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Abstract

:

The objective of this research work is the study of the inhibitory effect of Warionia saharea essential oil (WSEO) on the corrosion of mild steel (MS) in molar HCl solution, employing both experimental and theoretical methods. This inhibitory effect (IE) has been evaluated by using a combination of weight loss measurements (LW) and various electrochemical methods, such as open circuit potential (OCP), potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) experiments. The LW results indicated that IE increased with inhibitor concentration, reaching 83.34% at 3.00 g/L. The PDP analysis suggested that WSEO functions as a mixed inhibitor, while in the EIS results the Rct values increased with inhibitor concentration to reach 165.8 Ω cm2 at 2.00 g/L, suggesting a defensive film formation by WSEO molecules over the metallic surface. The thermodynamic study demonstrated that the WSEO molecules adsorption on the MS surface followed a Langmuir isotherm, involving mixed physical and chemical (physicochemical) adsorption on the MS surface. Theoretical methods, including density functional theory (DFT) and molecular dynamics (MD) simulations, were employed to elucidate the inhibition mechanisms of the three main components of WSEO. The quantum chemical analysis, using density functional theory (DFT) and molecular dynamics (MD) simulations, showed a low ΔEgap value of 6.30 eV and a low adsorption energy (Eads) value on an Fe (110) substrate of −258 Kcal/mol for (E)-Nerolidol, indicating the significant contribution of this molecule to the overall corrosion inhibition effect of WSEO. The scanning electron microscope (SEM) analysis verified the presence of a protective film formed by the inhibitor on the MS surface. This study highlights the potential of WSEO as a sustainable and green corrosion inhibitor in acidic environments.
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1. Introduction


The problems of deterioration of steel-based metal structures now occupy a fundamental place in the industry, particularly during descaling and acid pickling [1,2]. In this regard, effective means must be developed to control and/or prevent corrosion of these industrial parts. Currently, the exploration of components typically derived from natural sources, such as essential oils (EOs) extracted from various aromatic plants, as ecofriendly corrosion inhibitors, has proven to be an effective and promising way to reduce corrosion rates while minimizing economic losses and environmental and health impacts, because these alternatives are biodegradable, easy to extract and non-toxic [3,4]. This type of corrosion-inhibiting material has been proved effective in mitigating corrosion along with other inhibiting options such as carbon quantum dots [5]. For instance, the inhibitive effect of Schinus mole EO against the corrosion of carbon steel in 1.0 M HCl solution was reported and the corrosion inhibition performance was as high as 70% at 25 °C at 2 g/L [6]. The inhibitive action of Vietnam orange peel EO for MS in 1.0 M HCl solution has been investigated, and the maximum effectiveness (about 90%) was obtained at 3–4 g/L [6]. The EO of Aaronsohnia pubescens subsp. pubescens was reported as a green corrosion inhibitor for MS in 1.0 M HCl with a maximum performance of 89.88% at 3 g/L [7]. The inhibitory performance of these EOs results from their wide range of active centers such as functional groups (C=O, CO-O, O-H) and fragments composed of π electrons from double bonds and the aromatic cycle, which is capable of adsorbing on metal surfaces [3,4,5,6,7,8].



Environmentally friendly alternatives can have minimal health, environmental and safety risks and reasonably high protection efficiency at relatively low concentrations. The use of several environmentally friendly alternatives, including nanomaterials such as carbon dots (CDs) and their derivatives as well as plant extracts such as essential oils, has been extensively investigated as environmentally friendly alternatives to toxic corrosion inhibitors. However, in terms of preparation, essential oils are obtained via a simple and easy-to-use apparatus that only requires water as a solvent. For nanomaterials, their preparation requires nanomaterials, sometimes solvents, energy and time (i.e., multiple steps). In terms of application, essential oils have some disadvantages such as solubility in corrosive environments, supply (low yield) and mixing complexity. In addition, nanomaterials such as carbon dots have the following advantages: productivity, single-product synthesis, solubility (water as a solvent for preparation) and efficiency.



Furthermore, competitive interactions and synergistic effects between various molecules can coexist around the active regions of the metal surface, making it difficult to determine precisely which components present in the mixture can have a significant impact on corrosion suppression. However, it can be assumed that the main components are possible candidates that contribute to corrosion inhibition [7,9]. To confirm this hypothesis, it is desirable to study experimentally and individually the inhibitory power of each major component in corrosive environments, but this process is long and laborious, and sometimes the mechanism of inhibition remains unexplained. In this context, computational methods, such as density functional theory (DFT) and molecular dynamics (MD) simulations, have been developed as complementary approaches to explain complex “inhibitor/surface” interactions occurring in the corrosion process [10].



In an earlier investigation conducted in our laboratory, Warionia saharea essential oil (WSEO) was evaluated for its efficacy as an eco-friendly corrosion inhibitor for mild steel (MS) in a 0.5 M H2SO4 solution. The study revealed that WSEO achieved a maximum inhibition efficiency of 74% at a concentration of 3 g/L [11]. Building upon these findings, the present study focuses on assessing the corrosion inhibitory properties of WSEO on mild steel in a more aggressive 1 M HCl environment. We accomplished this by utilizing weight loss (WL) measurements in conjunction with electrochemical methods, specifically potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS). These methods allowed for a comprehensive evaluation of WSEO’s performance as a corrosion inhibitor under different conditions and provided deeper insights into its mechanism of action in acidic media.



The structure–activity relationship between the electronic/molecular properties of the main components and the WSEO efficiency was demonstrated by quantum chemical calculations using density functional theory (DFT). Molecular dynamics simulations were also carried out to describe the adsorption process of these molecules on the Fe (110) surface. In parallel, a characterization of the surface of the steel was carried out using a scanning electron microscope (SEM).




2. Materials and Methods


2.1. Materials Preparation


Corrosion tests were carried out on MS samples having the following chemical composition (wt.%): P (0.09%), S (0.05%), Si (0.01%), Al (0.05%), Mn (0.21%) and the remainder iron. The corrosive medium was 1 M HCl prepared from a commercial HCl (37%) solution in distilled water.



The inhibitor used in this study was the WSEO extracted and characterized as described previously in our research [11]. It was obtained by hydrodistillation for 3 h using a Clevenger type apparatus with an average yield of 1.2%. Thirty-nine compounds, representing 93.2% of the total oil, were identified by gas chromatography (GC) and gas chromatography/mass spectroscopy (GC/MS). Figure 1 shows the names and structures of the three major components of WSEO: β-Eudesmol (34.9%), (E)-Nerolidol (23.0%) and Linalool (15.2%).




2.2. Corrosion Tests


The inhibitory effects of Warionia saharea essential oil (WSEO) against MS corrosion in 1 M HCl were assessed using chemical and electrochemical methods, following the methodology previously established in our research [9]. To evaluate the inhibitor’s protective efficacy, various concentrations of WSEO, ranging from 0.25 to 3.00 g/L, were tested. The essential oil was initially dissolved in pure ethanol to ensure uniform dispersion and effective interaction with the corrosive medium.



For the WL measurements, the inhibition efficiency (IEWL) (%) was calculated based on Equation (1):


    IE    WL       % =      W  corr   −      W     corr ( inh )       W  corr         ×   100   



(1)




where Wcorr and Wcorr(inh) are the values of the corrosion rate of MS in uninhibited and inhibited solutions, respectively.



For the electrochemical tests, firstly, the working electrode’s open circuit potential (OCP) was tested for a period of 1800 s to achieve the stable corrosion potential (Ecorr) value.



The inhibition efficiency (IEPDP %) in PDP assay was calculated by the following Equation (2):


   IE PDP     %   =        i  corr   −  i   corr ,   inh       i  corr         ×   100   



(2)




where    i  corr     and    i   corr ,   inh      represent the corrosion current densities without and in the presence of the inhibitor, respectively.



In the case of the EIS test, the inhibitory efficiency (IEEIS) (%) can be calculated using the following Equation (3):


    IE   EIS      %   =        R ′         ct   −  R  ct      R ′         ct         ×   100   



(3)




where Rct and R′ct are the charge-transfer resistance values without and with the inhibitor, respectively.




2.3. Scanning Electron Microscope (SEM) Analysis


SEM is generally employed to analyze microstructural and morphological changes in metal surfaces caused by corrosion. Specimens for characterization experiments were MS plates (3 mm × 3 mm × 1 mm). Three MS coupons were prepared in the laboratory by being rubbed with numerous abrasive papers ranging from 180 to 2000, then soaked in acetone as a degreasing solution, washed with double-distilled water, dried between two filter papers, resulting in a mirror finish, and stored in a desiccator.



Afterwards, two coupons were immersed in acidic solutions, both in the absence and presence of 2.00 g/L of the investigated inhibitor, at a constant temperature of 298 K for a duration of 24 h. The surface morphology of the metal was analyzed using scanning electron microscopy (JSM-IT500HR instrument (Tokyo, Japan)), operating at an accelerating voltage of 30 kV and with a magnification of about 20 µm.




2.4. Computational Studies


2.4.1. DFT Investigations


To correlate the obtained inhibition efficiency of WSEO with the molecular structure of its main compounds, some chemical reactivity indicators were calculated. Full geometry optimization was carried out using DFT calculations with the B3LYP level of theory and 6-311++ G (d,p) basis set [12]. Global quantum descriptors, such as EHOMO, ELUMO, and ΔE = ELUMO − EHOMO (Equation (4)), electronegativity (χ Equation (5)), overall hardness (η Equation (6)) and electron transfer proportion (ΔN Equation (7)), were calculated [13,14].


  Δ  E  gap      = E    LUMO   −      E    HOMO    



(4)






   χ =      E  LUMO   −      E    HOMO    2    



(5)






   η =      E  HOMO   −  E  LUMO    2    



(6)






  Δ  N =     ∅ −  χ  inh        2 ( η    Fe      + η    inh   )     



(7)







In this context, ∅, which has a value of 4.82, represents the magnitude of the work function. The hardness of iron (Fe) is denoted as ηFe = 0 eV/mol. The terms χinh and ηinh correspond to the electronegativity and hardness of the inhibitor, respectively. These parameters are essential for understanding the electronic interactions between the inhibitor molecules and the metal surface [15].




2.4.2. Molecular Dynamics Simulation


MD simulations were conducted to describe the adsorption of the three main components on metal surfaces. The simulation was conducted using the Forcite module in the Materials Studio 2020 software. The interactions within the studied system were modeled using a simulation box with dimensions of 24.82 Å × 24.82 Å × 34 Å. The energy surface was minimized using molecular mechanics, then the preliminary surface of 10 Å increased, and its periodicity was reformed by constructing a supercell. At last, the vacuum slab with a 26 Å thickness was constructed on the iron Fe (110) surface. The study was carried out in the solution, which is a mixture of 1 inhibitor molecule, 300 molecules of H2O, 20 molecules of H3O+, and Cl− [16,17]. After the system achieves equilibrium, (Eads), the energy of adsorption of the primary chemicals was computed. This was done using Equation (8) [18]:


Eads = (Esolution + Etotal) − (Einhibitor+solution + Esurface+solution)



(8)







The mean square displacement (MSD) method is used to analyze the interactions between inhibitor molecules and corrosive species and find whether they affect the mobility and movement of particles inside the inhibitor film. In such a way, an amorphous cell module embedded in the Materials Studio 2020 program was used to generate the inhibitor film which held 50 parts (β-Eudesmol, (E)-Nerolidol, Linalool) monomer, 1 part Cl− and 1 part H3O+ with the supercell size (23.450 Å × 23.45 Å × 23.45 Å) [19,20]. After the initial optimization, the MD equilibrium process was carried out, for 300 ps (1 fs time step) in a canonical ensemble (NVT) at 298 K. A Berendsen thermostat managed the system’s temperature. All simulations used the COMPASS II force field [21,22].






3. Results and Discussion


3.1. WL Measurements


Table 1 provides a summary of the values of the corrosion rate (Wcorr), inhibition efficiency (IEWL%) and surface coverage (θ = IEWL/100) obtained by WL measurements in 1 M HCl with and without different doses of WSEO after 24 h of immersion at 25 °C.



The obtained results revealed that WSEO inhibits the MS’s corrosion in a dose-dependent manner. With the addition of the inhibitor, Wcorr is delayed and IEWL (%) is significantly increased. Thus, IEWL (%) goes from a value of 74.15% at 0.25 g/L to optimal and maximum values of 82.93 and 83.34% at 2.00 and 3.00 g/L, respectively. This characteristic explains the role of chemical composition of WSEO that is mainly electron-rich in inhibiting the corrosion [7,9]. In a previous study, the maximum value of IEWL (%) of WSEO for MS corrosion in 0.5 H2SO4 solution was 74% at 3 g/L [11]. As a comparison, it can be noticed that the IEWL (%) values of WSEO are higher in 1 M HCl compared to those in 0.5 H2SO4 throughout the concentration range tested, suggesting that the nature of the anions could influence the adsorption of the tested essential oil in acid solutions. This is consistent with previous studies that have demonstrated that the adsorption capacity of chloride ions (Cl−) on the surface is more powerful than that of sulfate ions (SO42−) [23,24]. Finally, the nature of the anions can affect the adsorption of the tested inhibitor in acidic solutions.




3.2. OCP Measurements


Figure 2 shows the evolution of the OCP during immersion of an MS in a 1 M HCl solution without and with different concentrations of WSEO at 298 K.



The results illustrated in Figure 2 clearly show that the potential (OCP) of the MS immersed in the 1 M HCl acid solution without and with inhibitor shows an increase to reach a quasi-stationary state at about 1800 s of immersion time, which indicates that the steel electrode/solution interface has reached a stable condition. Furthermore, with the increase in the concentration of inhibitors, a shift of OCP towards more positive values is noted. These variations can be justified by the formation of a layer on the surface of the electrode blocking the reactions that occur on the MS, such as the oxidation of iron and the reduction of hydrogen ions from hydrochloric acid [25].




3.3. Potentiodynamic Polarization Curves


PDP curves for MS in a 1 M HCl solution, both without and with various concentrations of WSEO, were measured at 25 °C, and the results are illustrated in Figure 3. The key polarization parameters, including corrosion current density (icorr), corrosion potential (Ecorr), cathodic Tafel slope (βc), anodic Tafel slope (βa) and inhibition efficiency (IEPDP%), are detailed in Table 2. These parameters provide a comprehensive overview of the inhibitory performance and electrochemical behavior of WSEO in the acidic medium.



Figure 3 demonstrates that the addition of WSEO significantly reduces both anodic and cathodic current densities. This reduction indicates a strong adsorption tendency of the oil on the MS surface, effectively delaying both anodic and cathodic reactions. These observations suggest that WSEO functions as a mixed-type inhibitor, providing comprehensive protection by impeding both the anodic and cathodic processes involved in corrosion [7,8]. The analysis of Table 2 clearly indicates that the IEPDP (%) gradually increases with the addition of WSEO to the 1 M HCl solution until reaching its optimal value of 84.01% at 2.00 g/L. Further, the addition of the inhibitor changed the cathodic (βc) and anodic (βa) Tafel slopes in the inhibited system. This suggests that during the inhibition process, the inhibition mainly controls the cathodic and anodic reactions [7]. In addition, a slight shift of values of Ecorr (below 85 mV) was detected, especially at high inhibitor concentrations, indicating the mixed character of the inhibitor and thus confirming the reduction of hydrogen evolution and metal oxidation [25].




3.4. EIS Measurements


Nyquist diagrams for MS corrosion in 1 M HCl solution and in the presence of different concentrations of the WSEO at 25 °C are shown in Figure 4a. The obtained EIS spectra were analyzed by fitting to the equivalent circuit illustrated in Figure 4b using EC-LAB V10.32 software, and the results are presented in Table 3.



The Nyquist plots depicted in Figure 4a display a single capacitive loop for each test, suggesting that charge transfer is the primary mechanism controlling the corrosion processes in 1 M HCl [26]. This finding aligns with the single time constant observed in the Bode plots shown in Figure 4c,d. However, these capacitive loops are not ideal semicircles, which can be attributed to the dispersion effect commonly caused by the surface roughness and heterogeneity of the solid surfaces [27].



Moreover, as the concentration of the inhibitor increases, the width of the Nyquist plots also expands, indicating enhanced adherence of the natural substance to the mild steel (MS) surface. This increased width reflects the inhibitor’s improved effectiveness in forming a protective barrier, thereby mitigating the corrosion process. The findings underscore the potent adsorption capabilities of the inhibitor, reinforcing its role in providing substantial protection against corrosion in acidic environments.



Figure 4b shows the equivalent electrochemical circuit used to simulate the MS/acidic solution interface, where Rs is the solution resistance, Rct is the charge transfer resistance and CPE is the constant-phase element to replace the double-layer capacitor (Cdl). The CPE element is employed to consider the heterogeneous surface of the working electrode and is defined by Equation (9) [2]:


      Z CPE  = Q    − 1    ·           〖 i   · w      〗   − n    



(9)




where i2 = −1, imaginary root; Q, CPE constant; ω, angular frequency (in rads−1); n, deviation indicator which is a measure of surface inhomogeneity and its value lies between 0 and 1. n = 1 represents the ideal capacitor, n = 0.5 represents Warburg impedance, n = −1 represents inductance and n = 0 represents a resistor [27].



The fitting degree between the experimental data and the simulated results obtained by the proposed equivalent circuit was evaluated by the chi-square (χ2) parameter (fit goodness).



The values of the double-layer capacitance (Cdl) were determined using the following formula of Equation (10) [3]:


   C dl  =   ( Q ·   R   ct   1 − n    )   1 / n     



(10)







Based on Table 3, it can be seen that Rct values rise with rising WSEO concentration. The highest Rct value (166.1 Ω cm2) has been obtained at 3.00 g/L, indicating the adsorption of the inhibitor and the development of a protective layer at the MS/solution interface that restricts the accessibility of Cl− ions to the metal surface [28]. Alternatively, the Cdl value decreases with the addition of EO; it changes from 73.37 µF·cm2 for the blank medium only to 37.64 µF·cm2 for 3.00 g/L of WSEO. This diminution of Cdl values with the addition of the molecule can be explained by the rises in the dielectric constant and/or an increasing thickness of the electrical double layer.



Consequently, the IEEIS values (%) show that the highest inhibitory performance is observed at the optimum concentration (2.00 g/L) and reach a maximum 87%. This result suggests that WSEO acts as a good adsorption inhibitor at the solution/metal interface forming a film or complex repelling corrosive species from the MS surface [14]. This behavior is in good agreement with that noticed from the WL and PDP results. Furthermore, the capacitance values of the double layer are also reduced to the maximum in the presence of the studied inhibitor compared to the uninhibited solution. The decrease in Cdl with increasing inhibitor concentration can be attributed to a decrease in the local dielectric constant and an increase in the thickness of the electrical double layer [28].



Moreover, the data in Table 3 clearly show that the values of the parameter χ2 are very low on the order of 10−3, which explains the agreement of the experimental impedance spectra with the proposed equivalent electrical circuit. In addition, it is noted that the surface heterogeneity parameter n changes with the addition of the inhibitor, indicating the surface modification when the WSEO is added [28]. In addition, the values of n remained relatively constant at around 0.8 (approaching unity), suggesting that the CPE is getting closer to the ideal capacitor behavior.



On the other hand, in a comparative study of the EO extracted from W. saharea, we note, according to Table 4, that the WSEO presents an excellent inhibitory performance in comparison with the other extracts of different and even low concentrations, which implies the importance of WSEO in the industrial sector.




3.5. Adsorption Study


Adsorption isotherms are used to provide basic information about the nature of the interaction that takes place between the inhibitor and the metal surface. Indeed, to better describe the adsorption mode of WSEO molecules, attempts have been made to adjust the inhibitor concentration (CWSEO) and the surface coverage values (θ) to certain adsorption isotherms such as the Langmuir isotherms, El-Awady, Freundlich and Temkin.



The linear equations (Equations (S1)–(S4)) of the studied isotherms are shown in Table S1 (Supplementary Materials) and their corresponding plots are represented in Figure 5. Depending on the model used, assumed differences can be taken into account such as the nature of the metallic surface and the interactions between the adsorbed molecules, as well as the structure of the layers formed by adsorbed species [29]. The correlation coefficient between surface coverage (θ) and the inhibitor concentration (CWSEO) in the corroding solution were compared.



The equilibrium constant of the adsorption process Kads is related to the Gibbs standard free energy of adsorption (ΔG°ads) by the following relationship (Equation (11)) [6].


   Δ   G °  ads  =  −  RT   ln   ( 55   . 5     K °  ads  )   



(11)




where R is the universal gas constant, T is the thermodynamic temperature and 55.5 is the concentration of water in solution expressed in M (i.e., ~1000 g/L). Table 5 summarizes the estimated parameters from the studied isotherm graphs.



Examination of the plots presented in Figure 5 and the values listed in Table 5 revealed that the correlation coefficients (R2) for all adsorption isotherms range from 0.91 to 1. It is clear that the corresponding plots of the Langmuir isotherm are straight lines with the correlation coefficients (R2) close to unity (R2 > 0.999) and that the values of the separation factor RL are between 0 and 1, which confirms that the Langmuir isotherm model describes the appropriate adsorption of WSEO molecules on the MS surface in the acidic medium. However, the slope values are less than unity, suggesting that the real adsorption of the WSEO did not strictly respect this isotherm. There may have been multilayer adsorption of inhibitor molecules or lateral interactions between the adsorbed species and the MS surface. According to the El-Awady adsorption parameter, the inverse of “y” obtained is between 2 and 4, suggesting that the WSEO molecule replaces up to four water molecules during the inhibition process schematized as follows (Equation (12)) [29,30].


    Inh   solution      + nH   2   O  electrode     →      Inh    electrode      + H   2   O  solution    



(12)







Since the value of the adsorption parameter “z” in the Freundlich isotherm is less than 1, it is likely that the inhibitor studied will readily bind to the metal surface. Regarding the Temkin adsorbent isotherm, the values of the attractive parameter (a) are negative in all cases, showing that the lateral interaction is repulsive in the adsorption layer [31].



Generally, ΔG°ads values lower than −20 KJ·mol−1 are linked to physical adsorption (physisorption), while ΔG°ads values negatively greater than 40 KJ·mol−1 correspond to chemical adsorption (chemisorption). However, a physicochemical adsorption process (mixed adsorption) was observed when the ΔG°ads displayed intermediate values between −20 KJ·mol−1 and −40 KJ·mol−1 [32]. In our study, ΔG°ads of the inhibitor ranged between −16 and −65 KJ·mol−1, indicating a physicochemical adsorption process onto the metal surface. Additionally, negative values of ΔG°ads indicate spontaneous adsorption of molecules onto the MS surface, as well as strong interaction between active sites of molecules and the metal surface [4].




3.6. SEM Analysis


To gain deeper insights into the adsorption of WSEO molecules on the MS surface, we conducted a surface morphology analysis using scanning electron microscopy (SEM). Figure 6 presents the SEM images of mild steel (MS) immersed in 1 M HCl, both without and with 2.00 g/L of WSEO, after a 24 h exposure period.



The morphology of MS after polishing and before exposure to the corrosive solution shows that the metal surface is clearly visible and has a characteristic associated with polishing scratches Figure 6a. After immersion in the corrosive solution without inhibitor, the SEM micrograph Figure 6b shows that the surface of the MS is seriously damaged due to the aggressive attack of the acid solution. However, by adding 2.00 g/L of WSEO, the surface morphology of the MS appears smoother and less corroded (Figure 6c). This behavior can be explained by the formation of a protective film adsorbed by WSEO molecules on the surface of the steel, which leads to a reduction in the corrosion process [33].




3.7. Theoretical Studies


3.7.1. DFT Calculations


Usually, EOs include various phytochemical components [5]. Because of this complexity, it is challenging to identify the components of an EO that could significantly contribute to preventing corrosion, but it can be assumed that phytochemicals with the highest percentages are responsible for EO performance [7,9]. In this regard, a DFT/B3LYP with 6-311++ G (d,p) basis set study was performed to correlate the inhibitive effect of the entire WSEO and the electronic properties of its major constituents (β-Eudesmol (34.9%), (E)-Nerolidol (23.0%) and Linalool (15.2%)).



Figure 7 illustrates optimized structures and LUMO-HOMO plots of β -Eudesmol, (E)-Nerolidol, and Linalool. Table 6 lists some global quantum chemical descriptors.



HOMO plots illustrate the regions of a molecule where electron donation is likely to occur, with a higher EHOMO value signifying a greater propensity for the molecule to transfer electrons to the metal’s unoccupied orbitals. Conversely, the density of the LUMO indicates the areas where the molecule can receive electrons, and a lower ELUMO value denotes a stronger ability of the molecule to accept electrons from the metal surface [34]. Consequently, high EHOMO values and low ELUMO values favor the ability of the inhibitor to bind to the metal surface; thus, a low value of ΔEgap = ELUMO − EHOMO increases the molecular reactivity and is expected to improve the inhibitory efficiency [35]. Figure 6 reveals that the HOMO and LUMO distributions for β-Eudesmol are similar, which were mostly situated around the methylcyclohexane motif. For (E)-Nerolidol, the HOMO density is mostly on the total molecule and is strongly spread around the (-C=C-) fraction, while the LUMO density is distributed over the atoms of the α, β-unsaturated hydroxyl group. The HOMO and LUMO orbitals for Linalool are similar and more intense along with the terminal double bond.



According to Table 6, (E)-Nerolidol has the highest EHOMO and the lowest ELUMO compared with β-Eudesmol and Linalool, which suggests that (E)-Nerolidol has the strong donor–acceptor properties. Likewise, the values of ∆Egap and η follow the same theoretical order following (E)-Nerolidol < Linalool < β-Eudesmol, which shows that (E)-Nerolidol is more reactive than the β-Eudesmol. In addition, the ΔN value of (E)-Nerolidol is slightly higher than that of other molecules, which confirms the strong electron exchange of this molecule to and/or from the iron surface [36]. Based on the obtained findings, (E)-Nerolidol is expected to contribute to the corrosion inhibition of WSEO to a large extent, followed by Linalool and then β-Eudesmol.




3.7.2. MD Simulations


The optimized molecule–Fe (110) adsorption systems simulated by MD in the aqueous phase are shown in Figure 8. Correspondingly, the resulting adsorption energies calculated with MD simulation are listed in Table 7.



From Figure 8, it can be seen that the selected components of the WSEO are optimally adsorbed in a planar direction parallel to the surface of the Fe (110), thus maximizing the coverage of this surface thanks to the protective film created by the inhibitors causing the isolation of water molecules and other corrosive particles from the metal surface.



Moreover, the negative value of the adsorption energy indicates the exothermic and spontaneity of the adsorption process. Also, its high values show a stable and robust adsorption of the inhibitors on the Fe (110) surface, suggesting the rigidity of the interaction of inhibitors on the metal surface, thereby increasing their inhibition efficiency [37].



Table 7 indicates that the values of adsorption for selected molecules are negatives and obey the following order: (E)-Nerolidol > β-Eudesmol > Linalool.



According to Table 7, (E)-Nerolidol exhibits the highest adsorption energy, indicating its stronger affinity to adhere to the Fe surface forming a more stable protective layer against MS corrosion. Therefore, (E)-Nerolidol is the best candidate molecule to contribute substantially to the global corrosion inhibition effect of WSEO.




3.7.3. MSD Analysis


The MSD calculation was carried out in order to evaluate the anticorrosive performance of β-Eudesmol, (E)-Nerolidol and Linalool, by preventing the movement of H3O+ and Cl− present in the corrosive solution. This model is based on the description of the migration rate of a corrosive species in inhibitor films by calculation of their diffusion coefficient (Dion). Generally, the lower the value of the Dion of corrosive species, the lower their migration, and thus the protective capacity of the inhibitor film will be higher [38]. Each supercell includes one cation of H3O+, one anion of Cl−, and 30 molecules of the EO’s main component. The diffusion coefficients of H3O+: Dion (H3O+) and Cl−: Dion (Cl−) resulting from the MSD curves can be determined by Einstein’s equation (Equations (13) and (14)) [39,40]:


   MSD     t   =    1 N     ∑    i = 1   N     | R     i       t  −      R   i     ( 0 ) |   2   



(13)






   D =    1 6       lim   t → ∞       dMSD ( t )    dt     



(14)




where N reflects the number of diffusive atoms, while Ri(0) and Ri(t) translate the positions of corrosive ions at the origin time (0) and a later time (t), respectively.



A low value of Dion means that corrosive species move poorly in the solution, thus preventing the electrochemical corrosion process. Conversely, a high value of Dion suggests that the inhibitor film is weak [41]. Figure 9 displays MSD vs. time curves and the diffusion behaviors of Dion (H3O+) and Dion (Cl−) in the supercell containing β-Eudesmol, (E)-Nerolidol and Linalool. In addition, the diffusion of corrosive species occurs via migration between free sites or cavities inside the inhibiting film on the metal surface. One method to examine the factors influencing the diffusion of corrosive species is through the calculation of fractional free volume (FFV). FFV is computed by Equation (15):


   FFV   ( % ) =      V f     V f     + V    oc       ×   100   



(15)




where Vf is the free volume and Voc is the volume occupied by the inhibitor film on the metal surface.



Typically, a high FFV value means that there are free cavities on the inhibition film in which corrosive species move easily from one cavity to another, resulting in a high diffusion coefficient and low efficiency of the inhibitor. Conversely, a low FFV value is associated with a low diffusion coefficient and high corrosion inhibition efficiency [41]. Figure 9 shows the molecular distribution used to calculate the Vf and Voc volumes for systems built with a Connolly area. The calculated Dion and the FFV values of both corrosive species in various inhibitor films are listed in Table 8.



From Figure 9, the movement curve of corrosive species in β-Eudesmol is the most typical. It shifts by approximately 35 and 45 Å for H3O+ and Cl−, respectively. However, in the case of (E)-Nerolidol and Linalool, the Cl− shift curves are relatively smooth and weak (around 10 Å) while the H3O+ shift curves are characterized by a sharp jump in the case of Linalool (around 23 Å) at the end of the observation period. Therefore, based on the data in Table 8, we can classify the Dion of H3O+ in all the inhibitor films examined as follows: Dion (E)-Nerolidol) < Dion (Linalool) < Dion (β-Eudesmol). This order is in good accordance with the descriptors order reported by DFT calculations.



In Figure 10, we can see that the protective films formed by (E)-Nerolidol and Linalool are denser in the supercell; that is, the metal surface would be more covered than in the case of β-Eudesmol. In addition, from the FFV values (%), the sequence follows the same order as that of Dion: (E)-Nerolidol < Linalool < -Eudesmol. This indicates that FFV decreases with molecular chain structure and length. It is well known that linear structures are more flexible than cyclic structures that are difficult to bend. Indeed, the increase in the linear chain strengthens the inhibition performance of (E)-Nerolidol (C15H26O) compared to Linalool (C10H18O). However, the bicyclic nature of (C15H26O) reduces its adsorption on the metal surface due to its rigidity. Obviously, the addition of these molecules to the solution limits the migration of corrosive species. Finally, the obtained findings confirm those discussed previously that (E)-Nerolidol may exhibit the highest reactivity among the three phytochemicals.





3.8. Corrosion Inhibition Mechanism of WSEO


The first step in the suppression of the corrosion of metal is often the adsorption of inhibitors at the metal/solution interface. Such a mechanism might be sensitive to the chemical structure of the inhibitor and the metal’s surface charge. As a result, the inhibitive activity of WSEO entails the adsorption of its active phytochemical components on the MS surface, particularly its main components namely β-Eudesmol (34.9%), (E)-Nerolidol (23.0%) and Linalool (15.2%). These compounds contain π-electrons of double bonds (C=C) and atomic oxygen in functional groups (O-H) that meet the normal adsorption centers. Moreover, extract organic components exist as neutral molecules and/or in the protonated form in the aqueous acid solution. Charged molecules (cations) can be absorbed by opposing charges via direct electrostatic interactions among the negatively charged molecules and the positively charged metal surface. Adsorbing may also be caused by no direct interaction between the protonated form and the chloride ions (Cl−), primarily adsorbed on the MS surface charged positively (a physical mechanism). The neutral form can adsorb onto metal surfaces via a “donor-acceptor” interaction. This occurs between the non-bonded electron pairs of oxygen atoms and the π-electrons of double bonds, interacting with the “d” orbitals of the mild steel (MS) surface (a chemical mechanism) [4]. In this present study, E-Nerolidol was found to be the best candidate molecule that could significantly contribute to the overall corrosion inhibition effect of EOTL. Figure 11 illustrates the simplified scheme of the adsorption mechanism of E-Nerolidol on the C-steel surface in the 1.00 M HCl medium.





4. Conclusions


In this investigation, the inhibition ability of WSEO for MS corrosion in 1 M HCl medium was explored experimentally using weight loss (WL) measurement, electrochemical assays and SEM analysis, as well as theoretically using quantum DFT calculations and MC simulations. The key findings from these experiments are summarized as follows:




	
WSEO has been found to provide a satisfactory IE% of 86% at 2.00 g/L and 298 K, which suggests that it can be used as a good green corrosion inhibitor for MS in 1 M HCl medium.



	
The PDP study demonstrated that the examined inhibitor exerts a mixed inhibition effect and with increasing WSEO concentrations, the icorr values dropped dramatically from 578.0 µA cm−2 in a blank solution to 92.4 µA cm−2 in the presence of 2.00 g/L, indicating significant corrosion inhibition potential.



	
Based on the EIS data, Rct values rise with rising WSEO concentration reaching the optimal value of 165.8 Ω cm2 at 2.00 g/L, indicating the adsorption of inhibitor and the development of a protective layer at the MS/solution interface.



	
The thermodynamic study revealed that the adsorption of WSEO on the MS surface aligns with the Langmuir isotherm model involving both chemical and physical adsorption.



	
DFT calculations provided a detailed explanation of the relationship between the inhibitory efficacy of WSEO and the electronic properties of its main constituents.



	
Monte Carlo (MC) simulations indicated that the primary compounds preferentially adsorb onto the Fe (110) surface in a flat, parallel orientation.



	
The MSD calculations reveal that the main component of the studied inhibitor creates a barrier film on the MS surface and limits the migration of corrosive species. SEM analysis confirms the existence of an inhibitor protective film on the MS steel surface.



	
The computational results also revealed that (E)-Nerolidol may play an important role in the overall inhibitory action of WSEO in 1 M HCl.
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Figure 1. Chemical structures of the major components of WSEO. 
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Figure 2. OCP–time curves for MS in 1 M HCl without and with various concentrations of WSEO. 
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Figure 3. PDP curves of mild steel (MS) in 1.0 M HCl with and without varying concentrations of Warionia saharea essential oil (WSEO) at 25 °C. 
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Figure 4. Nyquist diagrams (a), equivalent circuit (b) and Bode plots (c,d) of MS in 1 M HCl without and with the addition of various concentrations of WSEO at 25 °C. 
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Figure 5. Isotherm models tested for MS in 1 M HCl in presence of WSEO using WL, PDP and EIS data at 25 °C. 
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Figure 6. SEM morphology of MS surface (a) before immersion, (b) after 24 h immersion in blank solution and (c) after 24 h immersion in inhibited solution. 
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Figure 7. The HOMO-LUMO iso-surfaces and optimized geometry for β-Eudesmol, (E)-Nerolidol and Linalool that have been evaluated by the DFT/B3LYP with 6-311++ G (d,p) basis set. 
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Figure 8. Top (a) and side (b) view of the most equilibrium adsorption configurations of the selected WSEO components on an Fe (110) surface obtained by MD simulations in the aqueous phase. 
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Figure 9. MSD vs. time curves and the diffusion behaviors of corrosive species (H3O+ and Cl− ions) in three condensed inhibitor films at 25 °C. 
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Figure 10. FFV of Cl− and H3O+ in the four condensed inhibitor films at 25 °C. 
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Figure 11. Simplified schema of the adsorption mechanism of (E)-Nerolidol molecules on the MS surface. 
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Table 1. WL measurements of MS after 6 h immersion in blank and inhibited solutions by WSEO at 25 °C.
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	CWSEO (g/L)
	0.00
	0.25
	0.50
	1.00
	2.00
	3.00



	Wcorr (mg·cm−2h−1)
	0.381
	0.098
	0.090
	0.076
	0.065
	0.063



	IEWL (%)
	-
	74.15
	76.36
	79.96
	82.93
	83.34



	Surface coverage (θ)
	-
	0.7415
	0.7636
	0.7996
	0.8293
	0.8334










 





Table 2. PDP parameters for mild steel (MS) in 1 M HCl with and without different concentrations of Warionia saharea essential oil (WSEO) at 25 °C.
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	CWSEO (g/L)
	−Ecorr

(mV/SCE)
	icorr

(µA cm−2)
	−βc

(mV dec−1)
	βa

(mV dec−1)
	IEPDP (%)
	θ





	0.00
	490
	578.0
	147.7
	74.8
	-
	-



	0.25
	490
	152.5
	157.3
	56.7
	73.62
	0.7362



	0.50
	490
	130.6
	149.8
	53.6
	77.40
	0.7740



	1.00
	480
	101.6
	144.1
	53.2
	82.42
	0.8242



	2.00
	480
	92.4
	140.8
	49.9
	84.01
	0.8401



	3.00
	480
	91.8
	138.9
	48.6
	84.11
	0.8411










 





Table 3. EIS values for MS in 1 M HCl with varying WSEO concentrations at 25 °C.
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CWSEO

(g/L)

	
Rct

(Ω cm2)

	
Cdl

(µF cm2)

	
CPE

	
IEEIS

(%)

	
θ

	
χ2 (10−3)




	
Q (Ω−1Sncm−2)

	
n






	
0.00

	
21.71

	
73.37

	
314.51

	
0.877

	
-

	
-

	
2.25




	
0.25

	
69.1

	
52.52

	
219.23

	
0.865

	
68.58

	
0.6858

	
3.52




	
0.50

	
80.2

	
48.08

	
118.04

	
0.866

	
72.93

	
0.7293

	
5.40




	
1.00

	
134.8

	
42.78

	
96.70

	
0.864

	
83.90

	
0.8390

	
3.25




	
2.00

	
165.8

	
38.42

	
82.21

	
0.836

	
86.91

	
0.8691

	
5.25




	
3.00

	
166.1

	
37.64

	
82.11

	
0.834

	
86.92

	
0.8792

	
5.41











 





Table 4. Comparison of WSEO inhibition efficiencies with those of other essential oils.
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EO Inhibitor

	
Medium and Substrate

	
Concentration

	
IE (%)

	
Ref






	
Schinus mole

	
CS in 1 M HCl

	
2.00 g/L

	
70%

	
[6]




	
Vietnam orange peel

	
MS in 1 M HCl

	
4.00 g/L

	
about 90%

	
[7]




	
A. pubescens subsp. pubescens

	
MS in 1 M HCl

	
3.00 g/L

	
89.88%

	
[8]




	
Myrtle

	
Copper in 3% NaCl

	
10.00 g/L

	
91.88%

	
[27]




	
Rosemary

	
92.54%




	
Asteriscus graveolens

	
MS in 0.5 M H2SO4

	
3.00 g/L

	
82.89%

	
[28]




	
Warionia saharea

	
MS in 0.5 M H2SO4

	
3.00 g/L

	
74%

	
[11]




	
Warionia saharea

	
MS in 1 M HCl

	
2.00 g/L

	
84%–87%

	
In this work











 





Table 5. Thermodynamic finding for MS in 1 M HCl in the presence of WSEO at 25 °C.






Table 5. Thermodynamic finding for MS in 1 M HCl in the presence of WSEO at 25 °C.





	
Adsorption

	
Method

	
R2

	
Kads (L/g)

	
Isotherm Property

	
ΔG°ads (KJ·mol−1)






	
Langmuir

	
WL

	
1

	
0.79

	
RL = 0.39

	
−16.55




	
PDP

	
0.9997

	
0.81

	
RL = 0.38

	
−16.60




	
EIS

	
0.9998

	
0.80

	
RL = 0.38

	
−16.58




	
El-Awady

	
WL

	
0.9831

	
459.43

	
1/y = 4.54

	
−32.33




	
PDP

	
0.9415

	
192.48

	
1/y = 3.65

	
−30.18




	
EIS

	
0.9343

	
18.72

	
1/y = 2.00

	
−24.40




	
Freundlich

	
WL

	
0.9831

	
0.79

	
z = 0.047

	
−16.55




	
PDP

	
0.926

	
0.80

	
z = 0.056

	
−16.58




	
EIS

	
0.9194

	
0.80

	
z = 0.104

	
−16.58




	
Temkin

	
WL

	
0.9838

	
250 × 106

	
a = −13.66

	
−65.08




	
PDP

	
0.9303

	
78.6 × 106

	
a = −11.28

	
−62.22




	
EIS

	
0.9228

	
19.7 × 103

	
A = −6.15

	
−41.65











 





Table 6. Calculated theoretical parameters for the major components of WSEO obtained from the DFT/B3LYP with 6-311++ G (d,p) basis set.






Table 6. Calculated theoretical parameters for the major components of WSEO obtained from the DFT/B3LYP with 6-311++ G (d,p) basis set.





	Molecule
	EHOMO (eV)
	ELUMO (eV)
	∆Egap (eV)
	∆N
	η





	β-Eudesmol
	−6.35
	0.86
	7.21
	0.29
	3.61



	(E)-Nerolidol
	−6.01
	0.29
	6.30
	0.31
	3.15



	Linalool
	−6.36
	0.56
	6.92
	0.28
	3.46










 





Table 7. The adsorption energies for the adsorption of the three main compounds of WSEO on the Fe (110) surface obtained by MD simulations (all in kcal/mol).






Table 7. The adsorption energies for the adsorption of the three main compounds of WSEO on the Fe (110) surface obtained by MD simulations (all in kcal/mol).





	Molecule
	Eads





	β-Eudesmol
	−215.18



	(E)-Nerolidol
	−258.15



	Linalool
	−140.60










 





Table 8. Calculated values of FFV and self-diffusion coefficient of the three molecules.






Table 8. Calculated values of FFV and self-diffusion coefficient of the three molecules.





	Molecule
	Dion (H3O+) (m2 s−1)
	Dion (Cl−) (m2 s−1)
	FFV (%)





	(E)-Nerolidol
	1.926 × 10−3
	1.062 × 10−2
	6.50



	Linalool
	1.57 × 10−2
	5.114 × 10−3
	6.94



	β-Eudesmol
	2.144 × 10−2
	3.153 × 10−2
	13.00
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