
 

 https://biointerfaceresearch.com/  12186 

Article 

Volume 11, Issue 4, 2021, 12186 - 12201 

https://doi.org/10.33263/BRIAC114.1218612201 

 

Plantago Major Extract as an Environmentally Friendly 

Inhibitor for the Corrosion of L-80 Carbon Steel in 0.5 M 

H2SO4 Media 

Mohamed A. EL-Zekred 1, Abd El-Aziz S. Fouda 1 , Ashraf M. Nofal 2, Kamal Shalabi 1, *  

1 Chemistry Department, Faculty of Science, Mansoura University, Mansoura, Egypt; 

Mohamed_ahmed902009@yahoo.com (M.A.E.-Z.); asfouda@hotmail.com (A.S.F.);  
2 Environmental Studies and Research Institute, University of Sadat City, Sadat City, Egypt; dr.ashrafnofal20@yahoo.com 

(A.M.N.); 

* Correspondence: dr-kamal@mans.edu.eg;  

Scopus Author ID 2666715790 

Received: 3.12.2020; Revised: 29.12.2020; Accepted: 30.12.2020; Published: 3.01.2021 

Abstract: The inhibition impact of  Plantago major leaves extract on carbon steel (CS) which immersed 

in 0.5 M H2SO4 media was investigated by several methods such as mass loss method (ML), 

electrochemical impedance spectroscopy (EIS), potentiodynamic polarization (PDP), and 

electrochemical frequency modulation (EFM). Data obtained from different measurements was showed 

that %IE enhanced with added the Plantago major extract doses also increased with increasing 

temperature degree. Thermodynamic adsorption and kinetic parameters of the system were also 

measured and studied. The adsorption of the Plantago major extract on CS is, according to Temkin 

isotherm. The  curves from PDP explained that the Plantago major extract is considered as a mixed-

type inhibitor. The EIS technique's acquired data verified that the studied extract produced a thin layer 

that covers and protects the CS surface. Atomic Force Microscopy (AFM) and Fourier Transform 

Infrared (FT-IR) analysis conformed that Plantago major extract was adsorbed on CS surface. The data 

obtained from unlike measurements were in good accord. 
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1. Introduction 

Studying metal corrosion and how to protect it from corrosion is extremely important 

due to the resulting problems, as the economic losses due to material degradation. Corrosion is 

the decomposition and dissolution of alloys and metals by electrochemical and chemical 

reactions with the surrounding environment [1]. CS is regarded as one of the most significant 

materials used for petroleum purposes, pipelines, tanks, ships, equipment, and other industries 

due to its excellent mechanical properties at high temperature, ease of manufacture, and its 

cost. However, it is prone to corrosion when it comes in contact with an acidic solution, 

scientific researchers are doing their best to solve this problem. Acidic solutions are used in 

industrial applications where sulfuric acid is the most used to remove oxides that are formed in 

the steel, oil refinery by chemical procedures [2-5]. Over time, the use of these acid solutions 

can damage metals. Inhibitors are materials that are added in small quantities to protect all 

metals and alloys from corrosion attack. One of the best protection methods is the green 

inhibitor, which has many advantages: low cost, safe environment, availability, and renewable 

resources. There are many types of research published on the employment of natural products 
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as corrosion protection [6-12]. Some of the plant extracts have been successfully proved for 

their effectiveness on the deterioration of CS in acidic environments [13-26]. The Plantago 

major has been utilized to treat some diseases and has bioactive agents for wound healing 

effects, anti-ulcerative, anti-diabetic, anti-diarrhoeal, anti-inflammatory, anti-cancer, anti-

fatigue, antioxidant and free radical scavenger, anti-bacterial, and anti-viral [27]. In this 

investigation, we study the inhibition impact of Plantago major extract on the corrosion of CS 

with 0.5 M H2SO4. The techniques used for this study were ML and electrochemical tests. The 

adsorption of Plantago major extract on the CS surface has been proved by Atomic Force 

Microscopy (AFM) and Fourier Transform Infrared (FT-IR). 

2. Materials and Methods 

2.1. Composition of CS samples. 

The CS samples used in the experiments are of L-80 CS type, which is: 0.040 %P, 0.050 

%S, 0.15-0.20 %C, 0.60-0.90 %Mn, and Fe rest. This constitution, according to the American 

Iron and steel institute (AISE). The dimension of the specimens is 20 x 20 x 2 mm. Before 

starting measurements, the samples must be treated by unlike grades of emery paper, then 

washed with de-ionized water and dried with filter papers. 

2.2. Preparation of corrosive media.  

The destructive solution used in the study was 0.5 M H2SO4, which was prepared by 

diluted analytical reagent grade H2SO4 by de-ionized water. 

2.3. Preparation of plant extracts. 

After collecting Plantago major leaves, we dried them at room temperature and ground 

them into a fine powder by using an electrical mill. Take about two hundred grams (200g) of 

this powder and soaked into 800 ml of methanol at a ratio of 1:4 (powder/solvent).  Under 

vacuum, the extract was isolated then dried by rotary evaporator [28]. The investigated extract 

was liquefied in ethanol (1g/L) and stored in the refrigerator. Fourier Transform Infrared (FT-

IR) technique was used to recognize functional groups that existed in Plantago major extract 

before and next study of the corrosion inhibition. There are various bioactive compounds found 

in Plantago major extract: Carbohydrates, Lipids, Alkaloids, Caffeic acid, Flavonoids, Iridoid 

glycosides, and other terpenoids [29]. 

2.4. Chemical technique (ML method). 

At first, the CS specimens must be physically treated before starting the study using 

emery papers of unlike grades abraded to finish a mirror then washed by bi-distilled water and 

desiccated by filter papers. Samples were weighted by electrical balance. The doses used of 

Plantago major extract was varied from 50 to 300 ppm. The coupons were dipped into a 

solution of 100 ml of 0.5 M of H2SO4 in the lack and existence of unlike Plantago major extract 

doses for 180 min. The immersion time is 30 min, where the samples were weighed again. The 

rates of corrosion (CR), the surface coverage (θ), and the inhibition efficiency (%IEML) 

obtained from the ML method were reckoned from the following equations. [30,31]: 

CR =
M

At
                                                           (1) 
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θ =  
CR−CR(i)

CR
                                                                 (2) 

%IEML =  θ × 100                                                       (3) 

where “M = reduction in mass (mg), CR(i) and CR are the rate of corrosion with and without 

extract, respectively, t is the immersion time (min), and A is the area of the surface (cm2)”. 

2.5. Electrochemical technique. 

Three different electrodes are placed together in a glass cell for electrochemical 

measurements. A reference electrode is Ag/AgCl(s) electrode, the platinum wire is an auxiliary 

electrode, and the working electrode is made from CS with an exterior area 10 mm2. The 

working electrode surface must be physically treated in the same approach as ML method [32]. 

Before starting a measurement, CS electrode was placed in the studied solution for 20 min to 

attain a steady-state (OCP).  For potentiodynamic polarization tests, the applied potential was 

from -0.5 to + 0.5 V at (OCP) with scan rate 1 mVs−1. The current of corrosion icorr was 

evaluated from the extrapolating of anodic and cathodic (βa & βc) Tafel slopes to obtain icorr, to 

measure IE% of the inhibitor and (θ) we used the following relation: 

%𝐼𝐸𝑃𝐷𝑃 = [ 1 −
𝑖𝑐𝑜𝑟𝑟(𝑖𝑛ℎ)

𝑖𝑐𝑜𝑟𝑟(𝑓𝑟𝑒𝑒)
] × 100                                           (4) 

wherever “icorr (free) and icorr (inh) are the current densities for without and with 

inhibitors“correspondingly. The impedance tests (EIS) were done with a frequency variety of 

100 kHz to 0.2 Hz peak-to-peak amplitude of 10 mV at (OCP). The %IE is calculated from this 

formula: 

%𝐼𝐸𝐸𝐼𝑆 = [ 1 −
𝑅𝑐𝑡(𝑓𝑟𝑒𝑒)

𝑅𝑐𝑡(𝑖𝑛ℎ𝑖)
] × 100                                                     (5) 

wherever “Rct (free) and Rct (inh) are the resistances of charge transfer for nonexistence and 

existence of inhibitors,” respectively. For EFM measurements, we utilized two frequencies of 

range 2 and 5 Hz [33-35]. The corrosion current, Causality factors (CF-2, CF-3), and βa & βc 

Tafel slopes were evaluated using the biggest peeks. 

2.6. Examination of the Surface by AFM, FT-IR. 

The CS specimens understudied were immersed in a solution of 0.5 M of H2SO4 in the 

lack and the existence of 300 ppm of Plantago major extract. The coupons were removed after 

24 h and let in the air dry at room temperature; then, the morphological surface of the studied 

CS specimens was examined by Atomic force microscopy (AFM). The film formed on CS 

surface was examined by Fourier transforms infrared spectroscopy with a varied wave number 

from 400 – 4500 cm−1. 

3. Results and Discussion 

3.1. Mass loss (ML) measurements. 

3.1.1. Effect of concentration and temperature. 

The CR of studied CS was determined before and after added different doses of 

Plantago major extract by calculating the ML per area per unit time. CS samples' mass 

measured before and after immersion time for 180 min in the uninhibited and inhibited 

corrosive solution by electrical balance. ML curves against time at 25 ᶱC for CS in 0.5 M H2SO4 

before and after adding unlike doses of Plantago major extract was shown in Fig.1. ML 
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measurements were done at various temperatures of 25, 35, 45, and 55 ᶱC. The impact of 

temperature on the CR of CS in the lack and existence of diverse concentrations of Plantago 

major extract was shown in Table 1. From the data in this table, we noticed that the CR was 

diminished with the investigated inhibitor's rising concentration, so the %IE increases. This 

occurs by the adsorption of Plantago major extract on the CS surface and by rising the dose of 

the Plantago major plant extract lead to rising the surface coverage (θ) of the extract on the CS 

surface and forming a layer of the studied extract on CS which protect it from destroyed 

[36,37]. By increasing the temperature, the CR decreases, and the %IE of the Plantago major 

plant extract increasing, as shown in Table 1. 
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Figure 1. ML – time curves in the lack and existence unlike doses of Plantago major extract at 25.0˚C. 

Table 1. Effect of unlike doses of Plantago major on CR and IE % of CS in H2SO4 (0.5 M) at unlike 

temperatures. 

Inhi.  

Conc., 

M  

25.0°C 35.0°C 45.0°C 55.0°C 

CR×10-2 

mg cm-2 

min-1 

%IE CR×10-2 

mg cm-2 

min-1 

%IE CR×10-2 

mg cm-2 

min-1 

%IE CR×10-2 

mg cm-2 

min-1 

%IE 

P
la

n
ta

g
o
 m

a
jo

r 

0.5 M H2SO4 4.276 _ 10.853 _ 25.387 _ 39.992 _ 

50 14.17 66.8 25.23 76.8 5750.  80.1 71.38 82.2 

100 11.29 73.6 18.76 82.7 34.97 86.2 51.52 87.1 

150 9.34 78.2 15.33 85.9 29.55 88.4 40.18 90.0 

200 7.80 81.8 12.19 88.7 24.10 90.5 30.78 92.3 

250 6.68 84.4 9.66 91.1 17.63 93.1 26.75 93.3 

300 5.75 86.5 7.27 93.3 15.03 94.1 020.1  94.9 

3.2. Adsorption isotherms. 

Several isotherm models were evaluated to examine the interaction between Plantago 

major extract and the CS surface. The Temkin isotherm was the appropriate model to illustrate 

the adsorption process. The expression of Temken model is: 

𝜃 =
2.303

𝑎
𝑙𝑜𝑔 𝐾 + 

2.303

𝑎
𝑙𝑜𝑔 𝐶                                      (6) 

where “θ is the surface coverage, a is the parameter of molecular interaction, K is the 

equilibrium constant of adsorption, and C is the concentration of inhibitor“. By plotting θ with 

log C Fig. 2, straight lines were acquired with intercept = 2.303/a log K and slope of lines 

=2.303/a. 

The Kads is related with the Gibbs free energy (-∆G˚
ads) by this formula: 

𝑙𝑜𝑔 𝐾𝑎𝑑𝑠 = − 𝑙𝑜𝑔 55.5 −  
∆𝐺𝑎𝑑𝑠

°

2.303𝑅𝑇
                                      (7) 
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where “R is the constant of universal gas, T is the absolute temperature, and the value of 55.5 

is equal to water concentration“.  

Moreover, the enthalpy ∆H˚
ads can be obtained from Van’t Hoff equation (8) by plotting 

(log Kads) versus (1/T) as demonstrated in Fig. 3. 

log 𝐾𝑎𝑑𝑠 = −
∆𝐻𝑎𝑑𝑠

°

2.303𝑅𝑇
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                  (8) 

The standard entropy ∆S˚ads parameter can be obtained in accordance with the following 

formula:  

∆𝐺𝑎𝑑𝑠
° = ∆𝐻𝑎𝑑𝑠

° − 𝑇∆𝑆𝑎𝑑𝑠
°                                         (9) 

The data of thermodynamic parameters (ΔG˚ads. , ∆H˚
ads.and ∆S˚

ads.) and  Kads was 

recorded in Table 2 [38-40]. 
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Figure 2. Temkin adsorption of Plantago major on the CS of at different temperatures. 
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Figure 3. (1/T against log Kads) curves existence and nonexistence of unlike doses of Plantago major extract. 

Table 2. Data of thermodynamic adsorption parameters. 

Inhibitor Temp. 

K 

Kads. ×104 

mole−1 

−ΔG°
ads 

kJ mol−1 

ΔH°
ads 

kJ mol−1 

ΔS°
ads 

J mol−1 k−1 

Plantago major 298 0.81 32.2 152.1 618.6 

308 8.9 39.5 622.0 

318 65.6 46.0 623.1 

328 212.0 50.6 618.1 

From the data of thermodynamic adsorption parameters found in Table 2, the following 

notes can be written: 

1- The negative sign of (ΔG˚ads.) indicated that the Plantago major extract is spontaneously 

absorbed on the surface of metal [41]. 
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2- The results of ΔG˚ads. are negative approximately - 40 kJ mol-1, which is affiliated with the 

chemical absorption reaction resulting from the transfer of electrons from the extract 

components to the empty d orbitals on the surface of the CS to form a coordination bond [42].  

3- The positive data of ΔH°
ads.  indicated that the adsorption of Plantago major extract to CS 

occurs via an endothermic reaction associated with chemical absorption reaction [43]. 

3.3. Activation parameters. 

The thermodynamic parameters of the destructive reaction's excitation state were 

evaluated from ML measurements at different temperatures. The activation energies  (Ea
*)  of 

the corrosion process were given from Arrhenius expression as follows [44]: 

log kcorr = (
−Ea

∗

2.303RT
) +  log A                                                           (10) 

Where “Ea
* is the energy of activation, A is the factor of Arrhenius pre-exponential, and kcorr 

is the CR“obtained from ML measurements. Fig.4. showed (log kcorr) versus (1/T) for Plantago 

major extract, and straight lines were acquired.   
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Figure 4. 1/T versus kcorr for existence and nonexistence of unlike doses of Plantago major extract. 
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Figure 5. (1/T) against log (kcorr/T) curves in existence and nonexistence of unlike doses of Plantago major 

extract. 

The obtained data of Ea
*  was recorded in Table 3; with rising the Plantago major extract 

dose, the E*
a values decreased, which indicates chemisorption adsorption [45,46]. The 
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activation entropy ΔS* and activation enthalpy ΔH* were estimated by transition state equation 

[47,48]: 

logkcorr = log (
R

Nh
) +

∆S∗

2.303R
+

∆H∗

2.303RT
                                              (11) 

Where “N is Avogadro’s number, h is Planck’s constant, ∆H* is the enthalpy of activation, and 

∆S* is the activation entropy“.  Fig.5 displayed (log kcorr /T) against (1/T) for Plantago major 

extract. We can determine the activation parameters from values of slope and intercept of 

straight lines. The obtained values of activation parameters were recorded in Table 3. The 

positive sign of ΔH* indicates the endothermic reaction of the dissolution process of CS [49]. 

The data of ΔS* increment with increasing the dose of inhibitor, which is evidence for the 

formation of an activated [inhibitor-metal complex] in the rate-determining step [50,51]. The 

negative symbol of ΔS* indicated that the activated [inhibitor-metal] prefersassociation instead 

of dissociation. 

Table 3.  Parameters for activation of CS in the lack and existence of different Plantago major extract 

concentrations in 0.5M H2SO4. 

Inhibitor Conc. 

M 

Ea* 

kJ mol−1 

∆H* 

kJ mol−1 

−∆S* 

J mol−1 K−1 

 

 

 

Plantago major 

  

0.5 M H2SO4 61.6 25.6 72.5 

50 45.1 18.5 137.1 

100 42.1 17.1 149.8 

150 41.1 16.7 154.5 

200 39.1 15.8 162.8 

250 38.5 15.6 166.5 

300 36.1 14.5 176.0 

3.4. Electrochemical measurements. 

3.4.1. PDP measurements. 

Tafel polarization curves of CS in 0.5M H2SO4 media before and after treating with 

unlike doses of Plantago major extract at 25°C was showed in Fig.6.  The figure showed that 

the current densities of anodic and cathodic branches decrease by adding different 

concentrations of Plantago major extract, indicating the anodic and cathodic reactions were 

inhibited by plant extract. The electrochemical parameters Ecorr, βa & βc, θ, IE %, and icorr were 

estimated and established in Table 4.  
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Figure 6. PDP plots for CS in the lack and existence of unlike doses of Plantago major at 25˚C. 

https://doi.org/10.33263/BRIAC00.000000
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC00.000000 

 https://biointerfaceresearch.com/ 12193 

The acquired data showed that the current of corrosion (icorr) was decreased by adding present 

extract leading to a decrease in the CR and increase of IE% owing to the establishment of a 

protective adsorbed layer of the plant extract. While the values of (Ecorr) and (βa& βc) were not 

significantly changed, so the Plantago major extract performed as a mixed type of inhibitor, 

indicating that the Plantago major extract hindered both H2 evolution process (cathodic 

reaction) and CS dissolution process (anodic reaction). Moreover, the non-significant change 

of βa& βc, revealing that the Plantago major extract does not modify the mechanism of CS 

corrosion in 0.5M H2SO4. 

Table 4. electrochemical parameter, icorr, Ecorr, βa, βc, kcorr, θ and IE % of CS in 0.5M H2SO4 for existence and 

nonexistence unlike doses of Plantago major extract. 

Inh. conc., 

M 

− Ecorr, 

mV vs. SCE 

βa 

mV dec−1 

βc 

mV dec−1 

icorr, 

μA m−2 

θ %IEPDP 

Plantago 

major 

0.5 M H2SO4 449 106.0 188.4 1900 - - 

50 421 110 200.0 479 0.748 74.8 

100 415 106 204.6 431 0.773 77.3 

150 411 83.7 199.5 394 0.793 79.3 

200 410 92.5 197.6 302 0.841 84.1 

250 404 73.0 192.0 243 0.872 87.2 

300 401 55.7 180.5 215 0.890 89.0 

3.4.2. Electrochemical impedance (EIS) measurements. 

The Nyquist and Bode plots of CS before and after adding different Plantago major 

extract doses are shown in Fig. (7-a) and (7-b), respectively. Nyquist plot shows one depressing 

capacitive loop, and Bode plot displays one phase angle maximum, which is attributed to the 

presence of one time constant in the corrosion process related to the electrical double layer 

existence in metal–solution interface [52]. The Fig. (7-a) curves showed a gradual rise in the 

shape of each semicircle of the Nyquist curves by raising the concentration of the present 

extract. The curves which result from Nyquist plots are not completely semicircle because of 

roughness and homogeneity of electrode surface [52]. 

In Fig.8, the equivalent circuit examined the EIS spectra for CS corrosion in 0.5M 

H2SO4 before and after adding Plantago major extract included Rs (solution resistance), Rct 

(charge transfer resistance), and CPEdl (constant phase element for a double layer). The 

following describes the impedance as a function of CPE [53]: 

Cdl = Y0 (𝜔max)n-1                                                (12) 

where, “ωmax denotes the angular frequency when the imaginary component of the impedance 

at its maximum value, Y0 is the magnitude of CPE, and n is a CPE exponent“relies on the 

character of the metal surface. 

The %IE was estimated by using this Eq. [54]: 

%IEEIS =
Rct (inh)−Rct

Rct (inh)
× 100                                                    (13) 

where “Rct is the resistance of charge transfer, and Cdl is the capacitance of double layer“. The 

data of (IE %, θ, Rct, and Cdl) are listed in Table 5. From acquired data, we are noted that there 

is an increase in (Rct) by increasing Plantago major extract concentration, which demonstrates 

a rise in their protecting versus the corrosion by reason of the construction of adsorbed 

protective layer [55]. While the (Cdl) decreased owing to an increment in the electrical double 

layer thickness as the concentrations of Plantago major extract increased [56].   
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Figure 7-a. Nyquist curves for CS in the lack and existence of unlike doses of Plantago major extract. 
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Figure 7-b. Bode curves for CS in 0.5M H2SO4 for existence and nonexistence of unlike doses of Plantago 

major extract. 

 
Figure 8. Equivalent circuit model. 

Table 5. Data obtained from EIS measurements for CS corrosion in the lack and existence of unlike doses of 

Plantago major extract at 25˚C. 

Inhibitor Conc. 

M 

Rct, Cdl, θ %IEEIS 

Ω cm2 μF cm2 

Plantago major 0.5 M H2SO4 10.36 206.3 - - 

50 40.85 192.4 0.746 74.6 

100 44.25 178.6 0.766 76.6 

150 46.00 173.4 0.775 77.5 

200 55.43 181.7 0.813 81.3 

250 57.05 177.8 0.818 81.8 

300 57.70 176.3 0.820 82.0 
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Figure 9. Intermodulation spectrum for CS in 0.5M H2SO4 for existence and nonexistence of unlike doses of 

Plantago major extract (50 – 300 ppm). 
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3.4.3. EFM tests.  

The intermodulation spectra of CS were tested in 0.5 M H2SO4 in existence, and the 

nonexistence of diverse concentrations of Plantago major extract at 25°C was showed in Fig.9. 

The data of (icorr, βc, βa, CF-2, CF-3, and %IE) obtained from EFM tests was shown in Table 6. 

The results proved that the icorr, lowered by raising the dose of Plantago major extract while the 

efficiency of inhibitions (IE %) increasing. The causality factors obtained from tests are closed 

to theoretical values. The values of corrosion current densities can be obtained directly from 

EFM measurements and independent in Tafel constant. The IE % can be calculated as in Eq. 

(4). The values of (CF-2 and CF-3) attained are very close to the theoretical values (2 and 3), 

which revealed that the results are a really good quality [57].  

Table 6. EFM for CS in the lack and existence of unlike concentrations of Plantago major extract at 25 ˚C. 

Inh. Conc. 

M 

icorr, 

μA cm−2 

βc 

mV dec−1 

βa 

mV dec−1 

CF-2 CF-3 K corr, 

mpy 

θ %IE 

 

Plantago 

major 

0.5 M H2SO4 1750 152.4 116.3 1.91 4.06 1.01   

50 607.7 196.8 74.04 2.09 2.13 154.3 0.653 65.3 

100 591.1 186.3 72.80 2.08 2.83 150.0 0.662 66.2 

150 417.2 174.1 59.9 1.99 4.317 105.9 0.762 76.2 

200 314.4 171.1 52.4 1.92 2.88 79.8 0.820 82.0 

250 299.2 160.2 51.82 1.93 2.90 75.9 0.829 82.9 

300 290.0 148.2 51.90 1.94 2.83 73.7 0.834 83.4 

 

 

 

a b 

 

c 

Figure 10. AFM images for CS (a) for pure surface, (b) after one-day immersion in 0.5 M H2SO4 solution, and 

(c) presence of 300 ppm Plantago major extract. 
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3.5. The surface examination by (AFM).  

The surface morphology of CS was examined by AFM technique when immersed in a 

media of 0.5 M H2SO4 with and without 300 ppm of Plantago major extract and for pure CS 

sample after treatment by physical methods as ML measurements. Fig (10-a) showed the 3-D 

image for pure CS surface. Fig (10-b) showed the 3-D image for CS surface in 0.5 M H2SO4 

for 24 hours. In this image, we can see that the surface was more corroded and destroyed 

compared to the smooth surface of pure CS. In the case of added 300 ppm of investigated 

extract, Fig (10-c) showed the 3-D image for the CS surface was less destroyed and became 

smoother than in the case of CS in corrosive media. The average roughness of the polished CS, 

CS surface in 0.5 M H2SO4 before and after adding the present inhibitor was measured to be 

17.46 nm, 993.76 nm, and 165.8 nm, alternatively. The adsorption of Plantago major extract 

on the CS surface was evidenced by 3-D images and other results  [58].   

3.6. FT-IR characterization. 

The IR spectra of pure Plantago major extract and layer produced on the CS surface 

immersed in 0.5 M H2SO4 treated with 300 ppm of Plantago major extract after 24 hours was 

shown in Fig. 11. From this figure, we can note that the IR spectra of Plantago major extract 

have the same characteristics as the IR spectra of the product created on the CS surface, 

indicating that the Plantago major extract is adsorbed on the CS surface. The IR spectra of the 

Plantago major extract showed that the band acquired at 3358 cm-1 could be corresponded to 

(OH). The peaks at 1648 cm-1 refer to (C=C), the one at 1408 cm-1 can be attributed to (S=O), 

and the frequency at 1011 cm-1 can be ascribed to (C-N). By comparing the spectra of the 

Plantago major pure extracts with that of the corrosion, the product also showed in Fig. 11. It 

is shown that there were shifted in the frequencies. The (O-H) stretched at 3358 cm-1 was 

moved to 3424 cm-1, the C=C transferred at 1648 cm-1 was moved to 1635 cm-1, the (S=O) 

stretched at 1408 cm-1 was moved to 1399 cm-1, and (C-N) stretched at 1011 cm-1 was moved 

to 1078 cm-1. There interaction between the Plantago major extract and CS surface. The shifted 

in the spectra indicated that the interaction between Plantago major and CS happened due to 

the presence of functional groups in this extract. 
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Figure 11. FT-IR spectra for inhibitor Plantago major adsorbed on CS surface at 25ᶱC. 
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3.7. Inhibition mechanism. 

The leaves of Plantago major plant mainly have alkaloids, terpenoids, phenolic acid 

derivatives, iridoid glycosides, flavonoids, and fatty acids. The adsorption of inhibitor on the 

CS surface by way of the chemisorption includes the movement of water molecules from the 

CS surface and donor-acceptor connections among empty d-orbitals of iron, π-electrons, and 

lone pairs of electrons presented in Plantago major constituents. In the acid medium, the steel 

surface bear’s positive charge, so it is complicated for the protonated molecules to adsorb on 

the CS surface due to the electrostatic repulsion. Plantago major constituents have lone-pairs 

of electrons of O, S, N atoms and π-electrons of the aromatic rings, which may associate with 

vacant d-orbital of iron produced coordinate bond (chemisorption) creating a strongly 

protective adsorbed film on the CS surface. This interaction mode was in accord with the values 

of ΔG°
ads, where the adsorption of Plantago major constituents is chemisorption. By raising the 

temperature, the chemisorption is improved. 

4. Conclusions 

 According to chemical, electrochemical measurements, and surface analysis, we can 

conclude that: Plantago major leaves extract good green and sustainable corrosion inhibitor for 

L80-carbon steel in 0.5 M H2SO4 solutions and considered as mixed type inhibitor as reported 

by PDP measurements; The inhibition efficiency of Plantago major extract was enhanced with 

increasing of both concentration and temperature as reported by ML measurements (94.9%); 

The adsorption of the Plantago major extract constituents on the surface of CS was endorsed 

by lowering the values of the double-layer capacitance (Cdl) comparison with a blank solution 

after the Plantago major extract are added. Moreover, this adsorption is affirmed by AFM and 

FT-IR analysis; The adsorption of Plantago major extract constituents on the surface of CS 

conforms with Temkin adsorption isotherm and is considered as chemisorption. Furthermore, 

by raising the temperature, chemisorption is improved based on the values of ΔG°
ads. 
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