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The effect of the leaves extract of Gingko biloba (GLE) as an inhibitor for P110 steel in 3.5% NaCl 

solution was studied using electrochemical and surface analysis techniques. The inhibition efficiency 

increased (95% EIS and 96% Tafel at 1000 ppm) with the increase in concentration of the inhibitor. 

Langmuir adsorption isotherm was followed by GLE showing a straight line with linear regression 

coefficient values. SEM and SECM analyses indicated that the corrosion mitigation was due to the 

adsorbed film of GLE on the metal surface. 
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1. INTRODUCTION 

P110 casing steel can be used for H2S situation of the northeast part of Sichuan Province and 

Tarim oil field, Xinjiang (China); furthermore, the reservoir usually contains CO2, which makes the 

corrosion situation often more complex and worse. P110 can resist H2S but does not resist CO2 

effectively in the reservoir. This motivated us to investigate the corrosion and inhibition of P110 steel 

in 3.5% NaCl solution.  
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Inhibitors are chemicals that are used to mitigate corrosion. The inhibitor mitigates corrosion 

by adsorbing on the metal surface and forming a thin layer [1-4]. Literatures reveal the use of several 

eco friendly corrosion inhibitors in different aggressive environments [5-13]. 

After the literature survey we concluded that no work has been reported on P110 steel in 3.5% 

NaCl solution saturated with CO2. This motivated us to investigate the leaves extract of Gingko biloba 

(GLE) as potential corrosion inhibitor for the oil and gas pipeline steels.  

 

2. EXPERIMENTAL  

2.1. Gingko leaves extract 

Dried Gingko leaves were ground to powder form. Dried (50 g) powder was soaked in ethanol 

(900 mL) and left for 24 hours. Next day, it was refluxed for 5 h and the extract was used to study the 

corrosion inhibition properties. P110 steel (wt.%): C 0.27; Si 0.26; Mn 0.6; P 0.009; S 0.003; Cr 0.5; 

Ni 0.25; Mo 0.6; Nb 0.05; V 0.005; Ti 0.02; Fe balance, was used for the electrochemical tests. P110 

steel coupons having dimensions of 30 mm × 3 mm × 3 mm was used for the electrochemical study. 

CO2 with 5 MPa pressure was pumped in the closed bottle containing 3.5% NaCl solution for 30 

minutes. 

 

2.2. Electrochemical studies  

The impedance spectroscopy and Tafel polarization was performed through Autolab 

Potentiostat/Galvanostat (Model GSTAT302N) with FRC and GPES softwares for data fitting, and 

polarization curves. The four neck cells were used for electrochemical studies consisting of the 

working electrode, auxiliary electrode, reference electrode, and the fourth one was used to saturate 

CO2 in the solution after which it was sealed.  

The Tafel polarization studies were performed from −300 mV to +300 mV at a scan rate of 1 

mV s
-1

. The impedance studies were carried out from 100 kHz to 0.00001 kHz frequency range [14]. 

The corrosion inhibition efficiency (%) was evaluated using the following equation: 
0 '

corr corr

0

corr

% 100
I I

I


             (1) 

where,  0

corrI  and '

corrI  are the corrosion current without inhibitor and in the presence of 

inhibitor, respectively. The inhibition efficiency of the inhibitor for Nyquist plot was calculated using 

the following equation: 
' 0

ct ct

'

ct

% 100
R R

R


             (2) 

where,  '

ctR  and  0

ctR  are the charge transfer resistance in presence of inhibitor and without 

inhibitor, respectively.  
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2.3. Scanning Electrochemical Microscopy (SECM) 

The CHI900C was used with a 10 μm platinum tip of the probe for the scanning 

electrochemical microscopy studies. The cell assembly setup used was the same as used for the 

electrochemical test. The diameter of the samples was between 30 × 3 × 3 mm. The results were 

obtained at the tip at ~ 10 μm from the specimen surfaces at a scan rate of 80 μm/step [15, 16]. 

 

2.4. Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX) 

Micrographs of P110 steel surfaces with and without inhibitor were recorded using TESCAN 

VEGA II XMH device. EDX detector coupled with SEM device was used to analyze the changes in 

the composition of metal surface. All the specimens were dried before exposing the surface for 

imaging. 

 

3. RESULTS AND DISCUSSION 

3.1. EIS Measurement 

 
Figure 1. (a) Nyquist plots (b) Schematic diagram for Nyquist (c) Bode and (d) Theta- frequency plots 

for P110 steel in 3.5% NaCl solution in the absence and presence of GLE. 

-3 -2 -1 0 1 2 3 4 5 6
-10

0

10

20

30

40

50

60

70

80

 

 

P
h

a
s

e
 A

n
g

le
  

/ 


log f (f / Hz)

 1000 ppm GLE+3.5% NaCl

 500 ppm GLE+3.5% NaCl

 250 ppm GLE+3.5% NaCl

 3.5% NaCl

(d) 

(b) 

-2 -1 0 1 2 3 4 5 6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

 

 

lo
g

 Z




c

m



log f (f / Hz)

 1000 ppm GLE+3.5% NaCl

 500 ppm GLE+3.5% NaCl

 250 ppm GLE+3.5% NaCl

 3.5% NaCl

(c) 

(a) 



Int. J. Electrochem. Sci., Vol. 10, 2015 

  

6903 

 

           
(a)      (b) 

 

Figure 2. Model used for (a) 3.5% NaCl solution and (b) for GLE. 

 

Fig. 1a shows the Electrochemical Impedance spectra for P110 steel as Nyquist plots at open 

circuit potential for P110 steel. Schematic Nyquist plots are represented in Fig. 1b. Bode plots (Fig. 1c) 

and the Theta frequency plots (Fig. 1d) were also studied and are shown respectively. The inhibition 

efficiency increases with the increase in inhibitor concentration. This is evidenced by the diameter of 

the Nyquist plots that gets bigger with each increasing concentration.The impedance spectra for 3.5% 

NaCl solution was analyzed by using the equivalent circuit (Fig. 2a) while of GLE was analyzed by 

another equivalent circuit having inductance in addition to Rs, Rct and CPE (Fig. 2b). CPE is derived 

from equations (3) and (4) [17-20]: 

ct
CPE s n

ct1 ( )

R
Z R

R Y j
 


         (3) 

n n j n2) (cos sin
2 2

n
n n

j e j


 
  

 
   

 
       (4) 

By inserting equation (3) into equation (4) and, if ZCPE = Z` + jZ``, we get the following 

relation: 
2 2 2

nct
s ct` cot csc

2 2 2 2

R n Rct n
Z R Z R

      
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Cdl can be obtained at center C (Rs + Rct/2, Rct cot n/2), the maximum in Nyquist plot when Z` 

= (Rs + Rct)/2, this happens when 1-Rct 
2
(Ymax 

n
)
2
 = 0, this solution implies that Rct Y

n
 = 1, and thus: 

n

ct

1

R Y
             (6) 

        

The double-layer capacitance (Cdl) values can be calculated from CPE values using the 

following equation as shown in table 1 [21-24]: 
1

dl ( )
sin( ( / 2))

nY
C

n







           (7) 

where, ω is the angular frequency, i.e., 2πf max. The () can be calculated according to the 

equation: 
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max

1

2 f



            (8) 

The relaxation time of a surface state is defined by the following equation: 

dl ctC R             (9) 

The values of with the chi-square value of the fitting are given in table 1 [25, 26]. The 

interface parameter () decreased from 496.2 sec to 19.6 sec while the capacitance (Cdl) value 

decreased from 79.8 to 27.9F cm
-2

 with the increase in the inhibitor concentration up to 1000 ppm
 

[27-29].  

The electrochemical impedance parameters such as inhibition efficiency (η%), solution 

resistance (Rs), charge transfer resistance (Rct), phase shift (n), and inductance (L) are listed in table 1. 

Nyquist plots showed that the diameter of P110 steel with inhibitor changes significantly in 

comparison to the solution without inhibitor. From table 1, it is clear that the greatest effect was 

observed at 1000 ppm of GLE that gives Rct value of 3157 Ω cm
2
 in 3.5% NaCl respectively.  

 

 

Table 1. Electrochemical impedance parameters for P110 steel in the absence and presence of GLE. 

 
Sol Rs Rct n Y°       Cdl L Chi   Surf. 

Cover-

age 

 ( cm
2
) ( cm

2
)       (Ω

−1
s

n
/cm

2
) (sec)   (F cm

2
) (H cm

2
) Square %  

3.5% 

NaCl 

2.5 145 0.848 246 496.2 79.8 - 0.0006 - - 

GLE 

250 ppm 

3.2 850 0.837 113 157.0 40.8 81 0.0008 83 0.83 

GLE 

500 ppm 

1.7 1294 0.852   77   49.4 36.1 104 0.0033 89 0.89 

GLE 

1000 

ppm 

1.2 3014 0.871   48   19.6 27.9 93 0.0019 95 0.95 

 

The values of log|Z| vs. log f (0.470–0.719) were close to -1 and the phase angle values for 

blank 3.5% NaCl (-33.4°), GLE 250 ppm (-41.3°), GLE 500 ppm (-51.1°)  and GLE 1000 ppm (-69.7°) 

can be observed (table 2). A slope of -1 and a phase angle of -90° represents an ideal capacitive 

behavior [30-32].  

 

Table 2. The slope of Bode plots and phase angles (α) for P110 steel in absence and presence of GLE. 

 

C (ppm) -S -α° 

3.5% NaCl 0.470 33.4 

GLE 250 ppm 0.482 41.3 

GLE 500 ppm 0.641 51.1 

GLE 1000 ppm 0.719 69.7 
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3.2. Polarization Measurements 

Fig. 3 shows the polarization curves for P110 steel in presence and absence of GLE in 3.5% 

NaCl solution. Table 3 gives the values of corrosion current (Icorr), corrosion potential (Ecorr), cathodic 

and anodic Tafel slopes (bc, ba) and inhibition efficiency (η%). According to the literatures, [33, 34] (i) 

if displacement in corrosion potential is <85, the inhibitor can be mixed type. In the present study, shift 

in Ecorr values is in the range of 32 mV, suggesting that GLE act as mixed type of inhibitor [35, 36].  

 

 
 

Figure 3. Tafel Polarization curves for P110 steel with and without GLE. 

 

Table 3. Tafel Polarization parameters for P110 steel with and without GLE.  

      

Conc.(ppm) Ecorr Icorr ba -bc  Surface 

coverage 

 (V vs. SCE) (A cm
-2

) (V d
-1

) (V d
-1

) (%)  

3.5% NaCl -0.721 9.1 0.06 1.03 - - 

GLE 250 ppm -0.732 1.9 0.08 0.81 79 0.79 

GLE 500 ppm -0.753 1.3 0.04 0.56 86 0.86 

 GLE 1000 ppm -0.750 0.4 0.06 0.27 96 0.96 

 

3.3. Adsorption characteristics of the inhibitor 

The adsorption of GLE molecules on the metal surface can be considered as a process between 

the inhibitor (Inh(sol)) and water molecules ( H2O(ads)) [37]. 

(sol) 2 (ads) (ads) 2 (sol)Inh + H O Inh + H Ox x        (10) 

where, x   is the size ratio representing the number of water molecules replaced by one 

molecule of the organic inhibitors. Langmuir adsorption isotherm was used according to the equation 

given below: 

 
ads

ads

inh
1

inh

K C

K C



         (Langmuir isotherm) (11)   
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This equation can be rearranged to 

inh
inh

ads

1C
C

K
            (12) 

 

 

 

Figure 4. Langmuir adsorption isotherm plots for (a) EIS and (b) Tafel. 

 

Fig. 4a, 4b represents a straight-line graph of Cinh versus values of Cinh/θ. The correlation 

coefficients were almost linear (R
2
) ranging 0.99989 for EIS and 0.99920 for Tafel polarization 

obtained from plots of the GLE which indicated the adsorption of GLE on the P110 steel surface 

obeyed Langmuir adsorption isotherm [38, 39]. Kads can be related to free energy of adsorption, Gads 

as [40]: 

ln(55.5 )ads adsG RT K             (13) 

The values of Kads and ΔG°ads are given in table 4. The spontaneity of the adsorption process 

was confirmed by the negative values of ΔG°ads [41, 42].  

 

Table 4. Thermodynamic parameters for the adsorption of GLE on the P110 steel at different 

concentrations. 

   

 EIS  Tafel  

Concentration Kads G°ads Kads G°ads 

M M
-1

 kJ mol
−1 

M
-1 

kJ mol
−1

 

3.5% NaCl - - - - 

1000 ppm 

GLE 

3967 -30.4 5011 -31.0 
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3.4. Scanning Electrochemical Microscopy (SECM) 

Fig. 5a-h shows the images of the samples as observed under scanning electrochemical 

microscope. The distance between the probe and the sample was established by approach curves prior 

to each experiment. 
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Figure 5. SECM figures for (a) 3.5% NaCl x axis (b) 3.5% NaCl y axis (c) 250 ppm GLE x axis (d) 

250 ppm GLE y axis (e) 500 ppm GLE x axis (f) 500 ppm GLE y axis (g) 1000 ppm GLE x 

axis and (h) 1000 ppm GLE y axis. 

 

When an insulating surface (GLE inhibitor) covering the steel surface is approached by the 

probe, there is hindrance in the diffusion current and the tip current decreases (Fig. 5c-h). The current 

increases when a conducting, i.e. blank 3.5% NaCl solution without GLE inhibitor is approached (Fig. 

5a, b) [43-48].  

 

3.5. Scanning Electron Microscopy (SEM) and EDX 

The P110 steel surface was analyzed using scanning electron microscopy to show the corrosion 

mitigation by GLE. The specimen surface in Fig. 6a showed a strongly damaged and corroded surface 

without inhibitors. Fig. 6b showed a less damaged surface in 3.5% NaCl solution with 250 ppm GLE. 

The surface was smooth for 500 ppm and 1000 ppm of GLE as shown in Fig. 6c and Fig. 6d. These 

results indicated that the GLE blocked the active centers on the metal surface thereby effectively 

mitigating corrosion.  

The elements present on the P110 steel surface were analyzed through an EDX spectrum. Fig. 

7a is the EDX spectrum of the P110 steel without GLE that indicates the presence of Fe, Mn, Zn, Cr, 

Mg, Si, As peaks, which led to the breakdown at the metal surface and easy corrosion of bare metal. 

Spectra of Fig. 7b, 7c and 7d showed that the metal peaks are significantly suppressed compared to the 

P110 steel surface in presence of GLE. The peaks were suppressed due to the GLE molecules on the 

P110 steel that covered the active centers and hence the corrosion was mitigated.  
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Figure 6. SEM images for (a) 3.5% NaCl solution (b) 250 ppm GLE (c) 500 ppm GLE and (d) 1000 

ppm GLE. 

 

 

(a) (b) 

(c) (d) 
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Figure 7. EDX peaks for (a) 3.5% NaCl solution (b) 250 ppm GLE (c) 500 ppm GLE and (d) 1000 

ppm GLE. 

 

5. CONCLUSIONS 

1. The inhibition efficiency increases with the increase in concentration of GLE 

effectively. 

2. Langmuir adsorption isotherm was followed by the adsorption of GLE molecules on the 

P110 steel surface.  

3. Tafel Polarization values indicated that GLE acted as mixed type inhibitor. 

4. The SECM and SEM-EDX analyses showed that GLE can effectively mitigate the 

corrosion of P110 steel. 
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