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The present study was conducted to evaluate the anticorrosive and antioxidant activities of essential oil from Withania frutescens L. In the present study, the extraction of Withania frutescens L. essential oil (Wf-EO) was conducted using hydrodistillation before being characterized by gas chromatographic analysis (GC/MS) and flame ionization detector (GC/FID). Four bioassays were used for antioxidant testing including 2,2-diphenyl-1-picrylhydrazyl (DPPH), total antioxidant capacity (TAC), ferric reducing antioxidant power (FRAP), and β-carotene bleaching. The inhibiting effect of Wf-EO on the corrosion behavior of mild steel in 1.0 M HCl was conducted by using polarization curves and electrochemical impedance spectroscopy techniques. The yield of Wf-EO was 0.46% including 175 compounds identified by GC-MS. The oil was mostly constituted of camphor (37.86%), followed by thujone (26.47%), carvacrol (6.84%), eucalyptol (3.18%), and linalool (2.20%). The anti–free radical activity of Wf-EO was 34.41 ± 0.91 μg/ml (DPPH), 9.67 ± 0.15 mg/ml (FRAP), 3.78 ± 0.41 mg AAE/g (TAC), and 89.94 ± 1.44% (β-carotene). The Wf-EO showed potent antioxidant activity in all bioassays used for testing. The anticorrosion activity, polarization curves as well as EIS diagrams indicated that the Wf-EO exhibited anticorrosive properties and reacted as a suitable corrosion inhibitor in an acidic medium.
Keywords: Withania frutescens L, essential oil, antioxidant, anti-corrosion, chemical composition
INTRODUCTION
Corrosion is a natural process that involves interactions between a material and its environment leading to changes in the properties and characteristics of the metal resulting in alteration of the material (DIN EN ISO 8044, 2020). Corrosion has been considered among the problems of most industrial sectors, and it can cost many billions of dollars every year due to deterioration of materials (Hussin and Kassim, 2011). Exposed metals to certain acids like HCl can accelerate the corrosion process since such acids act as corrosive agents. The corrosive agents have an important role in petrochemical processes, industry, refining of crude oil, industrial cleaning, and acid descaling (Abiola and James, 2010).
Hydrochloric acid (HCl) is among the most widely used corrosive agents in the industrial field. HCl causes the degradation of metals through electrochemical and/or chemical reactions. To solve such corrosion problems, there are some methods to protect metals from corrosion from acidic environments including cathodic protection, use of protective barriers, use of anti-rust solutions or corrosion inhibitors, and galvanization. Substances, reacting as corrosion inhibitors, can reduce or prevent the reaction of the metal in the acidic environment (Abdel-Gaber et al., 2006; Njong et al., 2018).
Most of the synthetic or semi-synthetic compounds possess good anticorrosive activity, but some chemicals that are applied for corrosion inhibition may be harmful to humans (Aourabi et al., 2020). It is thus fitting that the interest in natural anticorrosive agents has grown worldwide. In this sense, Wf-EO can be one of the preferable agents that find application in the industrial sector to fight against corrosion (Lahhit et al., 2011; Gualdrón et al., 2013).
In the framework of seeking potential natural products for use against corrosion, this work was conducted to test Wf-EO, which is known by its therapeutic applications particularly antimicrobial, anti-diabetic, anti-inflammatory, and healing activities (EL Moussaoui et al., 2019a; EL Moussaoui et al., 2019b; El Moussaoui et al., 2020a, Moussaoui et al., 2021 A.; EL Moussaoui A. E. et al., 2021). Moreover, no in vivo toxicities have been reported for Wf-EO at doses up to 2000 mg/kg/weight (EL Moussaoui et al., 2020b; Moussaoui et al., 2020).
To the best of our knowledge, no works have reported the anticorrosive activity of Withania frutescens L. essential oil (Wf-EO) up to date. Therefore, the present work aimed at the chemical composition study, antioxidant, and anticorrosive activities of Wf-EO leaves. The anticorrosion activity was undertaken using potentiodynamic polarization (PP) and electrochemical impedance spectroscopy (EIS) methods.
MATERIAL AND METHOD
Extraction of Withania frutescens L. Essential Oil
Withania frutescens L. was collected in March when the vegetation and flowering was at its peak. Next, the plant was identified by a botanist and given a number BPRN-69 before being deposited at the herbarium. Afterward, the leaves of the studied plant were dried at 35°C using an oven. Later, the aerial parts of Withania frutescens L. were ground into a fine powder using an electric mill. The essential oil of the obtained powder was extracted by hydro-distillation. Thereafter, the Wf-EO was recovered and kept at 4°C until further use.
Gas Chromatography Analysis of Withania frutescens L. Essential Oil
GC-FID (Shimadzu, Kyoto, Japan) was used to perform the analysis. GC2010 system equipped with an SLB-5 ms fused silica capillary column with 30 m × 0.25 mm i.d. × 0.25 μm df. In this analysis, helium was used as a carrier gas (flow rate = 30.0 cm/s). The sample was meticulously dissolved in ethyl acetate solvent (10% w/w). Next, 0.5 μl of the studied sample was injected for analysis (the split ratio was 1:20). The oven temperature was standardized at 50°C/3 min and then 350°C/5 min. The injection temperature was adjusted at 280°C (the rate was of 200 ms). The hydrogen and airflow rates were 40 ml/min and 400 ml/min, respectively. Data processing was performed by LabSolution software ver. 5.92. The identification of the constituents was conducted by using two filters, namely linear retention index (LRI) and spectral similarity match over 85%. Kovats index was calculated using series of alkanes, from C7 to C40 1,000 g/ml, 49452-U from Merck KGaA (Darmstadt, Germany) with a filter design ±10 LRI units. The obtained mass spectra were compared with those reported in the literature including W11N17 (DB1) (Mass Finder 3 (DB2) (D.H. Hochmuth, www.massfinder.com; Wiley11-Nist17, Wiley, and FFNSC 3.0 (DB3); Hoboken, United States) (Schnitzler et al., 1998; Kelsey, 1999; Adams, 2007; Hattab et al., 2007; Dimou et al., 2016).
In vitro Antioxidant Activity of Withania frutescens L. Essential Oil
The investigation of the antioxidant property of Wf-EO was assessed in vitro using different assays including 2,2-diphenyl-1-picrylhydrazyl assay (DPPH), reducing power (FRAP), β-carotene bleaching, and total antioxidant capacity (TAC).
2,2-Diphenyl-1-picrylhydrazyl Assay
The antioxidant activity by the DPPH test was performed following the method described by BEKTAS with a few modifications (Moussaoui et al., 2021). Briefly, different concertinos of Wf-EO were mixed with 750 µl of DPPH (4.10−2 mg/ml). After incubation at ambient temperature for 30 min, the reading of absorbance was conducted at 517 nm. The results were expressed as percentage inhibition according to the following formula:
[image: image]
where PI is percentage of inhibition; A0 is absorbance of the DPPH solution (negative control); and A is absorbance of the DPPH solution mixed with sample.
Ferric Reducing Antioxidant Power Test
The FRAP test was performed according to Moattar’s method. In summary, 500 µl of a buffer phosphate solution with 0.2 M, pH = 6.6, and 500 µl of potassium ferricyanide [K3Fe(CN)6] (10 mg/ml) were mixed with 100 µl of different concentrations of Wf-EO. After incubation in a water bath (50°C) for 20 min, 500 µl of both aqueous TCA solution (10%), and distilled water, and 100 µl FeCl3 (0.1%) were supplemented to the reaction medium. Next, the absorbance of the sample (Wf-EO) was measured at 700 nm, and the results were expressed as half-maximal effective concentration (EC-50) (EL Moussaoui et al., 2019c).
Total Antioxidant Capacity Test
Twenty-five microliters of the Wf-EO were mixed with reagent solution including sulfuric acid (0.6 M), sodium phosphate (28 mM), and ammonium molybdate (4 mM). Afterward, the reaction medium was incubated at 95°C for 90 min. The absorbance of the solution was measured at 695 nm using a spectrophotometer). The results were expressed in mg EAA/g Wf-EO (EL Moussaoui et al., 2019c).
Beta-Carotene Discoloration Test
β-carotene (1 ml) was mixed with chloroform (0.2 mg/ml), and then the whole was then mixed with 10 µl linoleic acid and Tween 80 (100 mg). Next, the chloroform solvent was evaporated under reduced pressure at 45°C and 25 ml of hydrogen peroxide (H2O2) was added to the reaction medium. The resulting mixture (2.5 ml) was mixed with 0.1 ml of the diluted Wf-EO and then incubated at 50°C for 120 min with BHT reagent. The antioxidant percentage was calculated by the following formula:
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where AA% is the antioxidant activity percentage, AE is the absorbance of the sample, and ABHT is the absorbance of the sample without BHT.
The Anticorrosion Activity of Withania frutescens L. Essential Oil
Material
Mild steel (MS) with following chemical composition: 0.3700% C, 0.1600% Cu, 0.2300% Si, 0.6800% Mn, 0.0770% Cr, 0.0160% S, 0.0090% Co, 0.0110% Ti, 0.0590% Ni, and the remainder iron (Fe) was used as a substrate for anticorrosion activity testing. Before all measurements, the sample was abraded using emery papers, rinsed with water before being degreased in acetone, and finally washed again using distilled water.
Corrosive Medium
The electrolyte was obtained through dilution of hydrochloric acid (37%) (d = 1.18). In this sense, Wf-EO was previously dissolved in 10 ml of ethanol bi-distilled before being added to 90 ml of 1.0 M HCl. The concentrations used in this work ranged from 1 g L−1 to 0.1 g L−1.
Electrochemical Measurements
Electrochemical measurements were performed using the BioLogic SP-150 device controlled with software (Ec-Lab® V11.200). All experiments were conducted in the conventional three-electrode cell with MS described earlier as a serving electrode, platinum and Ag/AgCl 3M KCl were used as reference and counter electrodes, respectively. For the potentiodynamic polarization (PP) measurements, the potential was swept from −250 to +250 mV at a scan rate of 1 mV s−1 relative to the potential were swept. Electrochemical impedance spectroscopy (EIS) measurements were carried out after a steady-state was achieved in a frequency ranging from 100.00 kHz to 100.00 mHz with ten points per decade and AC voltage amplitude of 10 mV peak to peak. Before each measurement, the electrode was kept at Ecorr for 30 min at a temperature of 298 K and the test was repeated twice.
Statistical Analysis
Mean values of results alongside standard deviations were calculated by GraphPad Prism software (Microsoft Soft-ware). For comparison purposes, one-way ANOVA and Tukey’s test were used to achieve this goal. Differences at p < 0.05 were considered significant.
RESULTS AND DISCUSSION
Phytochemical Identification of Withania frutescens L. Essential Oil
The results of GC-MS analyses of Wf-EO are presented in Figure 1 and Table 1. The obtained results showed that the extraction yield of essential oil recovered from Withania frutescens L was 0.46% with 175 compounds. The significant peaks displayed on the GC-MS chromatogram corresponded to major compounds in the oil, such as camphor (55), β-thujone (46), carvacrol (94), β-thujone (48), eucalyptol (32), and linalool (44) (Figure 2). Carvacrol (5-isopropyl-2-methylphenol) that previously reported in the family Lamiaceae including genera Origanum and Thymus possessed anti-inflammatory and antimicrobial properties (Lima et al., 2013). Eucalyptol identified in genus Eucalyptus showed antioxidant, antimicrobial, antiseptic, anti-inflammatory, and anti-parasitic activities (Salhi, 2014; Aleksic Sabo and Knezevic, 2019). Camphor found in Lavandula officinalis and Cinnamomum camphora had antioxidant and anti-inflammatory activities (Lee et al., 2006; Barkat and Imène, 2012). Camphor is also found in other plants including Rosemary essential oil, which has been used in pharmaceutical and cosmetic industries (Gonçalves et al., 2020). Alpha and beta thujone are detected in the oil of several plants including Salvia officinalis and Artemisia herba alba, which have been used in perfume, pharmaceutical, cosmetics, and food industries. Linalool identified in Lavandula officinalis and Juniperus phoenicea, exhibited antioxidant, antimicrobial, and insecticidal activities (Bouzouita et al., 2008; Barkat and Imène, 2012).
[image: Figure 1]FIGURE 1 | GC/MS chromatogram of the characterized Wf-EO.
TABLE 1 | Constituents identified in the Wf-EO by GC/MS analysis.
[image: Table 1][image: Figure 2]FIGURE 2 | Molecular structure of the main compounds identified in the Wf-EO.
In vitro Antioxidant Activities of Withania frutescens L. Essential Oil
In the present research study, the antioxidant activity of W. frutescens oils was done by using four tests including DPPH, FRAP, total antioxidant activity, and β-carotene. The obtained results are summarized in Figure 3. It was reported that essential oil possessed several compounds with different chemical behavior, different chemical functional groups, and different polarities. Therefore, the evaluation of antioxidant potentiality needs multiple assays to validate the free radical scavenging capacity results. The total antioxidant capacity revealed that Wf-EO, Butylated hydroxytoluene (BHT), and Quercetin (Figure 3A) were of the order of 3.78 ± 0.41 mg AAE/g, 0.64 ± 0.030 mg AAE/g, and 0.58 ± 0.010 mg AAE/g, respectively. It is thus fitting that, the results of antioxidant activity by the second test (FRAP) showed that Wf-EO essential oils possessed Fe3+ reducing ability and their reducing power (FRAP) increased with increasing concentration (dose dependency), and the effective concentrations of 50% (EC-50) of Wf-EO, BHT, and Quercetin were in the range of 9.67 ± 0.15 mg/ml, 1.35 ± 0.03 mg/ml, and 1.14 ± 0.02 mg/ml (Figure 3B), respectively. Scientific studies have confirmed that the antioxidant activity by FRAP test is correlated to the presence of antioxidant compounds in essential oils along with antioxidant agents that exert an effect on free radical chains (Blažeković et al., 2010). The evaluation of the reducing power by DPPH test is evaluated by the comparison of IC-50 values. As shown in Figure 3C, the IC50 values of Wf-EO and BHT were 34.41 ± 0.91 μg/ml, and 9.24 ± 0.61 μg/ml, respectively. Therefore, these results are consistent with those investigated in the existing literature, which showed that closer genus possessed antioxidant power (Guruprasad et al., 2019).
[image: Figure 3]FIGURE 3 | Antioxidant activity of Wf-EO essential oils by TAC (A), FRAP (B), DPPH (C), and B-carotene (D).
The variation of β-carotene agent as a function of time (0, 25, 50, 75, 100, and 120 min) indicated that Wf-EO reacts toward the oxidation of linoleic acid (Figure 3D). In this sense, the obtained results indicated that the percentage of β-carotene bleaching inhibition in the presence of Wf-EO, negative control, and positive control (BHT) was in the range of 89.94 ± 1.44%, 26.43 ± 0.73, and 100%, respectively. These results were considered important and confirmed by recent researches on the phytochemical compounds of Withania frutescens (Soltaninejad and Shahidi, 2018; EL Moussaoui et al., 2019a). Many studies have established an important relationship between the chemical composition of the essential oil and its antioxidant activity, and it has been reported that the antioxidant activity of essential oils is related to their chemical compositions, particularly through the presence of compounds containing a hydroxyl function as well as terpene alcohols and phenolic compounds (Gulçin et al., 2004; Bouhdid et al., 2008; Fayed 2009; Zhuang et al., 2009). Moreover, according to the obtained results in the present work, the essential oils of Withania frutescens species exhibited an important antioxidant efficacy even at the lowest concentration tested, which was in accordance with previous works (EL Moussaoui et al., 2020a).
The Anticorrosion Activity of Withania frutescens L. Essential Oil
Potentiodynamique Polarization Measurements
PP measurements are a fundamental technique used to collect information related to an electrochemical system. The perturbations of MS in 1.0 M HCl medium, in the absence and presence of Wf-EO, were carried out after 30 min of stabilization at the corrosion-free potential called open circuit potential of the electrochemical system at 298 K. As reported in Figure 4. The electrochemical parameters related to this system such as corrosion current density (icorr), corrosion potential (Ecorr), and Tafel cathodic coefficient (βc) were listed in Table 2. The icorr were determined from the extrapolation of cathodic Tafel lines, which exhibit a real Tafelian behavior (McCafferty, 2005). The inhibition efficiency (ɳTafel) was calculated via using
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where icorr and icorr/inh represent corrosion current density values without and with Wf-EO, respectively.
[image: Figure 4]FIGURE 4 | Polarization curves of MS in 1.0 M HCl at different concentrations of Wf-EO at 298 K.
TABLE 2 | Electrochemical parameters generated from PP curves of MS immersed in 1.0 M HCl at different concentrations of Wf-EO at 298 K.
[image: Table 2]As can be shown from Figure 4, both cathodic and anodic reactions were inhibited through the addition of Wf-EO in acidic solution. The cathodic parallel Tafel lines (Figure 4) and the slight changes in the cathodic Tafel slopes βc (Table 2) indicated that the Tafel’s law was verified in this domain (Rice-Evans et al., 1996). In this sense, the mechanism of H+ proton discharge was activation controlled by the addition of Wf-EO in acidic solution without modification of the process mechanism. Nevertheless, in the anodic domain with potentials higher than −270 mVAg/AgCl, 3M KCl, Wf-EO did not modify the current versus potential characteristics when compared to the uninhibited medium. This phenomenon could be attributed to the desorption of the Wf-EO compounds from the electrode surface at a potential and can therefore be defined as desorption potential Ed, commonly reported in the literature (Beniken et al., 2018; Aourabi et al., 2021).
The corrosion potential Ecorr is shifted toward more anodic values as shown in Table 2. In this sense, if the displacement in Ecorr(inh) is larger than 85 mV from Ecorr in free inhibitor, the inhibitor can be seen as a cathodic or anodic type (Bensouda et al., 2019), and if the displacement in Ecorr(inh) is less than 85.00 mV, the inhibitor can be considered as a mixed type (Soltaninejad and Shahidi, 2018; Guruprasad et al., 2019). In this study, the largest value of potential displacement achieved is of the magnitude of 74 mV indicating that Wf-EO acts as a mixed type inhibitor with the domination of the anodic character.
Table 2 shows that the values of current densities of icorr decrease considerably with rising Wf-EO concentrations from 611.61 µA cm−2 in 1.0 M HCl alone to 107.72 µA cm−2 at a concentration of 1.00 g L−1 of Wf-EO. This diminution in current density provides the inhibition efficiency to reach a maximum value of 82.39%. It can also be noted that no enhancement in the inhibiting efficiency is observed despite increasing the concentration of Wf-EO, that is a plateau of ɳTafe % was registered from 1 g L−1 of Wf-EO concentration.
EIS Measurements
For understanding the mechanism that took place at the electrode/solution interface, EIS constitutes a very powerful technique for investigating corrosion inhibition processes. The Nyquist and Bode diagrams of MS immersed into the corrosive solution 1.0 M HCl, without and with concentrations of Wf-EO are displayed in Figure 5.
[image: Figure 5]FIGURE 5 | Nyquist and Bode diagrams of the MS in 1.00 M HCl with and without concentrations of Wf-EO at 298 K.
The Nyquist diagrams show at first glance only one single depressed capacitive loop, which showed that corrosion of MS can be monitored by the charge transfer process. This phenomenon of capacitance dispersion at the electrode interface strongly depends on the state of the electrode surface, that is, its roughness, degree of polycrystallinity, and also an anion adsorbtion. The deviation from ideal capacitive behavior can be empirically represented by a constant phase element (CPE), a complex impedance having a special property with a phase angle independent of frequency, as reported by Fricke (Fricke, 1932). The impedance of CPE component can be expressed by using
[image: image]
where Q is a related parameter to the electrode capacitance (F sn−1 cm−2), and n is the constant phase exponent often used as a gauge of the roughness or heterogeneity of the surface (0 < n < 1) associated with the deviation of the straight capacitive line from 90° by an angle α, whether α can calculated by Eq. 5 and j2 =−1 is a y number of imaginary whilst ω is the angular frequency.
[image: image]
Therefore, Bode-plots are recommended for the display of EIS data in terms of frequency. Bode-plots permit the detection of regions that are dominated by resistive elements such as resistance of solution Rs and polarization resistance Rp in which a slope of zero was remarked; meanwhile, regions dominated by pure capacitive element for which a slope of (−1) were noticed in the ideal case. However, the width of Gaussian (φ-log f) obtained in the presence of different Wf-EO concentrations is much larger than that obtained in 1.0 M HCl alone. This result stipulates most likely the appearance of a second time constant, although not well separated from that of charge transfer in the presence of the different Wf-EO concentrations. This second phenomenon of relaxation or time constant is generally attributed to the presence of an additional obvious process on the metal surface. This simple qualitative analysis confirms the formation of a barrier layer.
Among the numerous equivalent circuits that have been used to describe the present electrochemical interface to extract the necessary parameters for understanding the studied system, only the following circuit with two-time constants Rs + CPEdl/[Rct + CPEa/Ra] has been retained as presented in Figure 6. Rs is the solution resistance, Rct is the charge transfer resistance, and the time constant (CPEdl) at high frequency referring to the charge transfer process. Ra is the resistance of the adsorbed inhibitor whilst CPEa represents the relaxation time constant of the adsorbed layer to the MS surface. Therefore, an excellent parametric readjustment of the experimental impedance spectra in the Nyquist and Bode planes was obtained. Moreover, the experimental and simulated spectra were well correlated with a χ′2/|Z| coefficient, and therefore, they support the validation of this model.
[image: Figure 6]FIGURE 6 | Equivalent electrical circuit model.
The impedance parameter recorded from the fitting of diagrams and [image: image] are presented in Table 3. The inhibition efficiency issued from the polarization resistance (PR) in the presence of the different Wf-EO concentrations is calculated according to
[image: image]
where Rp is the polarization resistance calculated through the following equation (RP = Rct + Ra).
TABLE 3 | Inhibition efficiency and EIS parameters for MS in 1.0 M HCl at different concentrations of Wf-EO.
[image: Table 3]The data displayed in Table 3 clearly shows that in the concentration range, the PR enhances with Wf-EO concentration; hence, the best inhibition efficiency reached was 87.77%. The parameter of CPEdl component Qdl decreased abruptly with the addition of Wf-EO when compared to the uninhibited solution through presumably the formation of a protective adsorbed layer. The improvement of this layer was associated with an increase in nd when compared to the blank solution that was associated with a slight decrease in the surface heterogeneity (Aourabi et al., 2020). It was noted that the charge transfer resistance Rct increased with increasing concentration of Wf-EO and the total resistance Rp was rather dominated by Ra.
According to the model of Bonnel et al. (1983), the resistance associated with the high-frequency portion of the spectrum is hypothesized to contain cathodic and anodic contributions of the charge transfer reaction. This confirms the mixed character obtained from PP measurement. The resistance related to the low-frequency portion is regarded to contain the explicit contribution from mass transport across the porous corrosion products. This latter result was reflected by the lowest value of na which can be attributed as a measure of the energy distribution since the adsorbed molecules were electronic charge carriers (Popova and Raicheva, 1996).
Adsorption Isotherm
During the process of inhibitor adsorption on the surface of metal - assisted adsorption, the process is controlled by the residual charge on the chemical structure and the inhibitor metal. The increasing addition of a corrosion inhibitor results in a progressive decrease in the rate of corrosion and/or enhancement of corrosion inhibition. The relationship between the concentration of inhibitor and corrosion rate was investigated by several models of isotherms. In this sense, it was reported that the common adsorption isotherms used to adjust the experimental data are Freundlich, Temkin, Langmuir, and the El-Awady kinetic–thermodynamic model. The conventional and linearized forms of isotherms are figured in Table 4.
TABLE 4 | Linearized and conventional and forms of the most used adsorption isotherm models.
[image: Table 4]In the present research work, θ values corresponding to different concentrations of Wf-EO are easily determined from EIS (θEIS) method, by the ratio η%/100. Figure 7 displays different models of adsorption isotherm such as Langmuir, Freundlich, Temkin, and El-Awady and also the related parameters of adsorption deduced from these isotherms.
[image: Figure 7]FIGURE 7 | Plots of models of the adsorption isotherm of Wf-EO for MS surface in 1.0 M HCl at 298 K obtained from EIS data.
These results show that all the coefficients are close to unity with the better fit provided by the use of the adsorption isotherm Langmuir model with R2 = 0.9999; meanwhile, the slope of the corresponding formula slightly deviates from unity. Accordingly, the model of Langmuir seems to be more appropriate to describe the adsorption process as reported in earlier works (Durnie et al., 2001; Obot et al., 2009). On the contrary, the reciprocal of ‘y’ obtained from the El-Awady model is nearly equal to 4 and can therefore suggest that four water molecules were replaced by one from Wf-EO in the inhibition process. Based on this result, it can be concluded that the first is contradictory with the hypothesis on which the Langmuir isotherm is based, which stipulates that one molecule of inhibitor replaces one molecule of water. Moreover, the adsorption process of Wf-EO molecules also follows the Temkin isotherm, which indicated the presence of molecular interaction in the adsorbed layer. However, this hypothesis is practically consistent with the Langmuir isotherm model and it is also confirmed by the negative sign of intermolecular interaction in the adsorption layer ‘a’ of the Temkin model (Oguzie, 2007). It is thus fitting that the adsorption process investigated in the present work could not be reasonably modeled by the Freundlich isotherm model even though R2 values obtained from the corresponding plots were good.
In summary, the possibility of ideal Langmuir-type adsorption is unthinkable due to fact that the surface heterogeneity is evidenced by EIS measurements where the CPE exponents are far from unity. Furthermore, a molecule of water would probably be replaced by three or even four molecules of oil, identical or not, as testified by the El Away isotherm with a possibility of strong interaction between them by reference to the isotherm of Temkin.
CONCLUSION
In this work, we shed light on the chemical composition (GC/MS), antioxidant activities, and anticorrosive activity of the essential oil of W. frutescens (Wf-EO), and the above analysis and discussion of the experimental results lead to the following main conclusions:
1. Chromatographic analysis (GC/MS) of the essential oils (Wf-EO) revealed that W. Frutescens is rich in potentially bioactive compounds with a dominance of β-thujone (26.47%) and comphor (37.86%).
2. A high antioxidant capacity of Wf-EO was confirmed by four tests (TAC, FRAP, DPPH, and beta carotene) even at low concentrations.
3. Wf-EO acts as a good corrosion inhibitor for C steel in 1.0 M HCl solution.
4. PP measurements indicated that the largest potential shift value obtained is in the order of 74 mV indicating that Wf-EO acts as a mixed type inhibitor with the dominance of anodic character.
5. The EIS data showed that the corrosion of C-steel is mainly controlled by charge transfer on a heterogeneous and irregular surface.
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