE), representing the function of reactivity, dipole moment 

(µ), total energy (TE) , ΔN  representing the fraction of electrons transferred from ligand to metal are collected in 

table 7.  

Electronic structures of the phytocomponents  selected in the study, EDC from PQML  and GVE from PQMF  are 

illustrated in Fig. 9 & 10., which include optimized geometry, the highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) of EDC & GVE. E HOMO show the electron donating ability of 

molecules and  generally  the higher the E HOMO value,  the greater the tendency of the molecule to donate electrons 

to acceptor molecule and the lower the E LUMO value ( electron accepting ability of the molecule) the greater the 

tendency to accept electrons [39,40] . In the case of EDC, E HOMO is -6.257 eV and E LUMO is -1.949 eV and of 

GVE, E HOMO   is -6.12 eV and E LUMO is 0.08 eV . The energy difference between E HOMO and E LUMO, ΔE , indicate 

the reactivity (inhibition efficiency)  of the given compound and generally smaller the ΔE value, the greater will 

be the efficiency of the molecule [36,39]. The ΔE value of EDC was obtained as 4.308 and of GVE 6.2 both of 

which are comparatively lower values. The low values  of dipole moment is also associated with good inhibition 

properties [41] .  The ionisation energy (I) and electron affinity (A) is related to    E HOMO and E LUMO as per below 

[42, 43]. 

         [9] 

Table 7. Quantum chemical parameters for EDC & GVE     

 

                    
                                      Fig : 9. a. HOMO EDC                                                  Fig 9.b. LUMO EDC 

 

I = - E HOMO       A = - E LUMO

 EDC -765.22 -6.257 -1.949 4.308 6.257 1.949 4.103 2.154 0.464 0.672 4.55

GVE -544.32 -6.12 0.08 6.2 6.12 -0.08 3.019 3.099 0.323 0.6423 1.8

σ(global 

softness) 

(eV)

ΔN (eV)ΔE  (eV)Total energy

Dipole       

moment     

D

Chemical 

constituent 

E HOMO  

(eV)

E LUMO   

(eV)
I A

χ(electro 

negativity) 

(eV)

η(global 

hardness) 

(eV)
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                     Fig. 9 c. Optimized geometry of  EDC                          Fig.10a. Optimized geometry of  GVE 

    

Fig : 10 b. HOMO GVE                                                   Fig 10.c. LUMO GVE 

3.6/ Scanning electron microscopic studies (SEM) 

SEM studies were conducted to study the surface morphology of mild steel before and after immersion in 1 M 

HCl without and with PQML and PQMF extracts (300ppm) and the results obtained are provided in figures 

11,12,13 and 14. From the figures it is clear that the extract form a protective film over mild steel specimen and 

prevent corrosion by acid solution.                                                               

                     

          Fig : 11.SEM image of polished mild steel before              Fig: 12.SEM image of  mild steel after 

                        immersion in test solution                                      immersion in 1M HCl without inhibitor 
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           Fig :13. SEM image of mild steel after                                       Fig: 14.SEM image of  mild steel after 

immersion in 1M HCl with inhibitor PQMF 300ppm                immersion in 1M HCl  with inhibitor  PQML 300ppm 
 
3.7/ Fourier transform infrared spectroscopic studies (FTIR)                                                                    

FT-IR analysis was conducted to identify the functional groups present in the extracts and the corrosion product 

and to confirm the inhibition taking place due to the interaction between the extract and metal. Tables 9, 10,11 & 

12 show various bonds present in the corrosion product and extract. When mild steel was immersed in the extract 

to form the corrosion product , there occured a shift in the spectra of the extract, showing an interaction between 

mild steel and extract  resulting inhibition.  Spectra of the corrosion product show some functional groups missing 

, which might have occured due to adsorption of the inhibitor on the mild steel surface.     

 

Fig :15. FTIR spectra of crude plant extract and corrosion product – PQMF 
 

 
 

                                 Fig :16.FTIR spectra of crude plant extract and corrosion product – PQML 
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     Table 9. IR spectra of PQML extract                                                  Table 11. IR spectra of PQMF extract                                 
 

 

 

 

 

 

 

 

 

 

 

 

 

   Table 10. IR spectra of corrosion product PQML                  Table 12. IR spectra of corrosion product PQMF 

 

 

 

Conclusion 

Experimental studies proved that PQML and PQMF are very effective inhibitors for mild steel corrosion in 1 M 

HCl and PQMF are more effective than PQML and the inhibition efficiency increased with increase in extract 

concentration.Gravimetric technique and EIS studies strongly suggest the formation of protective barrier by 

PQML and PQMF on mild steel surface which is supported by SEM studies and FTIR. Polarisation studies 

revealed that the extract inhibited corrosion process by means of a mixed inhibition mechnism. Adsorption of 

PQML and PQMF was further confirmed by experimental data fitting to Langmuir adsorption isotherm. The 

results obtained using electrochemical polarisation and EIS techniques are in good agreement. DFT – based 

quantum chemical computations of parameters associated with the electronic structures of major components 

EDC and GVE confirmed the inhibiting potential of PQML and PQMF.                                                        
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Wave number (cm-1) Assignment/ 

vibration mode 

3232.67 O- H stretching 

1622.93 C═C vibration 

622.55 Fe2O3 
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