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ABSTRACT: The present study investigates the impacts of the extract of Trachyspermum 

leaves on mild steel corrosion in 0.1M hydrochloric acid (HCl) while highlighting its inhibitory 

mechanisms. The effects of mild steel corrosion in solutions of HCl were examined us ing 

gravimetric and galvanostatic polarization techniques, along with EIS analyses. The EIS data 

shows the highest coating undamaged index (83 %) after 100 hours of immersion. According 

to the results, the maximum inhibitory effectiveness corresponding to the minimum corrosion 

rate could be observed at the highest desirable level of inhibitor concentration equal to 100 ppm, 

while the corrosion rate decreases with an increase in the extract concentration. The adsorption  

study promotes that Langmuir isotherm with -31.85kJ/mol in room temperature with R2=0.95 

best describes the metal surface interaction with the Trachyspermum leaves extract with  

the best exposure time for the Trachyspermum to adsorb to the metal surface at all concentrations. 

SEM, AFM, IR, and XRD showed good coverage of Trachyspermum on the surface of mild 

steel. Based on the polarization results, the inhibitors can play the role of a mixed inhibitor, 

which is confirmed by the computational data. The chemical potentials of thymol, cymene,  

and terpinene are -6.55, -6.91, and -6.49 eV respectively. 
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INTRODUCTION 

One of the important problems faced by various 

industries is the mild corrosion [1-3] of steel in acids, 

especially hydrochloric acid. Moderation of such 

adverse phenomena through the application of organic 

materials is essential to inhibit corrosion. The collective 
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work of different scholars has focused on developing 

efficient inhibitors to secure metallic materials against 

corrosion [4–6]. Research has shown that the direct and 

indirect costs of corrosion processes annually account 

for about 3-4% of the Gross Domestic Product (GDP) 
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of developed countries. [5, 7]. Several major industrial 

processes, including steel pickling, oil wells 

acidification, ion exchanger regeneration, processing of 

leather, producing organic as well as inorganic compounds, 

and industrial cleansing use hydrochloric acid (HCl) 

solution [7-9]. 

The application of acid inhibitors in different industrial 

procedures is typically aimed at controlling metal 

corrosion [10-23], and the use of these inhibitors greatly 

reduces metal corrosion. [5, 24-28]. Hence, undesirable 

metal corrosion and acid consumption can be prevented, 

especially when an acid solution is used [29]. Many acid 

inhibitors belong to organic molecules, which contain 

oxygen, nitrogen, or sulfur atoms in a conjugated system, 

playing an efficient role as corrosion inhibitors. Different 

inhibitors with N group have been studied by researchers 

regarding their corrosion inhibitor properties for metals  

in acid media [30]. These studies show that organic 

inhibitors that contain N atom prevent metals corrosion  

in acid solutions [5, 31-35]. Different studies have 

investigated the effects of plant extracts as green inhibitors 

for corrosion. The researchers studied the effects of plant 

extracts because these compounds do not pollute the 

environment and are eco-friendly, inexpensive, and easy 

to obtain from nature. Research shows that products taken 

from nature [36] and coming from plants have different 

organic substances [5, 26–28] such as alkaloids [37], 

tannins [38], pigments [39], organic [40, 41] and amino 

acids [5, 42-44], making them suitable for their inhibitory 

effects [5, 31, 45-50]. This study aims to provide the 

Trachyspermum [51-60] extract and investigate its 

corrosion resistance as a corrosion inhibitor for mild steel 

using a solution of 0.1M HCl according to gravimetric 

assessments, electrochemical impedance spectroscopy, 

and potentiodynamic polarization assessments. It also 

studies the influence of the inhibitors’ structural 

parameters on the effectiveness of the inhibition as well as 

the adsorption mechanisms on the surface of metal while 

correlating the experimental data with quantum chemical 

parameters. 

One of the corrosion inhibitors, Ginger extract, 

which is extracted from natural resources, was previously 

studied to prevent the corrosion of mild steel in an acid 

solution. The work illustrates the reduction of corrosion 

from 8.09 mmpy to 0.72 mmpy in a solution without  

an inhibitor compared to a solution with150g/L inhibitor 

and inhibition efficiency of up to 91% [39]. In Addition, 

asafoetida as a corrosion inhibitor has been studied  

for the effect of inhibiting the corrosion of mild steel [61, 62].  

In the other work, Eruca sativa seed extract as a green 

inhibitor was studied to show the inhibition effect for the 

dissolution of carbon steel in 1 M HCl solution. Excellent 

inhibition was obtained (94.8%) by a gravimetric method 

at 0.3 g/L from the extract [63]. The role of the leaf 

extract of Pongamia pinnata as a corrosion inhibitor  

for mild steel in 1N H2SO4 solution was studied  

by the potentiodynamic polarization, weight loss,  

and Electrochemical Impedance Spectroscopy (EIS) 

methods. The results of this work showed that the leaf 

extract of Pongamia pinnata has a good corrosion 

inhibitor effect for mild steel in 1N sulfuric acid, even  

in low concentrations of the inhibitor [64]. In this work, 

Trachyspermum leaf extract was studied as a green 

inhibitor for corrosion inhibition of mild steel in HCl, 

because of its ability to grow Trachyspermum in different 

places and its high effect of inhibiting the corrosion  

of mild steel. 

 

EXPERIMENTAL SECTION 

Preparation of the working electrode 

A nominal (wt%) composition of Fe =97.84%,  

Mn =1.4%, P=0.045%, C =0.17%, N=0.009 % and 

Si=0.5%. was considered for the mild steel rod  

(a diameter of 1 cm) in the present work. For electrochemical 

studies, the mentioned steel samples were soldered  

to coated Cu-wires for electrical connections with a laid 

open zone of 1 cm2. Mechanical abrasion of the 

working electrode surface was performed using 

various grades of emery paper, 600, 800, 1000,  

and 1500 before measurement. Then, distilled water 

was used along with acetone to rinse the samples  

of mild steel, after which drying was done using warm 

airflow. 

 

Preparation of inhibitor solution and electrode 

Distilled water was used to clean Trachyspermum 

leaves from fiery residues of mud. Leaf drying over a 48-

74 h period in the thermostat with a temperature of 60 °C.  

The leaf powder was obtained by grinding 100 mg of dried 

leaf and then, followed by refluxing and shaking with  

a mixture of ethanol and water at a temperature of 75 °C  

over 24 hours. After filtering the refluxed product, 
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evaporation of the obtained solution was performed to 100 mL 

of dark brown residue followed by drying in a vacuum 

drying oven at 60 °C for 48 hours. Procurement of the light 

brown deposit (about 2.5g material) and its saving  

in a vacuum desiccator were the next steps. Dilution  

of the hydrochloric acid to 0.1M HCl was done for 

preparing the corrosion medium. The brown residue was diluted 

with 0.1 M HCl solution to obtain different concentrations 

of Trachyspermum leaf extract (30, 45, 70, 100 mg/L).  

The reagent grade, 37% HCl (from Sigma Aldrich), as well as 

distilled water, were used to prepare the corrosion solution 

(0.1M HCl). Different concentrations (30, 45, 70, 100 mg/L) 

were considered to prepare the inhibitor solution, leading 

to the highest Trachyspermum extract solvency in 0.1M 

HCl up to 500 mg/L. 

 

Plant material 

Leaves of Trachyspermum (Trachyspermum ammi) 

were purchased from the traditional herbal market, Tehran, 

Iran in June 2020. A voucher specimen has been deposited 

at the Herbarium of the Department of Pharmacognosy, 

Faculty of Pharmacy, Tehran University of Medical 

Sciences, Tehran, Iran (PMP-657). 

 

Gravimetric measurements 

Calculations of the mild steel samples were done 

according to ASTM G 31–72 to perform gravimetric 

measurements [65] for 24 hours at 298 K. After preparing 

0.1M HCl acid blank solution which contained 30,  

45, 70, 100 mg/L of the extract of Trachyspermum  

leaves, soaking of the pre-weighted metal samples  

in the prepared solution was carried out. Removal  

of the metal samples, deliberate rinsing with acetone, drying 

with nitrogen flow, and weighing to electronic balance were 

all performed after drenching. The experimental 

temperature was kept constant at 298 K, and three replicates 

were performed in the present work for high precision  

and accuracy. 

 

Electrochemical measurements 

Electrochemical measurements were performed using 

Emstate Electrochemical Workstation (Metrohm Autolab 

Nova2). The cell system, an easy three-electrode, 

contains a mild steel electrode, a platinum electrode,  

and a Saturated Calomel Electrode (SCE) as the working 

electrode, the counter electrode, and the reference 

electrode respectively. A working area of 1 cm2 was considered 

for the samples to perform electrochemical measurements.  

A stable Open Circuit Potential (OCP) was initially 

obtained by immersing the working electrode in the test 

solution for 1 h. The frequencies of 100 kHz to 0.01 Hz 

were considered to scan the Electrochemical Impedance 

Spectroscopy (EIS) considering a signal amplitude 

perturbation of 5 mV at OCP. Considering OCP at 1 mV/s 

scan rate, a scan of ± 250 mV against SCE was used  

to record the potentiodynamic polarization curves. Three 

replications of the electrochemical measurements 

resulted in reliable values. 

 

Quantum chemical studies 

Quantum chemical estimations were performed using 

the density functional theory (DFT) at a B3LYP function 

considering 6–311G+ (d, p) basis set for molecules  

with Gaussian 03 project programming to examine the 

effects of inhibitor molecular structure as well as 

electronic features on the effectiveness of inhibition.  

The optimized structures in the gas phase were considered  

to obtain the main parameters such as the lowest 

unoccupied molecular orbital energy (ELUMO), the highest 

occupied molecular orbital energy (EHOMO), energy gap 

(ΔE) of the LUMO and HOMO, total energy (T.E.), 

electronegativity (χ), molecules softness (σ) as well as 

hardness (η), the energy distinction of the molecule 

electron exchange and dipole moment (μ), chemical 

potential (π), the number of transferring electrons (ΔN), 

etc. The use of the gas phase to perform theoretical 

estimations is supposed to be a suitable strategy as  

there are no significant differences in the results  

of the aqueous phase, while there is a significant decrease 

in the estimation time [66]. 

 

Surface morphology studies (SEM analysis) 

The scanning electron microscope was used to observe 

the samples’ surface morphology following the immersion 

of the pre-treated samples in 0.1M HCl solution  

in the absence and presence of 500 mg/L Trachyspermum 

leaves extract over 24 hours at 298 K. In order to obtain 

important information about the surface morphology  

of mild steel, the surface of the samples was washed  

with double distilled water and acetone and then dried. 

SEM instrument MIRA3TESCAN-XMU model  

with 3-30 kV was used for SEM morphology. 
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Table 1: Obtained electrochemical data using tafel curves for steel in 0.1M HCl considering various trachyspermum concentrations 

%IE -ßc(mV/dec) ßa(mV/dec) icorr (µA/cm2)  E(mV) C(mg/L) 

- 462 99 710 -425 0 

76.3 310 56 339 -459 30 

79.1 109 50 320 -477 45 

82.4 214 43 312 -483 75 

84.3 243 40 290 -490 100 

 

 
Fig. 1: Tafel curves for steel in 0.1M HCl solutions in the 

absence and presence of different Trachyspermum 

concentrations following immersion for five minutes 

 

 
Fig. 2: OCP of working electrode in 0.1M HCl solutions in the 

absence and presence of different Trachyspermum 

concentrations 

 

RESULTS AND DISCUSSION 

Potentiodynamic polarization measurements 

Polarization tests were recorded and some 

electrochemical parameters were attained from the 

polarization curves containing corrosion current density 

(icorr), corrosion potential (Ecorr), anodic and cathodic Tafel 

slopes (βa, βc), and inhibition efficiency (IE, labeled also 

as η). The IE was calculated using the following equation:  

𝜂(%) =
𝑖𝑐𝑜𝑟𝑟 − 𝑖𝑐𝑜𝑟𝑟

(𝑖𝑛ℎ)

𝑖𝑐𝑜𝑟𝑟

× 100 

In which icorr and 𝑖𝑐𝑜𝑟𝑟
(𝑖𝑛ℎ)

 represent the corrosion current 

densities in blank solution and 0.1M HCl consisting of 

inhibitor, correspondingly. Fig. 1 indicates the steel 

polarization plots, taken five minutes following immersion in 

blank solution and 0.1M HCl consisting of inhibitor. Fig. 2 

showed the OCP diagram of the electrode. Table 1 shows the 

obtained electrochemical data, according to which the greatest 

IE for both inhibitors can be observed at the maximum 

concentration of 100 mg/L after 5 minutes of immersion. 

When the shift in the Ecorr is less than 85 mV due to the 

inhibitor presence, the inhibitor will belong to the mixed-type 

inhibitor [67, 68], while it will be cathodic or anodic based on 

the shift direction in other conditions. As the Ecorr shift was less 

than 85 mV in this research, the molecule belonged  

to the mixed-type inhibitor. Nevertheless, as shown in Fig. 1, 

Trachyspermum functions as a mixed-type inhibitor when it  

is immersed for five minutes. Meantime, Trachyspermum 

affected cathodic and anodic reactions significantly. According 

to Table 1, It is seen that the decrease in icorr value is associated 

with the increase in Trachyspermum concentration, which  

indicates that Trachyspermum has very active inhibitory properties. 

 

Electrochemical impedance spectroscopy  

The Nyquist plots and Bode plots associated with the mild 

steel in 0.1M HCl solutions are shown in Figs. 3 and 4 in the 

absence and presence of different inhibitor concentrations 

following immersion for five minutes. The EIS results were 

fitted with the equivalent circuit in Fig. 5, in which Rs, Rct,  

and CPE indicate solution resistance, charge transfer resistance, 

and the constant phase element, correspondingly. Fig. 3 indicates 

an increase in the semicircle diameter based on the increase  

in inhibitor concentration indicating that inhibition efficiency 

increases with inhibitor concentration. Table 2 indicates 

Impedance data collected through the test, and the equation 

below was used to calculate the IE (η):  

𝜂(%) =
𝑅𝑐𝑡

(𝑖𝑛ℎ) − 𝑅𝑐𝑡

𝑅𝑐𝑡
(𝑖𝑛ℎ)

× 100 
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Table 2: Impedance data were collected using EIS tests for steel in a blank solution and 0.1M HCl considering various concentrations 

of inhibitors following 5 minutes 

η% n CPE(µFcm-2) Rp(Ω.cm2) Rct(Ω.cm2) C(mg/L) 

- 0.842 94.5 0.60 242 Blank 

71 0.854 76.2 1.35 785 30 

75 0.868 62.1 1.49 940 45 

78.5 0.875 49.01 1.55 1075 70 

83 0.892 44.0 1.70 1248 100 

 

Table 3:  Comparative inhibition effect of several green inhibitors 

Green inhibitor η % 

This study (100 mg/L) 80 % 

Camphor (600 mg/L) 89 % 

Magnolia grandiflora (500 mg/L) 85 % 

Primrose flower  (700 mg/L) 80 % 

 

 

Fig. 3: Nyquist plots obtained for mild steel in 0.1M HCl 

solution in the absence and presence of different 

Trachyspermum concentrations 

 

According to Table 2, the Rct values face an increasing 

trend based on the inhibitor concentration after immersing 

for five minutes. However, there is a general reduction in 

the CPE values, reflecting an increasing trend in corrosion 

inhibition. The reduction of CPE is related to the increment 

in the protective layer thickness or decline in the local 

dielectric constant (D) [69]. The findings show similarities 

between the results obtained by EIS investigations and 

polarization measurements. Both sets of results indicate that 

the corrosion inhibition of Trachyspermum is higher,  

and the highest inhibition of this inhibitor is observed  

at the concentration of 100 mg/L. The capacitance values of 

the double-layer were calculated by EIS data 124.8×10-5 µF/cm2 

for a concentration of 100mg/L. The comparison between 

the inhibition effect for Trachyspermum and the other three 

green inhibitors shows in Table 3. 

 
Fig. 4: Bode plots of the for mild steel in 0.1M HCl solution in 

the absence and presence of different Trachyspermum 

concentrations 

 

 
Fig. 5: An electrical equivalent circuit illustration was 

employed for the analysis of results 
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Fig. 6: SEM images for (A) steel samples two hours following 

immersion in blank solution 0.1M HCl; (B) steel samples two 

hours following immersion in 100mg/L of Trachyspermum 

 

 
Fig. 7: IR spectrum for (A) steel samples two hours following 

immersion in blank solution 0.1M HCl; (B) steel samples two 

hours following immersion in 100mg/L of Trachyspermum 

 

In which 𝑅𝑐𝑡
(𝑖𝑛ℎ)

and Rct reflect the charge transfer 

resistance in the inhibited as well as uninhibited system, 

correspondingly. The electrical equivalent circuit fitted  

to experimental results and its fitness is 93%. 

 

Surface morphology 

The SEM images of the freshly polished steel 

specimens and those soaked in 0.1M HCl after two hours  

 
Fig. 8: XRD pattern for (A) steel samples two hours following 

immersion in blank solution 0.1M HCl; (B) steel samples two 

hours following immersion in 100mg/L of Trachyspermum 

 

in the absence and presence of inhibitors (100 mg/L 

Trachyspermum )  are displayed in Fig. 6. The damage 

and pits occur in the absence of an inhibitor, but there is 

a significant reduction in the damage and pits resulting 

from corrosion when a 100mg/L inhibitor is added.  

A protective layer is created on the steel by the inhibitor, 

preserving it against corrosive attack resulting in the 

lesser black holes. Besides, as shown in Fig. 6, when 

Trachyspermum is present, there are no black pits or 

holes, reflecting that Trachyspermum has better 

corrosion-inhibitory effects. The findings are completely 

in line with the data collected through electrochemical 

measurements. According to the SEM picture Fig. 6(B), 

the inhibitor covered the whole surface of the steel,  

and the corrosion site in Fig. 6(A) was covered 

completely. 

XRD pattern and IR spectrum, and AFM analysis show 

the surface changes after using Trachyspermum. As an 

inhibitor, the coverage of the surface by Trachyspermum can 

be found exactly in Figs. 7 to 9. By the IR spectrum, the 

recognition of the presence of the organic compound on the 

surface of mild steel after adding the 100 mg/L of 

Trachyspermum can be confirmed. The sharp and strong peak 

in 2800 cm-1 can refer to the CH Stretching bond of alkyl 

groups of compounds (Fig 7b). Also, the strong peak in 3500 cm-1 

illustrates the OH bond of Hydroxyl groups of thymol. 

XRD pattern illustrated in Fig. 8 can show the change 

of mild steel components. As the XRD pattern showed, 

many compounds changed the composition of mild steel 

after immersion in Trachyspermum solution. Omitting  

the peak in θ=45 º for Fig. 8(b) can show the covering of 

the metal surface. 
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(a)                                                                                         (b) 

Fig. 9: AFM images for (A) steel samples two hours following immersion in blank solution 0.1M HCl; (B) steel samples two hours 

following immersion in 100mg/L of Trachyspermum 

 

 
Fig. 10: Structures of important materials in Trachyspermum 

 

AFM imaging is a method of examining surface 

roughness. Fig. 9 shows the surface of mild steel after  

2 hours of immersion in a solution of Trachyspermum 

extract. As Fig. 9 shows, in the absence of Trachyspermum 

(HCl 0.1M solution), the mild steel surface has too much 

roughness and many cuts on the surface, which are covered 

after immersion in the Trachyspermum solution.  

The compounds in the Trachyspermum extract solution 

cover the rough surface of the corrosive mild steel.  

The roughness of the mild steel surface is about 15.2 

micrometers before adding Trachyspermum and after 

adding Trachyspermum changed to ≈3 micrometers.  

In Fig. 9(a) we can see the black area that refers  

to the corrosion surface and in Fig. 9(b) we can see that  

the same area in part (a) is covered, therefore the AFM 

shows the inhibition act by Trachyspermum. 

 

Quantum calculation  

Quantum chemical calculations of electronic 

parameters and their correlation with the experimentally 

measured corrosion inhibition efficiency are the most used 

approach in the corrosion inhibitor studies. Quantum 

chemical estimations were performed using the Density 

Functional Theory (DFT) at a B3LYP function considering 

6–311G+ (d, p) basis set for molecules with Gaussian 03 

project programming to examine the effects of inhibitor 

molecular structure as well as electronic features on the 

effectiveness of inhibition (Fig 10). The optimized 

structures in the gas phase were considered to obtain the 

main parameters such as the lowest unoccupied molecular 

orbital energy (ELUMO), the highest occupied molecular 

orbital energy (EHOMO), energy gap (ΔE) of the LUMO and 

HOMO (Fig 11), total energy (T.E.), electronegativity (χ), 

molecules softness (σ) as well as hardness (η), the energy 

distinction of the molecule electron exchange and dipole 

moment (μ), chemical potential (π), the number of 

transferring electrons (ΔN), etc. The use of the gas phase 

to perform theoretical estimations is supposed to be  

a suitable strategy as there are no significant differences 

with the results of the aqueous phase, while there is  

a significant decrease in the estimation time. Tables 4 and 

5 contain information on the energy gap (ΔE), chemical 

potential (μ), electrophilicity (ω) as well as global hardness 

(η) of Trachyspermum compounds (Cymene, Thymol, and 

Terpinene), all of which have been studied in corrosion 

inhibition research. A critical discussion of the application  
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Table 4: Some chemical parameters of materials in Trachyspermum 

 Thymol Cymene Terpinene 

E gas(HF) -464.4051 -389.2362 -390.3000 

E water(HF) -464.6329 -389.4536 -390.5514 

µ gas(D) 1.9435 0.0461 0.0691 

µ water (D) 2.3923 0.0905 0.1183 

HOMO(HF) -0.3226 -0.3426 -0.3118 

LUMO(HF) -0.1582 -0.1645 -0.1648 

H(HF) -464.4041 -389.2247 -390.2990 

G(HF) -464.4457 -389.2736 -390.3418 

 

Table 5: Molecular electronic parameters(eV) of materials in Trachyspermum 

 Thymol Cymene Terpinene 

IP 8.79 9.34 8.49 

EA 4.31 4.48 4.49 

χ 6.55 6.91 6.49 

µ -6.55 -6.91 -6.49 

σ 0.45 0.41 0.5 

η 2.24 2.43 2.00 

ω 9.57 9.82 10.53 

∆E -4.48 -4.86 -4.00 

 

 
Fig. 11: The HOMO and LUMO for cymene, thymol, and terpinene 

 

of this methodology has been provided in another study;  

it is not possible to provide a straightforward explanation 

of the corrosion inhibition efficiency just by the use  

of quantum chemical parameters, reflecting the 

importance of the nature of the inhibitor effects  

on the surface. The obtained results represent the estimated 

electronic parameters along with the relevant discussions 

on the inhibitors under study. As shown by the 

specification of the electronic features of isolated 

molecules, Trachyspermum can play the most efficient 

role, supported by the experimental data of this study. 

Weight loss 

The inhibition degree of surface coverage (θ) at each 

concentration of Trachyspermum was calculated by 

comparing the corrosion loss in the absence (Wu) and 

presence of inhibitor (Wi) using the relationships: 

𝜂(%) =
𝑊𝑢 − 𝑊𝑖

𝑊𝑖

× 100 

𝜃 =
𝑊𝑢 − 𝑊𝑖

𝑊𝑖

 

The increased efficiency observed for the inhibition 

based on the concentration can be explained by considering 

the extent of adsorption of the inhibitor molecules on the metal 

surface. It is supposed that the formation of the film  

by the inhibitor molecule adsorption on the surface of  

the metal is the only criterion to lower the surface area of 

the cathodic and anodic reactions. At any instant, a fraction (θ)  
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Table 6: The surface coverage area of mild steel in 0.1M HCl 

containing Trachyspermum for 24 hours 

100 70 45 30 0 C(mg/L) 

0.8954 0.8625 0.8536 0.8210 0.7750 θ 

 

Table 7: Results of Langmuir adsorption for investigated 

inhibitors on the steel in 0.1M HCl were obtained from 

polarization and EIS 

Inhibitor method R2 Kads(M
-1) ΔG°ads(kJ/mol) 

Trachyspermum polarization 0.9578 2225 -32.2 

Trachyspermum EIS. 0.9586 1851 -31.85 

 

 
Fig. 12: Langmuir adsorption plots of Trachyspermum on the 

steel in 0.1M HCl were obtained from the polarization results 

 

of the metal surface is covered by the inhibitor molecules 

and the uncovered fraction (1-θ) reacts with acid as it does 

in the absence of the inhibitor. It is possible to deduce  

the inhibitor adsorption features according to the nature  

of the inhibitor interaction with the corroding surface.  

The adsorption features can be also explained using  

the values of the surface coverage (Table 6). 

 

Adsorption isotherm 

In general, it is possible to explain the adsorption 

behavior of inhibitors using adsorption isotherms, 

indicating critical information on the interactions 

between metals and inhibitors [70]. As shown  

by simplifying assumptions, inhibition efficiency  

can be considered proportional to surface coverage [71]. 

Examination of Frumkin, Temkin, and Langmuir 

adsorption isotherms as well as the El-Awady kinetic-

thermodynamic model [72] aims at fitting the inhibitors’ 

adsorption. Fig. 12 shows the curve with a good fitness 

to Langmuir adsorption isotherm obtained using  

the equation below [73]: 

𝐶

𝜃
=

1

𝑘𝑎𝑑𝑠

+ 𝐶 

In which, Kads, C, θ, indicate the equilibrium constant 

used in the adsorption process, the inhibitor’s molar 

concentration, and the surface coverage, respectively.  

The equation below was used to calculate the free 

energy of adsorption (ΔGo
ads) [74]: 

ΔG°ads = −RTln (55.5 Kads)  

In which, T and R represent the absolute temperature and 

universal gas constant (8.314 J mol−1 K−1), respectively, 

while water molar concentration is considered to be 55.5. 

When ΔG°ads has a value ranging from -20 to −40 kJ/mol, 

there is evidence of both physical and chemical adsorption 

types [75-79]. Table 7 indicates the values of ΔG°ads (-32.2 

and -31.85) which shows that both types of chemical and 

physical adsorption occur.  

 

CONCLUSIONS 

Evidence showed that the extract obtained from 

Trachyspermum had inhibitory effects on mild steel 

using HCl, while there was an increase in the inhibitory 

efficacy as the extract concentration increased.  The 

highest value of inhibitory effectiveness was 98%, 

obtained at a concentration of 100 ppm. Based on the 

Potentiodynamic polarization curves, the extract of 

Trachyspermum leaves could be considered a mixed 

inhibitory agent. The adsorption isotherms follow the 

Langmuir adsorption isotherms. According to the EIS 

data, the highest coating undamaged index (83 %)  

was obtained after 100 h of immersion. According to  

the results, the maximum inhibitory effectiveness 

corresponding to the minimum corrosion rate could be 

observed at the highest desirable level of inhibitor 

concentration equal to 100 ppm, while the corrosion rate 

decreases with an increase in the extract concentration. 

The absorption examinations indicated the best 

description of the metal surface interaction by Langmuir 

isotherm with -31.85KJ/mol, while obtaining the best 

exposure time for the Trachyspermum leaves extract 

adsorption into the surface of the metal in different 

concentrations. SEM, AFM, IR, and XRD showed good 

coverage of Trachyspermum on the surface of mild steel. 

Based on the polarization results, Trachyspermum can 

play the role of a mixed inhibitor, which is also confirmed 

by the computational data. 



Iran. J. Chem. Chem. Eng. Experimental and Computational Study …  Vol. 42, No. 10, 2023 

 

Research Article                                                                                                                                                                  3333 

Acknowledgments 

The authors gratefully acknowledge the financial 

support from the Research Council of Islamic Azad 

University Kerman branch. 

 

 

Received : Dec.19, 2022   ;  Accepted : Apr.3, 2023  

 

 

REFERENCES 

[1] Verma C., Ebenso E.E., Bahadur I., Quraishi M.A.,  

An overview on Plant Extracts as Environmental 

Sustainable and Green Corrosion Inhibitors for 

Metals and Alloys in Aggressive Corrosive Media,  

J. Mol. Liq., 266: 577–590 (2018). 

[2] Gao L., Peng S., Huang X., Gong Z., A combined 

Experimental and Theoretical Study of Papain as a 

Biological Eco-Friendly Inhibitor for Copper Corrosion 

in H2SO4 Medium. Appl. Surf. Sci., 511: (2020). 

[3] Singh A., Ansari K.R., Chauhan D.S., Quraishi M.A., 

Lgaz H., Chung I., Comprehensive Investigation  

of Steel Corrosion Inhibition at Macro/Micro Level  

by Ecofriendly Green Corrosion Inhibitor in 15% HCl 

Medium, J. Colloid Interface Sci., 560: 225–236 (2020). 

[4] Laabaissi T., Benhiba F., Rouifi Z., Missioui M., 

Ourrak K., Oudda H., Ramli Y., Warad I., Allali M., 

Zarrouk A.,  New Quinoxaline Derivative as a Green 

Corrosion Inhibitor for Mild Steel in Mild Acidic 

Medium: Electrochemical and Theoretical Studies, 

Int. J. Corros. Scale Inhib., 8: 241–256 (2019). 

[5] Tambun R., Christamore E., Pakpahan Y.F., Haryanto 

B., Banana Peel Utilization as the Green Corrosion 

Inhibitor of Iron in NaCl Medium, IOP Conf. Ser. 

Mater. Sci. Eng., 420: (2018). 

[6] Rouifi Z., Benhiba F., El Faydy M., Laabaissi T., 

About H., Oudda H., Warad I., Guenbour A., 

Lakhrissi B., Zarrouk A., Performance and 

Computational Studies of New Soluble Triazole  

as Corrosion Inhibitor for Carbon Steel in HCl, Chem. 

Data Collect., 22: 100242 (2019). 

[7] Kamali Ardakani E., Kowsari E., Ehsani A., 

Imidazolium-Derived Polymeric Ionic Liquid as a 

Green Inhibitor for Corrosion Inhibition of Mild Steel 

in 1.0 M HCl: Experimental and computational 

Study, Colloids Surfaces A Physicochem. Eng. Asp., 

586: 124195 (2020). 

[8] Chen S., Zhao H., Chen S., Wen P., Wang H., Li W., 

Camphor Leaves Extract as a Neoteric and 

Environment Friendly Inhibitor for Q235 Steel in HCl 

Medium: Combining Experimental and Theoretical 

Researches, J. Mol. Liq., 312: 113433 (2020). 

[9] Dehghani A., Bahlakeh G., Ramezanzadeh B., 

Ramezanzadeh M., Integrated Modeling and 

Electrochemical Study of Myrobalan Extract for Mild 

Steel Corrosion Retardation in Acidizing Media,  

J. Mol. Liq., 298: 112046 (2020). 

[10] Bouraoui M.M., Chettouh S., Chouchane T., Khellaf N., 

Inhibition Efficiency of Cinnamon Oil as a Green Corrosion 

Inhibitor, J. Bio- Tribo-Corrosion, 5: 1–9 (2019). 

[11] El Mouaden K., El Ibrahimi B., Oukhrib R., Bazzi L., 

Hammouti B., Jbara O., Tara A., Chauhan D.S., 

Quraishi M.A., Chitosan Polymer as a Green 

Corrosion Inhibitor for Copper in Sulfide-Containing 

Synthetic Seawater, Int. J. Biol. Macromol., 119: 

1311–1323 (2018). 

[12] El Ibrahimi B., Soumoue A., Jmiai A., Bourzi H., 

Oukhrib R., El Mouaden K., El Issami S., Bazzi L., 

Computational Study of Some Triazole Derivatives 

(un- and Protonated Forms) and their Copper 

Complexes in Corrosion Inhibition Process, J. Mol. 

Struct., 1125: 93–102 (2016). 

[13] Devikala S., Kamaraj P., Arthanareeswari M., Patel 

M.B.,  Green Corrosion Inhibition of Mild Steel by 

Aqueous Allium Sativum Extract in 3.5% NaCl, 

Mater. Today Proc., 14: 580–589 (2019). 

[14] Thakur A., Kumar A., Kaya S., Marzouki R., Zhang 

F., Guo L.,  Recent Advancements in Surface 

Modification, Characterization and Functionalization 

for Enhancing the Biocompatibility and Corrosion 

Resistance of Biomedical Implants, Coatings., 12: 

1459 (2022). 

[15] Thakur A., Kaya S., Abousalem A.S., Sharma S., Ganjoo R., 

Assad H., Kumar A.  Computational and Experimental 

Studies on the Corrosion Inhibition Performance of an 

Aerial Extract of Cnicus Benedictus Weed on the Acidic 

Corrosion of Mild Steel, Process Saf. Environ. Prot., 

161: 801-818 (2022). 

[16] Thakur A., Kaya S., Abousalem A.S., Kumar A., 

Experimental, DFT and MC Simulation Analysis of Vicia 

Sativa Weed Aerial Extract as Sustainable and Eco-Benign 

Corrosion Inhibitor for Mild Steel in Acidic Environment, 

Sustain. Chem. Pharm.., 29: 100785 (2022). 

https://www.sciencedirect.com/science/article/abs/pii/S016773221831417X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S016773221831417X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S016773221831417X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0169433220302026
https://www.sciencedirect.com/science/article/abs/pii/S0169433220302026
https://www.sciencedirect.com/science/article/abs/pii/S0169433220302026
https://www.sciencedirect.com/science/article/abs/pii/S0169433220302026
https://www.sciencedirect.com/science/article/abs/pii/S0021979719312196?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0021979719312196?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0021979719312196?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0021979719312196?via%3Dihub
http://ijcsi.pro/papers/new-quinoxaline-derivative-as-a-green-corrosion-inhibitor-for-mild-steel-in-mild-acidic-medium-electrochemical-and-theoretical-studies/
http://ijcsi.pro/papers/new-quinoxaline-derivative-as-a-green-corrosion-inhibitor-for-mild-steel-in-mild-acidic-medium-electrochemical-and-theoretical-studies/
http://ijcsi.pro/papers/new-quinoxaline-derivative-as-a-green-corrosion-inhibitor-for-mild-steel-in-mild-acidic-medium-electrochemical-and-theoretical-studies/
https://iopscience.iop.org/article/10.1088/1757-899X/420/1/012059/meta
https://iopscience.iop.org/article/10.1088/1757-899X/420/1/012059/meta
https://www.sciencedirect.com/science/article/abs/pii/S2405830019300217
https://www.sciencedirect.com/science/article/abs/pii/S2405830019300217
https://www.sciencedirect.com/science/article/abs/pii/S2405830019300217
https://www.sciencedirect.com/science/article/abs/pii/S0927775719311884
https://www.sciencedirect.com/science/article/abs/pii/S0927775719311884
https://www.sciencedirect.com/science/article/abs/pii/S0927775719311884
https://www.sciencedirect.com/science/article/abs/pii/S0927775719311884
https://www.sciencedirect.com/science/article/abs/pii/S0167732220317499
https://www.sciencedirect.com/science/article/abs/pii/S0167732220317499
https://www.sciencedirect.com/science/article/abs/pii/S0167732220317499
https://www.sciencedirect.com/science/article/abs/pii/S0167732220317499
https://www.sciencedirect.com/science/article/abs/pii/S0167732219334786
https://www.sciencedirect.com/science/article/abs/pii/S0167732219334786
https://www.sciencedirect.com/science/article/abs/pii/S0167732219334786
https://library.crti.dz/jr2252
https://library.crti.dz/jr2252
https://www.sciencedirect.com/science/article/abs/pii/S014181301831448X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S014181301831448X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S014181301831448X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0022286016306445
https://www.sciencedirect.com/science/article/abs/pii/S0022286016306445
https://www.sciencedirect.com/science/article/abs/pii/S0022286016306445
https://www.sciencedirect.com/science/article/pii/S2214785319307771?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2214785319307771?via%3Dihub
https://www.mdpi.com/2079-6412/12/10/1459
https://www.mdpi.com/2079-6412/12/10/1459
https://www.mdpi.com/2079-6412/12/10/1459
https://www.mdpi.com/2079-6412/12/10/1459
https://www.sciencedirect.com/science/article/abs/pii/S095758202200297X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S095758202200297X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S095758202200297X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S095758202200297X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2352554122001899?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2352554122001899?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2352554122001899?via%3Dihub


Iran. J. Chem. Chem. Eng. Niloofar J. et al. Vol. 42, No. 10, 2023 

 

3334                                                                                                                                                                  Research Article 

[17] Thakur A., Kumar A. Sustainable Inhibitors for Corrosion 

Mitigation in Aggressive Corrosive Media: A 

Comprehensive Study, J. Bio. Tribo. Corros., 7: 67 (2021). 

[18] Thakur A., Kaya S., Kumar A., Recent Innovations in Nano 

Container-Based Self-Healing Coatings in the Construction 

Industry, Curr. Nanosci., 18: 203-216 (2022). 

[19] Kumar A., Thakur A., Chapter 18 - Encapsulated 

Nanoparticles in Organic Polymers for Corrosion 

Inhibition. Corrosion Protection at the Nanoscale., 

345-362 (2020). 

[20] Bashir S., Thakur A., Lgaz H., Chung I., Kumar A., 

Corrosion Inhibition Efficiency of Bronopol on 

Aluminium in 0.5 M HCl Solution: Insights from 

Experimental and Quantum Chemical Studies, Surf. 

Interfaces,. 20: 100542 (2020). 

[21] Bashir S., Thakur A., Lgaz H., Chung I., Kumar A., 

Corrosion Inhibition Performance of Acarbose  

on Mild Steel Corrosion in Acidic Medium:  

An Experimental and Computational Study, Arab. J. 

Sci. Eng., 45: 4773–4783 (2020). 

[22] Parveen G., Bashir S., Thakur A., Saha S.K., Banerjee P., 

Kumar A., Experimental and Computational Studies 

of Imidazolium based Ionic Liquid 1-Methyl- 3-

Propylimidazolium Iodide on Mild Steel Corrosion 

in Acidic Solution, Mater. Res. Express., 7: 016510 

(2020). 

[23] Kaur M., Thakur A., Sharma V., Kumar A., Tricine as  

an Effective Corrosion Inhibitor For Aluminium In 

Acidic Medium, Think India Journal., 22: 016510 (2019). 

[24] Jmiai A., El Ibrahimi B., Tara A., El Issami S.,  

Jbara O., Bazzi L., Alginate Biopolymer as Green 

Corrosion Inhibitor for Copper in 1 M hydrochloric 

Acid: Experimental and Theoretical Approaches,  

J. Mol. Struct., 1157: 408–417 (2018). 

[25] Bhaskaran, Pancharatna P.D., Lata S., Singh G., 

Imidazolium Based Ionic Liquid as an Efficient and 

Green Corrosion Constraint for Mild Steel at Acidic 

pH Levels, J. Mol. Liq., 278: 467–476 (2019). 

[26] Ikeuba A.I., Okafor P.C., Green Corrosion Protection 

for Mild steel in Acidic media: Saponins and Crude 

Extracts of Gongronema Latifolium, Pigment Resin 

Technol., 48: 57–64 (2019). 

[27] Saxena A., Prasad D., Haldhar R., Singh G., Kumar 

A., Use of Sida Cordifolia Extract as Green Corrosion 

Inhibitor for Mild Steel in 0.5 M H2SO4, J. Environ. 

Chem. Eng., 6: 694–700 (2018). 

[28] Saxena A., Prasad D., Haldhar R., Use of Asparagus 

Racemosus Extract as Green Corrosion Inhibitor for 

Mild Steel in 0.5 M H2SO4. J. Mater. Sci., 53: 8523–

8535 (2018). 

[29] Gupta N.K., Joshi P.G., Srivastava V., Quraishi M.A., 

Chitosan: A Macromolecule as Green Corrosion 

Inhibitor for mild Steel in Sulfamic Acid Useful for 

Sugar Industry, Int. J. Biol. Macromol., 106: 704–711 

(2018). 

[30] Hassannejad H., Nouri A., Sunflower Seed Hull 

Extract as a Novel Green Corrosion Inhibitor for 

Mild Steel in HCl Solution, J. Mol. Liq., 254: 377–

382 (2018). 

[31] Akbarzade K., Danaee I., Nyquist Plots Prediction 

Using Neural Networks in Corrosion Inhibition of 

Steel by Schiff Base, Iran. J. Chem. Chem. 

Eng.(IJCCE), 37: 135-143 (2018). 

[32] Dindodi N., Shetty, A.N., Stearate as a Green Corrosion 

Inhibitor of Magnesium Alloy ZE41 in Sulfate Medium, 

Arab. J. Chem., 12: 1277–1289 (2019). 

[33] Berrıssoul A., Dafalı A., Cherrak K., Romane A., 

Ouarhach A., Guenbour A., Zarrouk A., A 

Comparative Study on the Corrosion Behavior of 

Mild Steel and Aluminum Alloy in Acidic Medium 

Using Green Corrosion Inhibitor, Physical Sciences., 

14: 19–31 (2019). 

[34] Luo W., Li W., Tan J., Liu J., Tan B., Zuo X., Wang Z., 

Zhang X., A Combined Experimental and Theoretical 

Research of the Inhibition Property of 2-((6-

Chloropyridazin-3-yl)Thio)-N,N-Diethylacetamide as a 

Novel and effective inhibitor for Cu in H2SO4 medium. 

J. Mol. Liq., 314:113630 (2020). 

[35] Tabatabaei majd M., Akbarzadeh S., Ramezanzadeh M., 

Bahlakeh G., Ramezanzadeh B., A Detailed 

Investigation of the Chloride-Induced Corrosion of 

Mild Steel in the Presence of Combined Green 

Organic Molecules of Primrose Flower and Zinc 

Cations. J. Mol. Liq., 297: 111862 (2020). 

[36] Vasyliev G., Vorobiova V., Rape Grist Extract (Brassica 

Napus) as a Green Corrosion Inhibitor for Water Systems, 

Mater. Today Proc., 6: 178–186 (2019). 

[37] Haldhar R., Prasad D., Saxena A., Kumar R., 

Experimental and Theoretical Studies of ficus 

Religiosa as Green Corrosion Inhibitor for Mild Steel 

in 0.5 M H2SO4 Solution, Sustain. Chem. Pharm., 9: 

95–105 (2018). 

https://link.springer.com/article/10.1007/s40735-021-00501-y
https://link.springer.com/article/10.1007/s40735-021-00501-y
https://link.springer.com/article/10.1007/s40735-021-00501-y
https://www.eurekaselect.com/article/114255
https://www.eurekaselect.com/article/114255
https://www.eurekaselect.com/article/114255
https://www.sciencedirect.com/science/article/pii/B9780128193594000180?via%3Dihub
https://www.sciencedirect.com/science/article/pii/B9780128193594000180?via%3Dihub
https://www.sciencedirect.com/science/article/pii/B9780128193594000180?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2468023020300390?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2468023020300390?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2468023020300390?via%3Dihub
https://link.springer.com/article/10.1007/s13369-020-04514-6
https://link.springer.com/article/10.1007/s13369-020-04514-6
https://link.springer.com/article/10.1007/s13369-020-04514-6
https://iopscience.iop.org/article/10.1088/2053-1591/ab5c6a
https://iopscience.iop.org/article/10.1088/2053-1591/ab5c6a
https://iopscience.iop.org/article/10.1088/2053-1591/ab5c6a
https://iopscience.iop.org/article/10.1088/2053-1591/ab5c6a
https://thinkindiaquarterly.org/index.php/think-india/article/view/17473
https://thinkindiaquarterly.org/index.php/think-india/article/view/17473
https://thinkindiaquarterly.org/index.php/think-india/article/view/17473
https://www.sciencedirect.com/science/article/abs/pii/S0022286017316800
https://www.sciencedirect.com/science/article/abs/pii/S0022286017316800
https://www.sciencedirect.com/science/article/abs/pii/S0022286017316800
https://www.sciencedirect.com/science/article/abs/pii/S0167732218332793
https://www.sciencedirect.com/science/article/abs/pii/S0167732218332793
https://www.sciencedirect.com/science/article/abs/pii/S0167732218332793
https://www.emerald.com/insight/content/doi/10.1108/PRT-03-2018-0020/full/html
https://www.emerald.com/insight/content/doi/10.1108/PRT-03-2018-0020/full/html
https://www.emerald.com/insight/content/doi/10.1108/PRT-03-2018-0020/full/html
https://www.sciencedirect.com/science/article/abs/pii/S2213343717307030
https://www.sciencedirect.com/science/article/abs/pii/S2213343717307030
https://link.springer.com/article/10.1007/s10853-018-2123-9
https://link.springer.com/article/10.1007/s10853-018-2123-9
https://link.springer.com/article/10.1007/s10853-018-2123-9
https://www.sciencedirect.com/science/article/abs/pii/S0141813017305330?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0141813017305330?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0141813017305330?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0167732217355216
https://www.sciencedirect.com/science/article/abs/pii/S0167732217355216
https://www.sciencedirect.com/science/article/abs/pii/S0167732217355216
https://ijcce.ac.ir/article_29963.html
https://ijcce.ac.ir/article_29963.html
https://ijcce.ac.ir/article_29963.html
https://www.sciencedirect.com/science/article/pii/S1878535214002846
https://www.sciencedirect.com/science/article/pii/S1878535214002846
https://dergipark.org.tr/en/pub/nwsaphysic/issue/46941/494726#article_cite
https://dergipark.org.tr/en/pub/nwsaphysic/issue/46941/494726#article_cite
https://dergipark.org.tr/en/pub/nwsaphysic/issue/46941/494726#article_cite
https://dergipark.org.tr/en/pub/nwsaphysic/issue/46941/494726#article_cite
https://www.sciencedirect.com/science/article/abs/pii/S0167732219371843
https://www.sciencedirect.com/science/article/abs/pii/S0167732219371843
https://www.sciencedirect.com/science/article/abs/pii/S0167732219371843
https://www.sciencedirect.com/science/article/abs/pii/S0167732219371843
https://www.sciencedirect.com/science/article/abs/pii/S016773221934156X
https://www.sciencedirect.com/science/article/abs/pii/S016773221934156X
https://www.sciencedirect.com/science/article/abs/pii/S016773221934156X
https://www.sciencedirect.com/science/article/abs/pii/S016773221934156X
https://www.sciencedirect.com/science/article/abs/pii/S016773221934156X
https://www.sciencedirect.com/science/article/pii/S2214785318323873
https://www.sciencedirect.com/science/article/pii/S2214785318323873
https://www.sciencedirect.com/science/article/abs/pii/S2352554118300317
https://www.sciencedirect.com/science/article/abs/pii/S2352554118300317
https://www.sciencedirect.com/science/article/abs/pii/S2352554118300317


Iran. J. Chem. Chem. Eng. Experimental and Computational Study …  Vol. 42, No. 10, 2023 

 

Research Article                                                                                                                                                                  3335 

[38] Naseri E., Hajisafari M., Kosari A., Talari M., 

Hosseinpour S., Davoodi A., Inhibitive Effect of 

Clopidogrel as a Green corrosion Inhibitor for Mild Steel; 

Statistical Modeling and Quantum Monte Carlo 

Simulation Studies, J. Mol. Liq., 269: 193–202 (2018). 

[39] Fidrusli A., Suryanto, Mahmood M., Ginger Extract 

as Green Corrosion Inhibitor of Mild Steel in 

Hydrochloric Acid Solution, IOP Conf. Ser. Mater. 

Sci. Eng., 290: 012087  (2018). 

[40] El-Sabbah M.M.B., Bedair M.A., Abbas M.A., 

Fahmy A., Hassaballa S., Moustafa A.A., Synergistic 

Effect between Natural Honey and 0.1 M KI as Green 

Corrosion Inhibitor for Steel in Acid Medium, 

Zeitschrift fur Phys. Chemie, 233: 627–649 (2019). 

[41] Cui G., Guo J., Zhang Y., Zhao Q., Fu S., Han T., 

Zhang S., Wu Y., Chitosan Oligosaccharide 

Derivatives as Green Corrosion Inhibitors for P110 

Steel in a Carbon-Dioxide-Saturated Chloride 

Solution, Carbohydr. Polym., 203: 386–395 (2019). 

[42] Zhang K., Yang W., Yin X., Chen Y., Liu Y., Le J., 

Xu B., Amino Acids Modified Konjac Glucomannan 

as Green Corrosion Inhibitors for Mild Steel in HCl 

Solution, Carbohydr. Polym., 181: 191–199 (2018). 

[43] Yeganeh M., Rezvani M.H., Laribaghal S.M., 

Electrochemical Behavior of Additively Manufactured 

316L Stainless Steel in H2SO4 Solution Containing 

Methionine as an Amino Acid, Colloids Surf. A 

Physicochem. Eng. Asp., 627: 127120  (2021). 

[44] Yeganeh M., Khosravi-Bigdeli I., Eskandari M., 

Alavi Zaree S.R., Corrosion Inhibition of l-

Methionine Amino Acid as a Green Corrosion 

Inhibitor for Stainless Steel in the H2SO4 Solution,  

J. Mater. Eng. Perform., 29: 3983–3994 (2020). 

[45] Masroor S., Mobin M., Singh A.K., Rao R.A.K.,  Shoeb M., 

Alam M.J., Aspartic Di-Dodecyl Ester Hydrochloride 

Acid and its ZnO-NPs Derivative, as Ingenious Green 

Corrosion Defiance for Carbon Steel through Theoretical 

and Experimental Access, SN Appl. Sci., 2: 1–16 (2020). 

[46] Elabbasy H.M., Fouda A.E., Olive Leaf as Green 

Corrosion Inhibitor for C-Steel in Sulfamic Acid 

Solution, Green Chem. Lett. Rev., 12: 332–342 (2019). 

[47] Chen S., Chen S., Zhu B., Huang C., Li W., Magnolia 

Grandiflora Leaves Extract as a Novel Environmentally 

Friendly Inhibitor for Q235 Steel Corrosion in 1 M HCl: 

Combining Experimental and Theoretical Researches,  

J. Mol. Liq., 311: 113312 (2020). 

[48] Dehghani A., Bahlakeh G., Ramezanzadeh B., 

Ramezanzadeh M., Experimental Complemented 

with Microscopic (Electronic/Atomic)-Level 

Modeling Explorations of Laurus Nobilis Extract as 

Green Inhibitor for Carbon Steel in Acidic Solution, 

J. Ind. Eng. Chem., 84: 52–71 (2020). 

[49] Tan B., Xiang B., Zhang S., Qiang Y., Xu L., Chen S., 

He J., Papaya Leaves Extract as a Novel Eco-Friendly 

Corrosion Inhibitor for Cu in H2SO4 Medium,  

J. Colloid Interface Sci., 582: 918–931 (2021). 

[50]  Majd M.T., Ramezanzadeh M., Bahlakeh G., Ramezanzadeh B., 

Probing Molecular Adsorption/Interactions and Anti-

Corrosion Performance of Poppy Extract in Acidic 

Environments, J. Mol. Liq., 304: 112750 (2020). 

[51] Singh A., Quraishi M.A., Azwain (Trachyspermum 

Copticum) Seed Extract as an Efficient Corrosion 

Inhibitor for Aluminium in NaOH Solution, Res. J. 

Recent Sci., 1: 57-61 (2012). 

[52] Haji Naghi Tehrani M.E., Ramezanzadeh M., 

Ramezanzadeh B., Highly-Effective/Durable Method 

of Mild-Steel Corrosion Mitigation in the Chloride-

Based Solution via Fabrication of Hybrid Metal-

Organic Film (MOF) Generated Between the Active 

Trachyspermum Ammi Bio-Molecules-Divalent Zinc 

Cations, Corros. Sci., 184: 109383 (2021). 

[53] Boujakhrout A., Hamdani I., Chahboun N., Bouyanzer A., 

Santana R. V., Zarrouk A. Antioxidant Activity and 

Corrosion Inhibitive Behavior of Garcinia Cola Seeds  

on Mild Steel in Hydrochloric Medium. J. Mater. 

Environ. Sci., 6: 3655-3666 (2015). 

[54] Dahmani M., Et-Touhami A., Al-Deyab S.S., 

Hammouti B., Bouyanzer A., Corrosion Inhibition of 

C38 Steel in 1 M HCl: A Comparative Study of Black 

Pepper Extract and Its Isolated Piperine, Int. J. 

Electrochem. Sci., 5: 1060-1069 (2021). 

[55] Bouknana D., Hammouti B., Messali M., Aouniti A.,  

Sbaa, M., Phenolic and non-Phenolic Fractions of the 

Olive Oil Mill Wastewaters as Corrosion Inhibitor for 

Steel in HCl medium. Port. Electrochimica Acta, 32: 1-

19 (2014). 

[56] Nid-Bella A., El Ibrahimi B., Bammou L., Belkhaouda M., 

Aboulhassan M.A., Salghi R., The Performance of 

Acetaldehyde Ammonia Trimer in Corrosion Inhibition 

of 3003 Aluminum Alloy in Na2CO3/NaCl Mixture 

Solution: Experimental and Computational Study, J. Mol. 

Struct., 1274: 134453 (2023). 

https://www.sciencedirect.com/science/article/abs/pii/S0167732218311735
https://www.sciencedirect.com/science/article/abs/pii/S0167732218311735
https://www.sciencedirect.com/science/article/abs/pii/S0167732218311735
https://www.sciencedirect.com/science/article/abs/pii/S0167732218311735
https://iopscience.iop.org/article/10.1088/1757-899X/290/1/012087
https://iopscience.iop.org/article/10.1088/1757-899X/290/1/012087
https://iopscience.iop.org/article/10.1088/1757-899X/290/1/012087
https://www.degruyter.com/document/doi/10.1515/zpch-2018-1208/html
https://www.degruyter.com/document/doi/10.1515/zpch-2018-1208/html
https://www.degruyter.com/document/doi/10.1515/zpch-2018-1208/html
https://pubmed.ncbi.nlm.nih.gov/30318227/
https://pubmed.ncbi.nlm.nih.gov/30318227/
https://pubmed.ncbi.nlm.nih.gov/30318227/
https://pubmed.ncbi.nlm.nih.gov/30318227/
https://pubmed.ncbi.nlm.nih.gov/29253963/
https://pubmed.ncbi.nlm.nih.gov/29253963/
https://pubmed.ncbi.nlm.nih.gov/29253963/
https://www.sciencedirect.com/science/article/abs/pii/S0927775721009894?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0927775721009894?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0927775721009894?via%3Dihub
https://link.springer.com/article/10.1007/s11665-020-04890-y#citeas
https://link.springer.com/article/10.1007/s11665-020-04890-y#citeas
https://link.springer.com/article/10.1007/s11665-020-04890-y#citeas
https://link.springer.com/article/10.1007/s42452-019-1515-z#citeas
https://link.springer.com/article/10.1007/s42452-019-1515-z#citeas
https://link.springer.com/article/10.1007/s42452-019-1515-z#citeas
https://link.springer.com/article/10.1007/s42452-019-1515-z#citeas
https://www.tandfonline.com/doi/full/10.1080/17518253.2019.1646812
https://www.tandfonline.com/doi/full/10.1080/17518253.2019.1646812
https://www.tandfonline.com/doi/full/10.1080/17518253.2019.1646812
https://www.sciencedirect.com/science/article/abs/pii/S0167732220301422
https://www.sciencedirect.com/science/article/abs/pii/S0167732220301422
https://www.sciencedirect.com/science/article/abs/pii/S0167732220301422
https://www.sciencedirect.com/science/article/abs/pii/S0167732220301422
https://www.sciencedirect.com/science/article/abs/pii/S1226086X19306689
https://www.sciencedirect.com/science/article/abs/pii/S1226086X19306689
https://www.sciencedirect.com/science/article/abs/pii/S1226086X19306689
https://www.sciencedirect.com/science/article/abs/pii/S1226086X19306689
https://www.sciencedirect.com/science/article/abs/pii/S0021979720311395
https://www.sciencedirect.com/science/article/abs/pii/S0021979720311395
https://www.sciencedirect.com/science/article/abs/pii/S0167732219371326
https://www.sciencedirect.com/science/article/abs/pii/S0167732219371326
https://www.sciencedirect.com/science/article/abs/pii/S0167732219371326
http://www.isca.in/rjrs/archive/v1/iISC-2011/09.ISCA-ISC-2011-4CS-11.php
http://www.isca.in/rjrs/archive/v1/iISC-2011/09.ISCA-ISC-2011-4CS-11.php
http://www.isca.in/rjrs/archive/v1/iISC-2011/09.ISCA-ISC-2011-4CS-11.php
https://www.sciencedirect.com/science/article/abs/pii/S0010938X21001499?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X21001499?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X21001499?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X21001499?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X21001499?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X21001499?via%3Dihub
https://www.jmaterenvironsci.com/Document/vol6/vol6_N12/418-JMES-Boujakhrout.pdf
https://www.jmaterenvironsci.com/Document/vol6/vol6_N12/418-JMES-Boujakhrout.pdf
https://www.jmaterenvironsci.com/Document/vol6/vol6_N12/418-JMES-Boujakhrout.pdf
http://www.electrochemsci.org/papers/vol5/5081060.pdf
http://www.electrochemsci.org/papers/vol5/5081060.pdf
http://www.electrochemsci.org/papers/vol5/5081060.pdf
http://www.peacta.org/articles_upload/PEA_32_1_2014_1_19.pdf
http://www.peacta.org/articles_upload/PEA_32_1_2014_1_19.pdf
http://www.peacta.org/articles_upload/PEA_32_1_2014_1_19.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0022286022020981
https://www.sciencedirect.com/science/article/abs/pii/S0022286022020981
https://www.sciencedirect.com/science/article/abs/pii/S0022286022020981
https://www.sciencedirect.com/science/article/abs/pii/S0022286022020981


Iran. J. Chem. Chem. Eng. Niloofar J. et al. Vol. 42, No. 10, 2023 

 

3336                                                                                                                                                                  Research Article 

[57] Tan B., Zhang S., Liu H., Guo Y., Qiang Y., Li W., Guo L., 

Xu C., Chen S., Corrosion Inhibition of X65 Steel in 

Sulfuric Acid by Two Food Flavorants 2- Isobutylthiazole 

and 1-(1,3-Thiazol-2-yl) Ethanone as the Green 

Environmental Corrosion Inhibitors: Combination of 

Experimental and Theoretical Researches, J. Colloid 

Interface Sci., 538: 519-529 (2019). 

[58] Zuo X., Li W., Luo W., Zhang X., Qiang Y., Zhang J., 

Li H., Tan B., Research of Lilium Brownii Leaves 

Extract as a Commendable and Green Inhibitor for 

X70 Steel Corrosion in Hydrochloric Acid,  J. Mol. 

Liq., 321: 114914 (2021). 

[59] Tan B., Zhang S., Qiang Y., Li W., Li H., Feng L., Guo L., 

Xu C., Chen S., Zhang G., Experimental and Theoretical 

Studies on the Inhibition Properties of Three Diphenyl 

Disulfide Derivatives on Copper Corrosion in Acid 

Medium, J. Mol. Liq., 298: 111975 (2020) 

[60] Tan B., He J., Zhang S., Xu C., Chen S., Liu H., Li W., 

Insight Into Anti-Corrosion Nature of Betel Leaves Water 

Extracts as the Novel and Eco-Friendly Inhibitors,  

J. Colloid Interface Sci., 585: 287-301 (2021). 

[61] Devikala S., Kamaraj P., Arthanareeswari M., 

Pavithra S., Green Corrosion Inhibition of Mild Steel 

by Asafoetida Extract Extract in 3.5% NaCl, Mater. 

Today: Proc., 14: 590-601 (2019). 

[62] Chigondo M., Chigondo F., Recent Natural Corrosion 

Inhibitors for Mild Steel: An Overview, J. Chem., 

2016: 6208937 (2016). 

[63] Gadow H.S., Fakeeh M., Green Inhibitor of Carbon 

Steel corrosion in 1 M hydrochloric Acid: Eruca 

Sativa Seed Extract (Experimental and Theoretical 

Studies), RSC Adv., 12: 8953-8986 (2022). 

[64] Bhuvaneswari T.K., Vasantha V.S., Jeyaprabha C., 

Insight into Anti-Corrosion Nature of Betel Leaves 

Water Extracts as the Novel and Eco-Friendly 

Inhibitors, Silicon., 10: 1793–1807 (2018). 

[65] Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E., 

Robb,M.A., Cheeseman J.R., Scalmani G., Barone V., 

Petersson G.A., Nakatsuji H., Li X., Caricato M., 

Marenich A. V., Bloino J., Janesko B.G., Gomperts R., 

Mennucci B., Hratchian H.P., Ortiz J.V., Izmaylov A.F., 

Sonnenberg J.L., Williams-Young D., Ding F., 

Lipparini F., Egidi F., Goings J., Peng B., Petrone A., 

Henderson T., Ranasinghe D., Zakrzewski V.G., Gao J., 

Rega N., Zheng G., Liang W., Hada M., Ehara M., 

Toyota K., Fukuda R., Hasegawa J., Ishida M., 

Nakajima T., Honda Y., Kitao O., Nakai H., Vreven T., 

Throssell K., Montgomery J.A., Peralta J.E., Ogliaro F., 

Bearpark M.J., Heyd J.J., Brothers E.N., Kudin K.N., 

Staroverov V.N., Keith T.A., Kobayashi R., Normand J., 

Raghavachari K., Rendell A.P., Burant J.C., Iyengar S.S., 

Tomasi J., Cossi M., Millam J.M., Klene M., Adamo C., 

Cammi R., Ochterski J.W., Martin R.L., Morokuma K., 

Farkas O., Foresman J.B., Fox D. J., Guassian (2019). 

[66] Devi G.N., Saranya J., Manjubaashini N., Thangadurai T.D., 

Roopan S.M., Chitra S., Polyamidoaminoepichlorohydrin  

Resin a Novel Synthetic Anti-Corrosive Water Soluble Polymer 

for Mild Steel, Prog. Org. Coatings, 109: 117–125 (2017). 

[67] Kowsari E., Arman S.Y., Shahini M.H., Zandi H., Ehsani A., 

Naderi R., PourghasemiHanza A., Mehdipour M., In situ 

Synthesis, Electrochemical and Quantum Chemical 

Analysis of an Amino Acid-Derived Ionic Liquid 

Inhibitor for Corrosion Protection of Mild Steel in 1M 

HCl Solution, Corros. Sci., 112: 73–85 (2016). 

[68] Farahati R., Ghaffarinejad A., Mousavi-khoshdel S.M., 

Rezania J., Behzadi H., Shockravi A., Synthesis and Potential 

Applications of Some Thiazoles as Corrosion Inhibitor of 

Copper in 1 M HCl: Experimental and Theoretical Studies, 

Prog. Org. Coatings, 132: 417–428 (2019).  

[69] Mehdipour M., Naderi R., Markhali B.P., Electrochemical 

Study of Effect of the Concentration of Azole Derivatives 

on Corrosion Behavior of Stainless Steel in H2SO4, Prog. 

Org. Coatings, 77: 1761–1767 (2014). 

[70] Bockris J.O., Reddy A.K.N., 2nd ed., Modern 

Electrochemistry, vol. 2B, Kluwer Academic/Plenum 

Publishers, New York, 2000. 

[71] Kokalj A., Molecular Modeling of Organic Corrosion 

Inhibitors: Calculations, Pitfalls, and Conceptualization of 

Molecule–Surface Bonding, Cor. Sci., 193: 109650 (2021)  

[72. Fateh A., Aliofkhazraei M., Rezvanian A.R., Review of 

Corrosive Environments for Copper and its Corrosion 

Inhibitors, Arab. J. Chem., 13: 481–544 (2020). 

[73] Muralisankar M., Sreedharan R., Sujith S., 

Bhuvanesh N.S.P., Sreekanth A., N(1)-Pentyl Isatin-

N(4)-Methyl-N(4)-Phenyl Thiosemicarbazone (PITSc) 

as a Corrosion Inhibitor on Mild Steel in HCl.  

J. Alloys Compd., 695: 171–182 (2017). 

[74] Singh A., Ansari K.R., Quraishi M.A., Lgaz H., Lin Y., 

Synthesis and Investigation of Pyran Derivatives as 

Acidizing Corrosion Inhibitors for N80 Steel in 

Hydrochloric Acid: Theoretical and Experimental 

Approaches, J. Alloys Compd., 762: 347–362 (2018). 

https://www.sciencedirect.com/science/article/abs/pii/S0021979718314553
https://www.sciencedirect.com/science/article/abs/pii/S0021979718314553
https://www.sciencedirect.com/science/article/abs/pii/S0021979718314553
https://www.sciencedirect.com/science/article/abs/pii/S0021979718314553
https://www.sciencedirect.com/science/article/abs/pii/S0021979718314553
https://www.sciencedirect.com/science/article/abs/pii/S0167732220371567
https://www.sciencedirect.com/science/article/abs/pii/S0167732220371567
https://www.sciencedirect.com/science/article/abs/pii/S0167732220371567
https://www.sciencedirect.com/science/article/abs/pii/S0167732219333069
https://www.sciencedirect.com/science/article/abs/pii/S0167732219333069
https://www.sciencedirect.com/science/article/abs/pii/S0167732219333069
https://www.sciencedirect.com/science/article/abs/pii/S0167732219333069
https://pubmed.ncbi.nlm.nih.gov/33296731/
https://pubmed.ncbi.nlm.nih.gov/33296731/
https://www.sciencedirect.com/science/article/pii/S2214785319307783
https://www.sciencedirect.com/science/article/pii/S2214785319307783
https://www.hindawi.com/journals/jchem/2016/6208937/
https://www.hindawi.com/journals/jchem/2016/6208937/
https://pubs.rsc.org/en/content/articlelanding/2022/ra/d2ra01296k
https://pubs.rsc.org/en/content/articlelanding/2022/ra/d2ra01296k
https://pubs.rsc.org/en/content/articlelanding/2022/ra/d2ra01296k
https://pubs.rsc.org/en/content/articlelanding/2022/ra/d2ra01296k
https://link.springer.com/article/10.1007/s12633-017-9673-3#citeas
https://link.springer.com/article/10.1007/s12633-017-9673-3#citeas
https://link.springer.com/article/10.1007/s12633-017-9673-3#citeas
https://gaussian.com/
https://www.sciencedirect.com/science/article/pii/S0300944017302631?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0300944017302631?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0300944017302631?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X16303456?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X16303456?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X16303456?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X16303456?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0010938X16303456?via%3Dihub
https://www.semanticscholar.org/paper/Synthesis-and-potential-applications-of-some-as-of-Farahati-Ghaffarinejad/cd834c5bca0a1114f1299efee395bc7823496f37
https://www.semanticscholar.org/paper/Synthesis-and-potential-applications-of-some-as-of-Farahati-Ghaffarinejad/cd834c5bca0a1114f1299efee395bc7823496f37
https://www.semanticscholar.org/paper/Synthesis-and-potential-applications-of-some-as-of-Farahati-Ghaffarinejad/cd834c5bca0a1114f1299efee395bc7823496f37
https://www.sciencedirect.com/science/article/pii/S0300944014001957?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0300944014001957?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0300944014001957?via%3Dihub
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiGnYyBjt77AhVH3qQKHc_4CP0QFnoECAsQAQ&url=https%3A%2F%2Fceramrtr.ceramika.agh.edu.pl%2F~szyszkin%2Feis%2FModern%2520Electrochemistry%2520Vol%25202B%2520Electrodics%2520in%2520Chemistry%2C%2520Engineering.pdf&usg=AOvVaw3Rx7ogVaGLdYx4k0FKeKz1
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiGnYyBjt77AhVH3qQKHc_4CP0QFnoECAsQAQ&url=https%3A%2F%2Fceramrtr.ceramika.agh.edu.pl%2F~szyszkin%2Feis%2FModern%2520Electrochemistry%2520Vol%25202B%2520Electrodics%2520in%2520Chemistry%2C%2520Engineering.pdf&usg=AOvVaw3Rx7ogVaGLdYx4k0FKeKz1
https://www.sciencedirect.com/science/article/pii/S0010938X21004169
https://www.sciencedirect.com/science/article/pii/S0010938X21004169
https://www.sciencedirect.com/science/article/pii/S0010938X21004169
https://www.sciencedirect.com/science/article/pii/S1878535217301090
https://www.sciencedirect.com/science/article/pii/S1878535217301090
https://www.sciencedirect.com/science/article/pii/S1878535217301090
https://www.sciencedirect.com/science/article/abs/pii/S0925838816332960
https://www.sciencedirect.com/science/article/abs/pii/S0925838816332960
https://www.sciencedirect.com/science/article/abs/pii/S0925838816332960
https://www.sciencedirect.com/science/article/abs/pii/S0925838818319558
https://www.sciencedirect.com/science/article/abs/pii/S0925838818319558
https://www.sciencedirect.com/science/article/abs/pii/S0925838818319558
https://www.sciencedirect.com/science/article/abs/pii/S0925838818319558


Iran. J. Chem. Chem. Eng. Experimental and Computational Study …  Vol. 42, No. 10, 2023 

 

Research Article                                                                                                                                                                  3337 

[75] Guo Y., Xu B., Liu Y., Yang W., Yin X., Chen Y., Le 

J., Chen Z., Corrosion Inhibition Properties of Two 

Imidazolium Ionic Liquids with Hydrophilic 

Tetrafluoroborate and Hydrophobic 

Hexafluorophosphate Anions in Acid Medium, J. Ind. 

Eng. Chem., 56: 234–247 (2017). 

[76] Hu S., Cui P., Wang C., Xie Z., Xu F., Shang G., 

Rapid Synthesis and Evaluation of a Cheaper 

Corrosion Inhibitor for Steel in HCl Solution, Iran. J. 

Chem. Chem. Eng. (IJCCE), 38(3): 117-125 (2019). 

[77] Morshed Behbahani K., Najafisayar P., Pakshir M.,  

A New Method for Electroplating of Crack-Free 

Chromium Coatings, Iran. J. Chem. Chem. Eng. 

(IJCCE), 37(5): 117-127 (2018). 

[78] Pekçioğlu S.Y., Uraz C., Yanar Ocaktan S., Zunal O., 

Modification of Natural Zeolite for Anticorrosive 

Paint Preparation, Iran. J. Chem. Chem. Eng. 

(IJCCE), 41(7): 2236-2246 (2022). 

[79] Elmi S., Foroughi M.M., Dehdab M., Shahidi-Zandi M., 

Computational Evaluation of Corrosion Inhibition of 

Four Quinoline Derivatives on Carbon Steel in 

Aqueous Phase, Iran. J. Chem. Chem. Eng. (IJCCE), 

38(1): 185-200 (2019). 

 

 

https://www.sciencedirect.com/science/article/abs/pii/S1226086X17303866
https://www.sciencedirect.com/science/article/abs/pii/S1226086X17303866
https://www.sciencedirect.com/science/article/abs/pii/S1226086X17303866
https://www.sciencedirect.com/science/article/abs/pii/S1226086X17303866
https://www.ijcce.ac.ir/article_37186.html
https://www.ijcce.ac.ir/article_37186.html
https://www.ijcce.ac.ir/article_28215.html
https://www.ijcce.ac.ir/article_28215.html
https://www.ijcce.ac.ir/article_247072.html
https://www.ijcce.ac.ir/article_247072.html
https://www.ijcce.ac.ir/article_29776.html
https://www.ijcce.ac.ir/article_29776.html
https://www.ijcce.ac.ir/article_29776.html

