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Abstract: Corrosion inhibition effect of L-Methionine (MT1), L-Methionine sulfoxide 
(MT2) and L-Methionine sulfone (MT3) on mild steel corrosion in 1M HCl solution 
was studied by using weight loss, electrochemical polarization and electrochemical 
impedance spectroscopy (EIS) techniques. The experimental results showed that the 
inhibitory efficiency of the three aminoacids improves with the increase of 
concentration to reach the maximum value of 95.20% for MT1, 94.14% for MT2 and 
88.92% for MT3 for a concentration of 10-3M, which translates that the surface covered 
by the inhibitor increases with the concentration. The effect of temperature on the 
corrosion rate was investigated and some thermodynamic parameters were calculated. 
Polarization studies show that three studied inhibitors suggested that three inhibitors 
control the anodic as well as cathodic reactions and act as mixed type in nature. The 
results show that MT1, MT2 and MT3 are good inhibitors, and the adsorption of each 
inhibitor on mild steel surface obeys Flory-Huggins and Langmuir, with a better fit of 
the Langmuir isotherm through mixed adsorption (physisorption as well as 
chemisorption) process. In addition, the quantum approach based on density functional 
theory (DFT), monte Carlo (MC) and molecular dynamics (MD) simulations was 
confirmed the reactivity of the studied compound towards the corrosion process. 
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1. Introduction 
 Mild steel (MS) is a low cost highly demanded alloy in industries because it has a lot of good 
properties such as inherent flexibility, ductility, malleability, hardness, tensile strength, and high 
melting point (Paul and Yadav,2020) For this reason, researchers have long been interested in studying 
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the corrosion of mild steel in various corrosive environments (Abdallah et al.,2021, Dkhireche et 
al.,2020, El Aatiaoui et al., 2022, Mehta et al., 2022). It’s known that the efficiency of an organic 
compound as corrosion inhibitor depends not only on the characteristics of the environment in which 
it acts, the nature of the metal surface and electrochemical potential at the interface, but also on the 
structure of the inhibitor itself. The inhibitor molecule should have centres capable of forming bonds 
with the metal surface via electron transfer. Thus, the metal acts as an electrophile, whereas the 
inhibitor molecule acts as a Lewis base, whose nucleophilic centre are normally available for sharing, 
i.e. formation of a bond. The application of organic compounds containing nitrogen, oxygen and sulfur 
as corrosion inhibitor in acid medium is reported in literature (Umoren et al.,2015, Nahl´e et al., 2021, 
Kaczerewska et al., 2017, Abd El-Lateef et al., 2020, Haldhar et al., 2021, Merimi et al.,2023, Merimi 
et al., 2023). 
To date, a large number of inorganic and organic corrosion inhibitors have been studied, but most of 
them are toxic and hazardous to the environment, violating the current concept of green development. 
Hence, it is highly desirable to develop green, cost-effective and highly efficient corrosion inhibitors. 
The various researches showed that aminoacids exhibited as efficient corrosion inhibitors for steel, iron 
and copper in different test solutions (Kesavan et al.,2012, Sudheer et al., 2012, Jose Santana et al., 
2012, Aytac et al., 2012, Chetouani et al., 2012; Loukili et al. 2022). However, some expensive self-
assembled monolayers (SAMs) are organic compounds that are difficult to degrade and that might a 
toxic threat to environment. Therefore, eco-friendly SAMs are an urgent need. l-methionine [CH3-S-
CH2-CH2-CH(CO2H)NH2], a molecule that contains both (-NH2) and (-S-CH3) groups, is 
biodegradable and relatively economical compared with traditional SAMs. This sulfur containing 
amino acid has been found to be an efficient molecule for self-assembled films and corrosion inhibitors 
(Zhang et al., 2015, Hammouti el al. 1995; Zerfaoui et al. 2002; Aouniti et al. 2022;). 
In this study, we investigated the protection from corrosion of MS in acidic media by self- assembling 
l-methionine and its derivatives, as shown in Figure 1. Electrochemical techniques were used to study 
the inhibition efficiency of these self- assembled films on CS in a 0.5 M HCl solution. 
The corrosion inhibition properties of three aminoacids: l-methionine, l-methionine sulfoxide and l-
methionine sulfone inhibitor was analysed by weight loss and electrochemical studies as well using 
quantum chemical calculations to better understand the interaction mode of the inhibitors on the mild 
steel surface. 

 
Figure 1. Chemical structure of methionine and its derivatives. 
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2. Materials and Experimental Methods 
2.1. Material and study medium 
The samples used in this work are mild steel coupons with an average composition (% by weight) of 
0.21C, 0.38Si, 0.05 Mn, 0.09P, 0.05S, 0.01Al and the rest iron, are used for electrochemical tests and 
mass loss. For the weight loss study, MS sheet was cut into pieces of dimension 1.5× 1.5 × 0.3 cm and 
for the electrochemical study mild steel electrode was prepared with 0.5cm2 of exposed area to the acid 
solution. Before each experiment, the mild steel and pure iron electrodes were polished with 360, 400, 
600, 800, 1200 grades of emery paper down to a mirror-like surface, degreased in pure acetone, and 
washed in distilled water and finally dried with tissue paper. 
L-Methionine (MT1) and L-Methionine sulfoxide (MT2) and L-Methionine sulfone (MT3) were 
purchased from Sigma- Aldrich and utilized as received without further purification. 
The corrosive medium is prepared from the commercial solution of hydrochloric acid HCl, 37%, d = 
1.19 and distilled water. The solution of 1M HCl was prepared by dilution of the commercial solution 
of hydrochloric acid HCl, 37%, d = 1.19. Stock solutions of MT1 and MT2 and MT3 were prepared in 
1M HCl and the required concentrations were dissolved in 1M HCl solution to obtain a concentration 
range of 10-6 to 10-3M. 

2.2. Mass loss measurements 
Among the techniques used in this work to monitor corrosion, mass loss is simple, reliable and easy to 
conduct. The weight of sample before and after 6 h of submersion at 293–333K temperature in 
hydrochloric acid (1 M) and at various concentrations of inhibitors was recorded carefully by digital 
balance and loss in mass was calculated. In order to get good reproducibility, all measurements were 
performed few times and average values were reported to obtain good reproducibility.  By using the 
weight loss data, the parameters of corrosion such as rate of corrosion (CR), surface coverage (θ) and 
inhibition efficiency (Ew (%)) were evaluated by using equations Eqn.1, Eqn.2, Eqn.3 (Karthik and 
Sundaravadivelu, 2017)  
 
𝐶𝑅 = !"#$%&	()**	

+,"-	(/0!)×&#0"	(%)
																																																																																																														Eqn.1 

θ	= (1 − 34
	34"

)		                                                                                                                Eqn.2 

Ew	(%)	=	(1−	34
345

	)	×	100                                                                                                 Eqn.3 

 
Where: CR0 and CR are mild steel corrosion rates (mg cm−2 h−1) in the absence and presence of the 
extract, respectively.  
 
2.3. Electrochemical techniques 
2.3.1. Potentiodynamic polarization (PDP) 
The measurement of current density with and without the inhibitors, between the working electrode 
(mild steel) and the platinum electrode (auxiliary electrode) in the presence of a saturated calomel 
reference electrode (ECS), enable to estimate the inhibitory efficiency (ɳEIS (%)) according to 
equation (4), using a PGZ100 potentiostat/ galvanostat monitored by a computer via Volta Master 4 
software at the temperature 308 K. For all the electrochemical tests, the potential-current curves are 
recorded from cathodic to the anodic direction in a range between -200 mV and 800 mV/ESC, with a 
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scan rate of 0.5 mV/s in inhibited and uninhibited solution. The open circuit potential (OCP) was 
recorded as a function of time up to 30 min. As a result, Ecor which corresponds to a steady-state OCP 
was obtained before each test. 

ɳEIS	(%)	=	1##$%°7##$%
##$%°

2 × 100                                                                                     Eqn.4  
Where icor° and icor are, respectively, current densities before and after addition of the inhibitor. 

2.3.2. Electrochemical impedance spectroscopy (EIS) 
The EIS experiments were conducted in the frequency range 100 KHz - 10 mHz using AC signals of 
amplitude 10 mV. EIS experiments were performed at OCP.The inhibition efficiency of the inhibitor 
was calculated from the charge transfer resistance values using the following equation in Eqn.5 

ɳEIS	(%)	=	(4#&74#&
°

4#&
) × 100                                                                  Eqn.5 

Where Rct and Rct° are polarization resistance in the presence and absence of inhibitor respectively. 
 

2.4. Computational studies 
On the basis of the findings of an experimental study on methionine and its derivatives by 
electrochemical methods, we found it useful and very interesting to undertake a quantum study of these 
compounds, to establish a relationship between its structures and its inhibitory efficiency. Each 
compound focuses on the descriptions that best describe its anti-corrosion character. 
The Dmol3 module included in the Biovia Materials Studio software was used for DFT calculations 
(Yukna et al.,1998, Andzelm et al., 2001). Generalized Gradient Approximation (Berisha et al., 2019) 
employing the M11L (Peverati and Truhlar, 2012, Goerigk et al., 2011) and the triple-numeric quality 
with the polarization functions (TNP) (Daoudi et al., 2022) have been used for geometric optimizations. 
In this work, MD simulations have been done with the canonical NVT set for a simulation time of 800 
ps with 1.0 fs as a time step (Chauhan et al., 2019). The temperature for the systems examined was 298 
K by means of the Berendsen’s thermostat. Herein, the COMPASSIII (Version 1.0) was used as force 
field to calculate all energetic components of considered system (Dagdag et al., 2022, Abdellattif et 
al., 2021). 
Adsorption locations, energies and chemical adsorption processes were also included in this analysis. 
These simulations were carried out utilizing Fe(110) iso-area (three dimensions for the slab model: 
27.306127× 27.306127× 47.161105 Å) under Periodic Boundary Conditions. This model featured the 
Fe layer, 10 chloride ions, 10 hydronium ions, 1000 H2O molecules and 1 inhibitor and a 35 vacuum 
layer were included in the simulation box. 
 

3. Results and Discussion 
3.1. The effect of MT concentration 
The different values obtained by the mass loss measurements of the rate corrosion and inhibitory 
efficiency of different concentrations are grouped in Table 1 and schematically shown in Figure 2. 
The present results of Table 1, shows that the corrosion rate decreases significantly after the addition 
of the three inhibitors. On the other hand, the inhibition efficiency increases with the increase of 
inhibitor concentration. This can be explained by the formation of an organic layer that covers the 
surface of the steel, which blocks the acid attack. The values of Ew(%) of MT1, MT2 and MT3 inhibitors 
at 308K increases with increase in concentration up to 10-3M. So, for further studies, 10-3M was used 
as optimum concentration and for 10-3M concentration efficiency of MT1 and MT2 and MT3 was 
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92,45%, 81,10% and 88,21%, respectively. It is also evident from Figure 2 the performance of MT1 is 
the best compared to the other inhibitors for the different concentrations used. 

Table 1.  The different corrosive parameters calculated by the mass loss measurements of mild steel in HCl 1 
M with and without MT1->3. 

 

 
Figure 2. Comparison of the efficiency of MT1->3 for different concentrations. 
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Prod Code Conc (M) Corrosion rate (CR) (mg cm−2h−1) Inhibition efficiency Ew (%) θ 

Blank 1 0.80 -----       ----- 
MT1 1.10-6 0.47 41.67 0.42 

5.10-5 0.28 65.08 0.65 
1.10-5 0.21 73.42 0.73 
5.10-4 0.18 77.66 0.78 
1.10-4 0.17 79.24 0.79 
5.10-3 0.11 85.73 0.86 
1.10-3 0.06 92.45 0.92 

MT2 1.10-6 0.52 35.03 0.35 
5.10-5 0.47 41.71 0.42 
1.10-5 0.37 53.78 0.54 
5.10-4 0.27 66.49 0.66 
1.10-4 0.22 71.93 0.72 
5.10-3 0.19 76.25 0.76 
1.10-3 0.15 81.10 0.81 

MT3 1.10-6 0.49 40.90 0.41 
5.10-5 0.40 51.75 0.52 
1.10-5 0.34 59.28 0.59 
5.10-4 0.28 66.78 0.67 
1.10-4 0.24 71.45 0.71 
5.10-3 0.16 80.83 0.81 
1.10-3 0.09 88.21 0.88 
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3.2. Adsorption isotherm of studied ligands 
The interaction between the inhibitor and the mild steel surface gives basic information which  can be 
provided by the adsorption isotherm. To determine the type of adsorption isotherm corresponding to 
our study, different types of isotherms Langmuir, Flory-Huggins, Freundlich and Temkin were tested 
using their mathematical formulas equations, respectively Eqn.6-Eqn.9 (Zerfaoui et al., 2004, Tan  et al., 
2018, Bahlakeh et al., 2019, Ramezanzadeh et al., 2019). The experimental values obtained by the mass 
loss method are illustrated graphically to fit several types of adsorption isotherms (Figure 3) 
	
3
8
= 𝐶 + 9

:()*
																																																																																																																																										Eqn.6	

𝐿𝑜𝑔 18
3
2 = 𝐿𝑜𝑔(𝑘-;*) + 𝑥𝐿𝑜𝑔(1 − 𝜃)																																																																																							Eqn.7	

	

𝑙𝑛(𝜃) = 𝑙𝑛(𝑘-;*) + 𝑧𝑙𝑛(𝐶)																																																																																																													Eqn.8 
 

𝜃 = − <.>5>()$:()*
<-

− <.>5>()$3
<-

																																																																																																										Eqn.9	
From the graphs shown in Figure 3, and the R2 and slope values in Table 3 are near to unity indicating 
that the adsorption of these inhibitors obeys Flory-Huggins and Langmuir, with a better fit of the 
Langmuir isotherm (R2 = 0.999). This suggests that there is an interaction between adsorbed species 
of the inhibitor molecules on the metal surface. Langmuir equation had been derived on the assumption 
that no interaction exist among adsorbed inhibitor molecules. This is not true as many reports in the 
literature have shown that large molecules such as polymers (Umoren et al., 2013 & 2011) and organic 
molecules having polar groups (Tao et al., 2012) can interact by mutual repulsion or attraction (Alhaff 
et al., 2018). According to Kads values, the standard free energy of adsorption (∆𝐺-;*° ) for MT1, MT2 
and MT3 at 35 °C were estimated by the following equation Eqn.10 (Yüce and Kardas, 2012). 
 
∆𝐺-;*° = −𝑅𝑇	𝑙𝑛	(55.5 × 𝑘-;*)                                                                                             
Eqn.10 
 

where R is the gas constant and T is the absolute temperature (K). With the value 55.5 in the above 
equation is equal to the concentration of water in the medium in mol/l. Calculated values of Kads and 
∆𝐺-;*° 	are listed in Table 2. 
From the results shown in Table 2, the large values of Kads were obtained for three studied inhibitors 
MT1, MT2 and MT3 suggesting that they adsorbed easily and strongly onto the substrate surface. 
However, to fully understand the types of ligand–metal bonds, it is necessary to estimate the Gibbs 
energy	∆𝐺-;*° . Moreover, most researchers propose that for values of 	∆𝐺-;*°   superior to -20 kJ/mol, 
this energy gap corresponds to weak interactions (physical adsorption). On the other hand, when 	∆𝐺-;*°  
is less than -40 kJ/mol, it corresponds to charge transfer between the metal surface and the inhibitor 
molecules by forming covalent or coordination bonds (Herrag  et al., 2010, Zerga  et al., 2009, Khamis et 
al., 1991).In our case, the calculated 	∆𝐺-;*° 	values for MT1, MT2 and MT3 were -39.87, -38.86 and -
39.50 kJmol-1, respectively at 308K; these values were between the threshold values for physical 
adsorption and chemical adsorption, indicating that the adsorption process of these inhibitors at mild 
steel surface involves both the physical as well as chemical adsorption (mixed) (Hegazy  et al., 2015). 
The negative values of 	∆𝐺-;*° 	indicate that the adsorption process is spontaneous in nature. 
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Figure 3. Adsorption isotherms of the MT inhibitors on the steel surface at 308K. 
 

Table 2 : Different values of the Kads constant and ∆𝐺!"#° of the adsorption energy calculated for MT1, MT2 
and MT3 at 308K. 

Isotherm Compound Linear correlation Slope Kads (M-1) ∆𝑮°𝒂𝒅𝒔(KJ /mol) 

Langmuir MT1     0.9984     1.0877 1.04.105 -39.87 
MT2 0.9977 1.1383 7.02.104 -38.86 
MT3 0.9990 1.2358 9.02.104 -39.50 

Flory-Huggins MT1 0.9057 3.3466 0.15 -5.51 
MT2 0.9234 3.8861 0.16 -5.60 
MT3 0.9671 4.6448 0.16 -5.59 

Freundlich MT1      0.7665      0.0947 1.59 -11.47 
MT2 0.9707 0.1049 1.62 -11.52 
MT3 0.9159 0.1241 1.38 -11.11 

Temkin MT1 0.8594 0.1432 0.73 -9.48 
MT2 0.9914 0.1509 0.76 -9.57 
MT3 0.9516 0.1599 0.76 -9.58 

 

3.3. Electrochemical study 
3.3.1. Potentiodynamic polarization tests (PDP) 
The Tafel polarization curves of MT1, MT2 and MT3 inhibitors for the mild steel in 1M of HCl solution 
at 308 K temperature in the absence and presence of optimum concentration 10-3M of inhibitors are 
represented in Figure 4 and obtained corrosion parameters (corrosion current density, corrosion 
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potential, efficiency and the anodic and cathodic Tafel slopes) are recorded in Table 3 using Ec-lab 
software. Addition of the inhibitors is seen to affect the anodic (metal dissolution) aswell as the 
cathodic (hydrogen evolution) partial reactions, shifting the corrosion potential (Ecorr) slightly towards 
more positive (anodic) values and reducing the anodic and cathodic current densities and the 
corresponding corrosion current density (icorr). This indicates that the three inhibitors functioned as 
mixed-type inhibitors in 1M HCl solution (Cao, 1996). 
 
 Table 3. Electrochemical parameter for mild steel in 1M HCl solution in the presence or absence of the optimum 
concentration of inhibitor at 303 K. 

  
Figure 4. Tafel polarization plots of MT1, MT2 and MT3 inhibitors in absence and presence of optimum 

concentration 10-3 at 308K. 

The reduction in the value of corrosion current density in the presence of MT1 inhibitor is more 
pronounced than MT2 and MT3, which results in increase in inhibition efficiency. The inhibitor 
molecules are first adsorbed on the mild steel surface, blocking the available reaction sites, and 
decrease the corrosion current density. This result is in agreement with that of gravimetric 
measurements. Again, it is noticed from Table 3 that there is notable changes in both the anodic and 
cathodic Tafel slopes in the presence of inhibitors relative to the blank, no definite trend is seen. This 
observation coupled with the fact that both anodic and cathodic current densities are reduced suggests 
that the three inhibitor MT1, MT2 and MT3 function as a mixed type corrosion inhibitors (Pradeep-
Kumar et al., 2015). For comparison, the inhibition efficiency values can be classified as follows: MT1 
(95.20%) > MT3(94.14%) > MT2(88.92%). MT1 showed good corrosion protection of mild steel in the 
aggressive solution studied (1M HCl). This indicates the powerful adsorption of the very strong sulfur 
structure of L-methionine leading to a higher inhibition efficiency 95.20%, compared to methionine 
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sulfone and methionine sulfoxide which the sulfur of L-methionine has been oxidised to the 
corresponding sulfone and sulfoxide which introduces a decrease in inhibition efficiency. 

3.3.2. Electrochemical impedance spectroscopy tests (EIS) 
In this study, in order to confirm the obtained results from the polarization curves and acquire more 
information on the kinetics of the electrochemical processes at the mild steel/acid interface and how 
this is modified by the presence of inhibitor, electrochemical impedance spectroscopy was employed. 
The Nyquist plots for the three inhibitors are shown in Figure 5. The Nyquist curves show a single 
capacitive loop, suggesting presence of single time constant and imperfect semicircle at high 
frequencies, suggesting porous heterogeneous surface of mild steel and inhibitor adsorption resulting 
from the frequency dispersion (Yousefi  et al., 2015). 
Figure 5 exhibits Nyquist diagram reflecting the effect of the optimum concentration 10-3 of the three 
inhibitors MT1, MT2 and MT3 on the corrosion of mild steel in HCl medium 1 M at 308 K. The 
extracted parameters from the electrochemical graphs are grouped together in Table 4. Using the EC-
Lab software, the equivalent electrical circuit was obtained and it’s illustrated in Figure 6.  

 
Figure 5. Nyquist plot for the MS in 1M HCl and with the absence and presence of MT1, MT2 and MT3 inhibitor at 

308K temperature for the optimum concentration 10-3M. 
 

 
Figure 6. Circuit for fitting the Nyquist plot. 

 
The equivalent circuit includes the solution resistor (Rs) and a bias resistor (Rct), positioned in parallel 
with the constant phase element (CPE). The double layer capacitance (Cdl) was calculated from Eqn.10 
(Saraswata et al., 2020): 
𝐶;( = (𝑌5𝑅/&?79)9/?																																																																																																																					Eqn.10 
Where, Y0 is the CPE constant and n is its exponent.The diagrams generate an increase in loop 
diameters with added MT1, MT2 and MT3.  
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These kinds of results could be explained by the charge transfer resistance (Rct) increases at 
the interface of electrode-electrolyte solution due to adsorption of inhibitor molecules on the mild steel 
surface. This reflects the influence of the inhibitor on the corrosion process (Abdallah et al. 2016). The 
values recorded in Table 4 clearly show that there is a significant increase in the charge transfer 
resistance Rct with addition of MT1, MT2 and MT3 inhibitor at optimum concentration 10-3M, this 
increase is due to the replacement of the water molecules by the organic molecules adsorbed at the 
interface which generate the formation of a protective layer on the surface of the steel.  
However, we notice the decrease of the capacity of the double layer Cdl with the addition of the studied 
molecules, indicating a growth of the thickness of the double layer and the reduction of the active metal 
surface (Lgaz et al., 2017). However, the values of parameter n are between 0.7322 and 0.8543. These 
results suggested an increase in the heterogeneity that reflects the adsorption of ligands at the electrode–
electrolyte interface. 

 

Table 4. Electrochemical parameters and corrosion inhibitory efficiency of steel in HCl (1M) without and with 
addition of optimum concentration of MT1, MT2 and MT3 at 308 K. 

Prod code Conc.(mol/l) Rt(Ω.cm2) CPE component Cdl (μF.cm-2) Efficiency(%) 

Y0 (μF.cm-2) n   

Blank 1 11.17 501.8 0.7322 179.4 ---- 

MT1 10-3 113.4 112.7 0.8543 57.26 90.23 
MT2 10-3 108.7 336.9 0,747 109. 9 89.72 
MT3 10-3 85.10 263.3 0.7406 187 86.87 

 

3.4. Effect of the temperature of the studied ligands 
The temperature is a kinetic factor strongly depends on the rate of corrosion, which suggests an 
important effect on the phenomenon of corrosion, as several changes intervene such as the desorption 
of the inhibitor and the decomposition of the inhibitor in solution when a reaction in an inhibited 
solution occur. On the other hand, the rise in temperature is due to desorption of adsorbed inhibitor 
layer on MS surface at higher temperature.In this work, the influence of temperature on the corrosion 
inhibitive behavior of the three tested inhibitors were investigated by weight loss measurements in the 
temperature range 293–333K, with and without presence of the MT inhibitors at the concentration 10-

3M. It is clear from the Table 5 that the inhibition efficiency decreased with increasing temperature.  

Table 5. Corrosion rate and inhibition efficiency of mild steel in 1 M HCl in the absence and presence of 
inhibitors at different temperatures. 

 

This concentration for which the inhibitory efficiency reaches a maximum value during 1h. Such type 
of behavior can be described on the basis that the increase in temperature leads to a shift of the 

T(K) 
Blank MT1 MT2 MT3 

1M 10-3M 10-3M 10-3M 
CR(mg/cm2.h) Ew(%) CR(mg/cm2.h) Ew(%) CR(mg/cm2.h) Ew(%) CR(mg/cm2.h) Ew(%) 

293 1.22 --- 0.09 92.76 0.13 89.41 0.21 83.00 
303 2.01 --- 0.26 87.09 0.51 74.58 0.57 71.79 
313 3.14 --- 0.56 82.01 0.93 70.42 1.35 56.87 
323 4.80 --- 1.05 78.20 2.42 49.79 2.77 42.51 
333 7.59 --- 2.70 64.39 4.74 37.56 6.22 17.98 
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equilibrium constant towards desorption of the inhibitor molecules at the surface of mild steel (Fragoza-
Mar et al., 2012). The inhibition efficiency of MT1 is greater than MT2 and MT3 at all temperatures. 
 
3.5. The thermodynamic parameters of activation 
To evaluate the adsorption and thermodynamic activation parameters of corrosion processes of mild 
steel in1M HCl solution such as activation energy, enthalpy and entropy, weight loss measurements 
were carried out in the temperature range 293– 333 K in the absence and presence of inhibitors. To 
access the value of the activation energy (Ea) relative to the corrosion process in the absence and 
presence of the inhibitor, several researchers have used the Arrhenius equation according to the 
following Arrhenius relation (Noor et al., 2008). 
	

	ln𝑊()** = 𝑙𝑛𝐴 − +!
,-
																																																																																																																												Eqn.11	

	

Where Ea is the activation energy, R is the perfect gas constant, A is a pre-exponential factor, T is the 
absolute temperature and Wcorr is the corrosion rate.  Figure 7 presents the Arrhenius plot of ln Wcorr 
against 1000/T for the corrosion of mild steel in 1M HCl solution in the absence and presence of 
inhibitors MT1, MT2 and MT3. From Figure 7, the activation energy was calculated using the 
expression Ea = −(slope) × R. The calculated values of Ea are summarized in Table 6. It is evident from 
this Table that the value of activation energy for inhibitor containing solution is higher as compared to 
the 1M HCl solution, indicating that the dissolution of mild steel was decreased due to formation of a 
barrier by the adsorption of the inhibitors on metal surface (Dehri et al., 2006). 

 
Figure 7. Arrhenius lines plotted from the gravimetric method of steel in 1 M HCl 

without and with MT 10-3M 

Also, the values of enthalpy (∆HA) and entropy of activation (∆SA) are calculated from extrapolation of 
the Ln (W/T) plot as a function of the inverse of temperature (Figure 8) with a slope equal to (-∆HA/R) 
and the intersection with the ordinate axis equal to ( Ln (R/Nh)+∆SA/R)  using the Arrhenius transition 
Eqn.12: 
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h: Planck’s constant, N: Avogadro number, ∆𝐻-° : activation enthalpy of and ∆𝑆-° : activation entropy. 
From the results shown in Table 6, it is notably that the parameters (∆𝐻-° 	,∆𝑆-° ) of mild steel in the 
presence of MTs inhibitors are higher compared to the uninhibited solution. 
The positive enthalpy values ∆𝐻-°  indicate the endothermic dissolution process of the steel (Mu et al., 
2004). Moreover, the negative value of ∆𝑆-°  for three inhibitors indicates that the formation of the 
activated complex in the rate determining step represents an association rather than a dissociation step, 
meaning that a decrease in disorder takes place during the course of the transition from reactants to 
activated complex (Wang et al., 2011). On the other hand, we notice that the activation energy Ea and 
enthalpy ∆𝐻-°  vary with concentration in the same way verifying the following thermodynamic relation 
Eqn.13 (Stern et al., 1957): 
	EA-∆HA° = RT = cte																																																																																																																											Eqn.13	
 

Table 6. Thermodynamic activation parameters of steel in HCl without and with 10-3M of MT1, MT2 and MT3. 
Compound C 

(M) 
K 

(mg /cm2.h) 
Ea 

(kJ.mol-1) 
∆𝑯𝒂

°  
(kJ mol-1) 

∆𝑺𝒂°  
(J mol-1) 

𝑬𝒂° -∆𝑯𝒂
°  

Blank 1 4.37.106 36.78 34.18 -126.49 2.59 

MT1 10-3 8.11.1010 66.95 64.36 -44.77 2.59 

MT2 10-3 3.07.1011 68.17 65.57 -33.69 2.59 
MT3 10-3 7.81.1011 71.30 68.70 -25.94 2.59 

 
Figure 8. Arrhenius transition lines of mild steel in 1 M HCl without and with MT 10-3M 

 
3.6. Theoretical analysis 
3.6.1. DFT results 
Figure 9 shows the σ-profile of the MT1, MT2 and MT3 molecules. The selected inhibitors have good 
H-bonding acceptor and donor sites, which are responsible for the physical and chemical adsorption 
mechanisms. The accepting and donating abilities of the MT1, MT2 and MT3 molecules depend on 
the interaction between their functional groups and H2O molecules.  
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Figure 9. Charge density profiles (σ) of the MT1, MT2 and MT3 molecules. 

 

Mulliken charges related to the vibrational properties of the molecule assess how atomic displacement 
affects the charge of the electronic structure. The negatively charged heteroatom presents the active 
adsorption site on the metal surface. The process is carried out by a donor-acceptor type reaction. 
It has been reported that the higher the atomic charges of the adsorbed centre are negative, the more 
easily the atom abandons its electrons in the orbital vacuum of the metal (Berisha et al., 2021, Mehmeti, 
2022, Oukhrib et al., 2021, Damej et al., 2022). The distribution of Mulliken Atomic Charges (MAC) is 
schematized by Figure 10. Nitrogen and oxygen atoms can be seen to have high charge densities. 
Regions with greater electron densities are usually sites through which electrophiles can attack. 
Therefore, N and O are the active centers that have the greatest bonding capacity at the metal surface. 
Further, sulfur atoms carry positive charges, and are sites through which nucleophiles can attack. So, 
the MTs can accept steel electrons through these atoms. 
From Figure 10, negative charges can be seen to be found in the following volumes: O (-0.765), N (-
0.918) and the most negative atom is O in red O (-0.934) for the compound: MT1; O (-0.756), O (-
0.942), N (-0.914) and the most negative atom O (-1.111) for the compound: MT2 and O (-1.118), O 
(-0.952), O (-0.759), N (-0.914) and the most negative atom O (-1.121) for compound MT3. 
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Figure 10. Distribution of the MAC values O, N and S atoms of MT1, MT2 and MT3 molecules. 

In order to give a better overview of the experimental results, different quantum parameters namely 
EHOMO, ELUMO and the energy difference between HOMO-LUMO (ΔE= EHOMO - ELUMO) of t the 
molecules used are calculated to find a link between the parameters structural properties of MT1, MT2 
and MT3 inhibitors and the anti-corrosive properties of iron in an acidic environment. Table 7, presents 
the calculated quantum chemical parameter values for the compounds MT1, MT2 and MT3. 
By definition, EHOMO is often related to the molecule's ability to give electrons. A high HOMO energy 
value facilitates the molecule's tendency to give electrons to species accepting electrons with 
unoccupied molecular orbits with a low energy level (Daoudi et al., 2023, Iroha et al., 2023). Instead, 
ELUMO shows the molecule's capacity to receive electrons (Ganjoo  et al., 2022). A low value of ELUMO 
indicates that the molecule certainly accepts electrons. ΔE is the minimal energy required for the 
excitation of an electron in a molecule (Daoudi et al., 2022). Consequently, the value of ΔE provides a 
measure of the stability of the compound formed on the metal surface (Chile  et al., 2022). 
The analysis of the findings in Figure 11 shows that the ΔE value of MT1 (4.616 eV) is lower than that 
of MT2 (5.324 eV) and MT3 (5.575 eV). This indicates that MT1 has a strong ability to share electrons 
with the metal to establish coordination bonds by promoting the process of chemisorption of the 
inhibitor at the surface of the iron under study (Benali et al., 2007). The ΔN values are correlated to the 
inhibition efficiency resulting from electron transfer. A decrease in ΔN indicates a reduction in the 
inhibitor's electron donation power on the metallic surface. According to Lukovits et al, if ΔN < 3.6, 
inhibitory efficiency increases as the ability to give electrons to the metal surface increases (Dagdag et 
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al., 2020). The values of ΔN are positive and less than 3.6 thus confirming that the three inhibitors can 
donate electrons to the metal to generate bonds and consequently lead to the formation of adsorbed 
stable inhibiting layers limiting corrosion.  

Table 7. Theoretical parameters calculated for MT1, MT2 and MT3 inhibitors. 

Theoretical parameters MT1 MT2 MT3 

I (eV) 

A (eV) 

χ (eV) 

η (eV) 

σ (eV-1) 

∆N 

∆Eback-donation  

5.498 

0.882 

3.190 

2.308 

0.433 

0.825 

-0.577 

6.105 

0.781 

3.443 

2.662 

0.375 

0.668 

-0.665 

6.349 

0.774 

3.561 

2.787 

0.358 

0.617 

-0.696 

 
The Optimized structures, LUMO, HOMO and ESP pictures of MT1, MT2 and MT3 of molecules are 
shown in the Figure 11. It is thus observed that for the three inhibitory molecules, the HOMO electron 
density is distributed on dimethyl sulfane (MT1), (methylsulfinyl) methane (MT2) systems and for the 
MT3 compound over the glycine function. For the LUMO electron density is distributed over the sulfur 
and glycine function (MT1), glycine function (MT2) systems and for the MT3 compound over the 
glycine function.  

 

Figure 11. Optimized structures, LUMO, HOMO and ESP pictures of MT1, MT2 and MT3 molecules. 
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We can see that electron density from the location of HOMO and LUMO has been distributed almost 
over a part of each molecule, thanks to the presence of the nitrogen, oxygen and sulfur atoms 
comprising several n electrons in the chemical structures MT1, MT2 and MT3. Thus, the unoccupied 
orbital (d) of the iron atom can accept electrons from the molecules for the inhibitors to form a 
coordination gap. In addition, the three inhibitors can accept electrons from the iron atom with its anti-
link orbits to form a backward binding loop. We used the molecular electrostatic potential (ESP) 
(Figure 11) to determine the sites of electrophilic and nucleophilic reactions. The electron density 
regions mapped with the ESP on the optimized geometry of the inhibitors are obtained. The 
electrophilic areas are bounded by the red and yellow colors of the ESP map while the light blue and 
blue colors indicate the nucleophilic active ranges (Dagdag et al. 2022- Dagdag  et al., 2017, Haldhar et al., 
2021) . For the three inhibitors, it can be seen that the electron-rich regions are localized around the 
heteroatoms (oxygen, nitrogen and sulphur). It is the active sites that give nucleophilic reactions in the 
corrosion inhibition process. 

 

3.6.2. MD and MC simulations 
The MD and MC simulations results adsorption configurations and positions of the studied inhibitory 
molecules MT1, MT2 and MT3 inhibitors on the Fe(110) substrate are presented in Figure 12.  
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Figure 12. MD and MC simulations results adsorption configurations and positions of the MT1, MT2 and MT3 
inhibitors forms. 

It is observed in Figure 12, that the inhibitor molecules are adsorbed with a position almost parallel to 
the plane of the metal surface. From these configurations, it can be concluded that the most significant 
interactions (chemisorption) are the interactions involving the Fe atoms with the oxygen and nitrogen 
atoms of the inhibitors with a maximum distance less than 3.5 Å for the MT1, MT2 and MT3 inhibitors 
considering that the physical interactions between inhibitory molecules and iron atoms induced by the 
dispersal forces of Van der Waals, may be contributed to the attraction of the net molecule surface 
(Abdellattif et al., 2021, Dagdag et al., 2021). The adsorption energies (Eads) are calculated and then 
represented in Figure 13. For the distribution of the Eads for the MT1, MT2 and MT3 inhibitors forms 
onto the Fe(110) substrate in 1M HCl medium by MC simulations. According these results, the 
absolutes values of Eads can be classified according to the following order:  

MT3 (-130.55 kcal/mole) > MT2 (-106.45 kcal/mole) > MT1 (-95.45 kcal/mole). 

 

Figure 13.  Distribution of the Eads of the MT1, MT2 and MT3 inhibitors via MC simulation. 

RDF is an appropriate calculation tool for estimating estimate the length of bond between the adsorbed 
inhibitor molecule and the target surface. It is well known that the inter-atomic distance from 1.0 to 3.5 
Å is usually associated with the chemical bond, whereas the non-binding one (i.e. physical interaction) 
corresponds to a distance greater than 3.5 Å (Srivastava et al., 2017, Singh et al., 2018). In our case, Figure 
14 summarizes the distance between iron atoms and N, O and S atoms of the MT1, MT2 and MT3 
inhibitors. These represent the highest peak of RDF curves. As illustrated in the Figure 14, except Fe–
O (3.03 Å) for MT1, Fe–O (2.93 Å) for MT2, Fe–O (2.93 Å) for MT3, Fe–N (3.09 Å) for MT1, Fe–N 
(4.59 Å) for MT2, Fe–N (3.07 Å) for MT3, most inter-tomic distances are less than 3.5 Å, indicating 
that chemical binding can occur between the MTs compounds tested and the protected surface. 
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However, almost these distances are smaller for the MT1 inhibitor. This suggests high adsorption of 
MT1 over the metallic surface compared to MT2 and MT3. 

 
Figure 14. RDF of the O, N and S atoms of the MT1, MT2 and MT3 inhibitors, obtained via MD. 

 

3.7. Mechanism of MTs adsorption 

The corrosion inhibition of mild steel in hydrochloric acid solution by different inhibitors (MT1, MT2 
and MT3) can be justified on the grounds of molecular adsorption. The adsorption mechanism proposal 
of MT1 ligand on the MS metal surface of the optimum inhibitor (MT1) in a corrosive medium is 
shown in Figure 15.  

 
Figure 15. Adsorption mechanism proposal of MT1 ligand on the MS metal surface 
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The adsorption of an amino acids inhibitor cannot be considered as just physical or only chemical. The 
value of Gibb’s free energy (∆𝐺-;*° ) proposes that adsorption of MTs molecules evolves both physical 
and chemical adsorptions. In acidic solutions these inhibitors exist as protonated species. In the three 
inhibitors the nitrogen atoms present in the molecules can be easily protonated in acidic solution and 
convert into quaternary compounds. The MTs molecules get physically adsorbed by electrostatic force 
between protonated species and a mild steel surface and decreased the evolution of hydrogen. It is well 
known that mild steel becomes positive charged in 1 M HCl with respect to the potential of zero charge 
(PZC) (Deng et al., 2011). Moreover, after the liberation of hydrogen, the heteroatoms return to their 
neutral form. The chemical adsorption of the MTs molecules on mild steel surface takes place via 
donor–acceptor interaction between lone electron pairs of heteroatoms (oxygen, nitrogen and sulphur) 
with the vacant ‘‘d” orbitals on the metal surface (El Ibrahimi et al., 2020). 

Conclusion  
In the progress of this work, MT1, MT2 and MT3 act as efficient corrosion inhibitor and MT1 has higher 
corrosion inhibition efficiency than MT2 and MT3.  Weight loss study suggested that MT1, MT2 and 
MT3 inhibitors offer 92,45%, 88,21% and 81,10% inhibition efficiency at 10-3 M concentration and 
303K temperature. Specifically, from the Tafel curves, it was shown that MTs act as mixed-type 
inhibitors. Furthermore, the thermodynamic adsorption parameters for corrosion inhibition showed that 
these inhibitors impede corrosion by spontaneous chemical and physical adsorption on the metal 
surface. In addition, the measurements extracted from Nyquist diagram showed that the charge transfer 
resistance increases with the increase of the concentration of each inhibitor. On the other hand, the 
double layer capacity decreases due to the adsorption of the compounds on the steel surface through 
the formation of a protective layer of acid solution. Also, the tested compounds on the steel surface are 
adsorbed according to the Langmuir isotherm. Additionally, this study was validated by quantum 
methods. The results of this research represent a better understanding of the functional properties of 
the studied inhibitors. 
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