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Abstract

:

This article is part of the contribution to the development of two medicinal plants widely used by the Moroccan population: white wormwood (Artemisia herba-alba) andArâr (Juniperus phoenicea), species belonging to the Asteraceae and Cupressaceae families, respectively. The present work was conducted to investigate the chemical composition and anticorrosive properties of essential oils (EOs) extracted from these plants. The chemical analysis of the essential oils (EOs) was carried out by GC-MS/MS. Potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), and quantum chemical calculations by density-functional theory at B3lYP were used to study the anticorrosive effect of the researched oils on mild steel in 1 M hydrochloric acid solution. Moreover, SEM-EDX analysis was used to identify the surface morphology of mild steel surface. GC-MSMS results showed the presence of 32 potentially active compounds in the EOs of Artemisia herba-alba. The average yield of the EOs was about 1.39 ± 0.17 mL/100 g dry matter. Beta thujone (30.07%) and alpha thujone (13.32%) are the main components, while for the EOs of Juniperus phoenicea, the study showed the presence of 30 constituents, with alpha-pinene (43.61%) and manoyl oxide (11.5%) as the main components. The average yield of HE was 1.10 ± 0.03 mL/100 g dry matter. The findings demonstrated an important anticorrosive action of EOs from Artemisia herba-alba and Juniperus phoenicea. Notably, the experimental results showed good efficiency of the studied essential oils and correlated well with the density-functional theory (DFT) calculations. The results of potentiodynamic polarization measurements showed that hydrazone acted as a mixed-type inhibitor. The EIS results showed an increase in charge transfer resistance accompanied by a noticeable decrease in Cdl values, revealing that both studied oils were effective as reliable inhibitors for the protection of mild steel in 1 M HCl solution. Also, the efficiency decreased with decreasing inhibitor concentrations. Surface studies ensure the effectiveness of both investigated oils and the reduction of the surface roughness of mild steel. Furthermore, DFT results of the major constituents of Artemisia herba-alba and Juniperus phoenicea EOs revealed insights into the chemical reactivity of the tested oils while supporting the experimental conclusions and showed outstanding adsorption ability of both investigated EOs on the steel surface.
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1. Introduction


Morocco has a very rich botanical heritage, but due to a lack of knowledge of the potential wealth it can bring, it is unfortunately rarely used. Nature has plants that serve as food for animals and humans [1,2]. Man has discovered many other functions that plants can provide, and currently, aromatic plants are a promising source of essential oils with a wide range of applications in health care, cosmetology, agriculture, food, and corrosion inhibitors [3]. Plants represent a huge source of bioactive molecules exploited in industry, namely corrosion inhibitors, which are used to protect the material from deterioration due to its interaction (chemical or electrochemical) with the environment. Corrosion is a costly problem for the chemical industry. Furthermore, it is very costly and has a major impact on the economy of industrialized countries [4]. Corrosion not only has economic implications, but it also poses risks to human life and safety. It represents a public danger by causing serious accidents and thus contributes significantly to environmental pollution [4]. Several available methods can be used to slow down or prevent corrosion of metal structures [5].However, the use of a corrosion inhibitor is generally the most economical, attractive, effective, and acceptable way to reduce the rate of corrosion and protect metal surfaces from corrosion [6]. Acid pickling, industrial acid cleaning, acid descaling, and oil well acidification are the main applications. These organic substances are either synthetically created or derived from medicinal and culinary plants. Biological and environmental factors have supported their use as corrosion inhibitors. Many plant components have been shown to be very effective corrosion inhibitors for iron and steel in acidic environments, according to previous studies [7,8].



The genus Artemisia, which includes 500 species spread across Europe, North America, Asia, and South Africa, is commonly present in the Mediterranean region [8]. Artemisia herba-alba is a low, green, and woody shrub. Due to its morphological and physiological properties, it is well adapted to dry climatic conditions. It can reduce water loss from transpiration by using the seasonal dimorphism of its foliage. Because of its large root system, Artemisia herba-alba can take advantage of the slightest precipitation [9]. The essential oils (EOs) produced by several species of this genus are well-known and used in the culinary, cosmetic, and pharmaceutical sectors [9,10]. There are 14 species of Artemisia in Morocco, eight of which are native to Morocco [11,12]. Artemisia essential oils have demonstrated biological effects, including antibacterial, antioxidant, anti-inflammatory, insecticidal, and anticorrosive activity [13,14].



Juniperus phoenicea belongs to the family Cupressaceae, which consists of about 130–140 species. It is abandoned in the Canary Islands and North Africa (Algeria, Morocco, and Tunisia) [15,16,17]. Juniperus is classified into three sections: Caryocedrus, Oxycedrus, and Sabina [15]. It is a tree or shrub five to ten meters tall, with evergreen, thin, linear, prickly, needle-like leaves. Its flowers produce fleshy, globular fruits that are mistakenly called berries. Juniperus grows wild in dry, rocky, drought-prone terrain. Juniperus phoenicea essential oil has many pharmacological effects, including antibacterial, anti-inflammatory, antiviral, expectorant, sedative, herbicidal, insect-repellent, and odorant properties [16].



In the present work, the chemical composition, and the anticorrosive properties of the essential oils of Artemisia herba-alba and Juniperus phoenicea were studied in depth.




2. Materials and Methods


2.1. Plant Material


Juniperus phoenicea was collected in Tirnes (33°29′47″ N; 3°48′36″ W), while Artemisia herba-alba was collected in Tighboula (32°36′36″ N; 6°00′36″ W) in Morocco during May 2019 (Figure 1). A botanist at the University Sidi Mohamed Ben Abdellah University carried out the botanical identification wherein the reference specimen number BD01/11281 was given to Juniperus phoenicea and the reference specimen number BA23/13010 was given to Artemisia herba-alba. The harvested plants were dried in the shade in open air for three days.




2.2. Extraction of Essential Oils


Briefly, 100 g of Juniperus phoenicea and Artemisia herba-alba leaves were used for extraction by use of hydrodistillation. Next, anhydrous sodium sulfate was used to dry the EOs before storing them in a refrigerator at 4 °C until further use [18]. The essential oil yield, expressed as a percentage, was estimated by calculating the ratio between the volume of EO and the mass of plant material used according to the following formula:


   R     %  =   VHE   MV   × 100  








where R: yield of essential oil (%); VHE: volume of essential oil (mL); MV: mass of plant material (g).




2.3. EO Chemical Analysis (GC-MS)


The chemical makeup of the EOs was investigated using a triple quadrupole, tandem mass spectrometer and gas chromatograph TQ8040 NX (Shimadzu, Tokyo, Japan) (GC-MSMS). The EO chemical compounds were identified using an apolar, capillary RTxi-5 Sil MS column (30.00 m long, 0.25 mm inside diameter, and film thickness of 0.25 μm). The temperatures at the source and interface were 200 °C and 280 °C, respectively. Helium was used as the carrier gas (with an injection volume of 1 μL). The oven temperature was programmed to rise from 50 °C to 160 °C for 2 min at a rate of 5 °C/min, then to 280 °C for 2 min at a rate of 5 °C/min. The injection mode was split with a split opening at 4 min, temperature of 250 °C, and pressure of 37.10 kPa. A percentage of the total peak area was used to represent the EO composition. EO components were identified by comparing the resulting retention indices with those of the literature database [18].




2.4. Anti-Corrosion Activity


2.4.1. Electrochemical Analysis


The electrochemical experiment was performed using a potentiostat of type Versa-STAT 4 controlled with the Versa-Studio analysis program. This method was performed in a three-electrode glass cell. The used specimen served as the working electrode, while a platinum wire served as the counter electrode and an Ag/AgCl/KCl saturated reference electrode. The sample, a square with a 1 cm2 exposed surface, was also ground with 1500 grit grinding papers, cleaned with distilled water, degreased with acetone, and then submerged in the destructive test solution (1.0 M hydrochloric acid [HCl] solution made from 37% analytical reagent grade HCl by dilution with double-distilled water with and without inhibitors) for 30 min until the open circuit potential was reached. Impedance tests were recorded in the frequency range 100 kHz–100 mHz. In addition, polarization curves were plotted at a sweep rate of 1 mV/s [19].




2.4.2. Theoretical Calculation


Density-Functional Theory (DFT) to Define B3LYP


In the presence of water molecules, the DFT approach was used at B3LYP with the 6-311G/(d,p) basis set and the Gaussian 09 program [20]. The highest energy molecular orbital energy (EHOMO) and lowest energy orbital that has the scope to accept electronenergy (ELUMO), as well as other features, are among the quantum descriptors that were retrieved in the output file [21]:


  Δ  E  g a p   =  E  L U M O   −  E  H O M O    
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Also, using the following Equation (2), the fraction of electrons transmitted by the inhibitor to the surface of steel (110) (N110) was computed [21]:


  Δ N   110   =    χ  m e t a l   −  χ  i n h     2    η  m e t a l   +  η  i n h        












Surface Analysis


After six hours of immersion in 1 M HCl solutions, both with and without inhibitors at a concentration of 1 g/L, mild steel samples were examined using SEM-EDX spectroscopy to determine their surface composition and morphology [22]. The study was carried out using a model QUANTA 200 environmental scanning electron microscope with an EDX probe connected to energy dispersive spectroscopy (EDX) at a 15 kV accelerating voltage.







3. Results and Discussion


3.1. Chemical Composition of Artemisia herba-alba and Juniperus phoenicea EOs


3.1.1. Essential Oils from Artemisia herba-alba


The average yield of EO extracted from Artemisia herba-alba was 1.39 ± 0.17% of the total mass of dry matter. This percentage is similar to that of EO extracted from A. herba-alba collected in Jordan (1.3%) [23], and higher than that of A. herba-alba collected in southern Morocco at 1.2% [24].The average yield of A. herba-alba EO collected in Guerçif ranged from 0.56% to 1.23% [25], and that of the plant collected in Matmata in Tunisia was 0.65% [9]. On the other hand, the average yield of A. herba-alba EO collected in Spain ranged from 0.56% to 1.23% [25], and that of the plant grown in Biskra and M’sila in Algeria was 0.95% and 1.02%, respectively [26,27].The present study identified 32 constituents of Artemisia herba-alba EOs (Table 1). In this study, beta-thujone (30.07%) and alpha-thujone (13.32%) were identified as the main constituents of EOs, followed by a few compounds such as spirojatamol (2.95%), sabinene (0.75%), terpinen-4-ol (2.09%), globulol (2.95%), 1,8-cineole (4.67%), endo-borneol (0.64%), thymol (0.71%), beta-santalol (3.38%), and caryophyllene oxide (0.93%).These results are consistent with the chemical composition of A. herba-alba EOs grown in Mediterranean regions [28,29]. However, some chemicals present in the Artemisia herba-alba EOs studied in the present study have been noted for A. herba-alba growing in other regions [30,31].




3.1.2. Essential Oils from Juniperus phoenicea


The average yield of EOs extracted from Juniperus phoenicea was 1.10 ± 0.03% dry matter. This rate is lower than that found in southern Tunisia, at 2.004% [32]. It is quite comparable to the EO from the same plant harvested in central-western Tunisia (1%) [33], and higher than that of red juniper in other regions of Morocco: 0.98% for Assif Almal, 0.90% for Mehdia [34]; 0.5% for Oujda Angade [35], and 0.9% for Marrakech [36].



On the other hand, the average yield of Juniperus phoenicea EO was between 0.50% and 0.75% in Tunisia [9,37], 0.36% in Egypt [38], 0.41% in Portugal, 0.21% in Greece, and 0.30% and 0.70% in Spain [39].



The present study identified 30 constituents for Juniperus phoenicea EOs (Table 1). In this study, alpha-pinene (43.61%) and manoyl oxide (11.50%) were identified as the main constituents of EO [40,41], followed by a few compounds such as linalol (2.88%), thujone (0.82%), trans-verbenol (3.16%), spathulenol (0.83%), allo-aromadrene oxide (1.83%), geranyl-alphaterpinene (1.55%), verbenone (1.52%), and germacrene B (1.18%). Based on previous research, our results are in agreement with the chemical composition of Juniperus phoenicea collected in several regions, as reported in previous works [33,34,35,36,37,38,39,40,41].





3.2. Anticorrosion Activity


Figure 2 depicts the polarization curves obtained for mild steel in acidic environments in the absence and presence of various HE inhibitor concentrations. Table 2 shows the electrochemical parameters, including the current densities, corrosion potential, and the cathodic slope (ßc). Numerous studies have classified the different types of inhibitors based on the difference in corrosion potential between the inhibited electrolyte solution and the control. The type of inhibitor (anodic or cathodic) is determined by whether or not the Ecorr value is greater than or less than 85 mV [42]. The obtained results showed that the examined EOs are classified as mixed-type inhibitors because the change in Ecorr value was less than 85 mV. Table 2 shows that the icorr current densities decrease as the concentrations of Artemisia herba-alba and Juniperus phoenicea inhibitors increase. This indicates an increase in the inhibition efficiency of the EOs. Our findings demonstrate that the synergistic interaction of diverse organic compounds in the two EOs led to the production of protective layers on the mild steel surface. Indeed, corrosion inhibition was tested for natural extracts by several researchers, and their results proved very promising and eco-friendly [43]. At the optimal concentration, the efficiency of the studied EOS was 92% for Juniperus phoenicea inhibitor and 91% for Artemisia herba-alba inhibitor in our study. Also, we can observe the effectiveness of the studied inhibitor at low concentrations, notably the efficiency at 0.25 g/L for both EOs at about 80%, which may favor the use of these EOs to fight against corrosion of mild steel in molar hydrochloric solution [44].



The impedance investigation was conducted to better comprehend the inhibition mechanism and the mild steel’s ability to guard against corrosion in an aggressive environment and the presence of two inhibitors with plant origin. Figure 3 displays the two inhibitors and their respective impedance plots in the Nyquist plane. In Table 3, the impedance parameters are categorized. The following equation was used to calculate the inhibitory efficiency:


   η  i m p   % =    R  c t   −  R  c t  ′     R  c t     × 100  








where Rct and R′ct are the charge transfer resistance in the presence and absence of inhibitors, respectively.



Due to surface heterogeneity, the diagrams from Nyquist plots have imperfect half loops, which suggests that the inhibition mechanism of the corrosion process is controlled by the charge transfer process [45]. Moreover, the diameter of the capacitive loop grows as the concentration of the tested inhibitors increases. From the electrochemical parameters (Table 3 and Figure 4), the values of polarization resistance Rp rise with increasing inhibitor concentration, showing an improvement in the examined inhibitors’ efficacy, to reach a maximum value of 92% for the two EOs under study at a concentration of 1 g/L. This could be explained by the formation of an inhibitor film on the surface of the working electrode. Parallel to this, a decline in the CDL double layer’s capacity was seen as a result of the gradual adsorption of inhibitor molecules in place of water molecules [46].



Investigating the connection between an inhibitor’s structure and its electrical and corrosion properties is achievable theoretically (Table 4). Moreover, Figure 5 and Figure 6 display the electron density and electrostatic charge of electrons (ESPMs) distribution between the elements of the HOMO and LUMO atomic orbits. This finding indicates that the examined EOs’ electron molecules share a common metal-d route because the majority of their reaction space is dispersed correctly, as seen by the HOMO and LUMO orbitals. Also, according to the ESPMM classification, oxygen atoms determine the overall density of red pigments in molecular electrostatic potential (MEP) analysis. This can lead to adsorption effects on mild steel [47]. For Artemisia herba-alba EOs, the responsible compounds send electrons to the mild steel surface because of the higher value of EHOMO as compared to other molecules. In addition, beta-santalole has the smallest energy gap, which can explain the anti-corrosion properties of beta-santol more than those of thujone and eucalyptol molecules [48]. For Juniperus phoenicea EOs, the pinene component shares electrons with the d-vacant orbital of iron more than other molecules [49]. In addition, caryophyllene oxide has a small energy gapthat reflects its reactivity compared to other products [47]. According to Lukovist’s study [45]., enhancing the metal’s ability to donate electrons can slow the corrosion process because all investigated molecules have a ∆N value of <3.6 [46]. When it comes to the value of the dipole moment, some authors claim that corrosion prevention rises with effectiveness, while others claim that it is inconsistent and therefore useless. Our measurements are able to evaluate the effectiveness of various molecules in the studied EOs [49].



Figure 7 shows the morphological properties of mild steel after 6 h of immersion in 1 M hydrochloric acid, both with and without the optimum concentration of Juniperusphoenicea and Artemisia herba-alba (1 g/L). The resulting EDX spectra are shown in Figure 8 along with a breakdown of the various atomic element adsorption rates on the mild steel surface in Table 5.



As a result of the attack of the aggressive solution (1 M HCl alone) in the absence of inhibitors, the mild steel surface was highly damaged and heavily corroded, due to the rapid rate of iron dissolving in a corrosive environment. However, after adding 1 g/L of Juniperus phoenicea and Artemisia herba-alba to the acidic solution, the surface became more uniform and smoother [50]. Compared to the blank, the surface of the material treated with inhibitors was protected. These results confirm the ability of the two studied EOs to prevent surface corrosion of mild steel in 1 M HCl solution by creating a layer of surface coating that grants protection against corrosion.



On the other hand, EDX was used to determine the initial composition of mild steel samples before and after the addition of the examined inhibitors. The increase in carbon atom percentages in EOs is visible in the EDX spectra. When the Juniperus phoenicea inhibitor is present, the amount of carbon atoms increases, which can be explained by the components of the investigated EOs adhering to the surface and forming a protective layer [51]. Moreover, the iron peak was visible using both EOs; this is probably owing to the presence of a conservative layer, which can only stiffen the material’s surface.





4. Conclusions


GC-MSMS was used to analyze essential oils extracted from the aerial parts of Artemisia herba-alba and Juniperus phoenicea. Notably, 32 potentially active compounds were identified in Artemisia herba-alba, with beta thujone (30.07%) and alpha thujone (13.32%) as the main components, while for Juniperus phoenicea, 30 constituents were identified, with alpha-pinene (43.61%) and manoyl oxide (11.50%) as the main components. The results obtained showed that the studied EOs have considerable activity.



In this study, the experimental results were confirmed theoreticallyusing a DFT study after evaluating the inhibition efficiency of two EOs, Juniperus phoenicea and Artemisiaherba-alba. The study conducted on mechanisms of inhibitors revealed several important conclusions. Firstly, the tested essential oils (EOs) were found to be effective inhibitors of mild steel corrosion in 1 M hydrochloric acid, with an inhibitor efficiency reaching 92% at a concentration of 1 g/L. This indicates that the main molecules of the EOs strongly adsorb onto the surface of the mild steel in the acid solution. Secondly, based on the polarization data, the EOs were classified as mixed-type inhibitors, indicating their ability to inhibit both the anodic and cathodic reactions involved in the corrosion process. Thirdly, the use of inhibitors significantly increased the charge transfer values and reduced the double-layer capacity, as revealed by the electrochemical impedance spectroscopy (EIS) results. Furthermore, surface analysis confirmed the formation of a protective film resulting from the adsorption of the studied inhibitors on the mild steel surface. Additionally, density functional theory (DFT) calculations demonstrated that both EOs acted as electron donors/acceptors to and from the iron surface.



Our work meets the approach of the new program of sustainable development in Morocco, whose main vector is green chemistry that reduces and eliminates the use or generation of substances harmful to the environment.
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Figure 1. Juniperusphoenicea (A); Artemisia herba-alba (B). 
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Figure 2. Polarization curves of mild steel in 1 M HCl in the presence of various concentrations of the Juniperus phoenicea and Artemisia herba-alba inhibitors. 
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Figure 3. Impedance diagrams in the Nyquist plots of mild steel obtained in 1 M HCl in the presence of different concentrations of Artemisia herba-alba and Juniperus phoenicea inhibitors. 
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Figure 4. The suitable equivalent circuit used to fit EIS data. 
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Figure 5. Spatial distributions of Artemisia herba-alba inhibitors in the aqueous phase. 
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Figure 6. Spatial distributions of Juniperus phoenicea inhibitors in the aqueous phase. 
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Figure 7. SEM images of mild steel after 6 h of immersion in 1 M HCl solution and in the presence of Artemisia herba-alba and Juniperus phoenicea inhibitors. 
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Figure 8. EDX spectra of mild steel after 6 h immersion in 1 M HCl solution (a) and in the presence of Juniperusphoenicea (b) Artemisia herba-alba (c). 
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Table 1. Constituents of essential oils from Artemisia herba-alba and Juniperus phoenicea.
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Peaks

	
Retention Time

	
Kovats Index

	
Compounds

	
Area (%)




	
Literature

	
Calculated

	
A. herba-alba

	
J. phoenicea






	
1

	
3.435

	
737

	
733

	
Norbornene

	
0.70%

	
-




	
2

	
7.989

	
939

	
939

	
alpha-Pinene

	
-

	
43.61%




	
3

	
8. 999

	
930

	
925

	
Thujene

	
1.41%

	
-




	
4

	
9. 138

	
975

	
976

	
Sabinene

	
0.75%

	
-




	
5

	
10.433

	
1024

	
1024

	
p-Cymene

	
0.70%

	
-




	
6

	
10.661

	
979

	
979

	
p-Menthane, 1,8-epoxy

	
2.53%

	
-




	
8

	
10.761

	
1014

	
1014

	
p-Cineole

	
2.10%

	
-




	
9

	
10.906

	
1031

	
1032

	
1,8-Cineole

	
4.67%

	
-




	
10

	
12.593

	
1096

	
1095

	
Linalool

	
-

	
0.83%




	
11

	
12.904

	
1096

	
1092

	
Linalool

	
-

	
2.88%




	
12

	
12.949

	
1138

	
1140

	
Thujanone

	
0.84%

	
-




	
13

	
13.152

	
1102

	
1102

	
Isothujone

	
13.12%

	
-




	
14

	
13.310

	
1102

	
1004

	
Alpha-thujone

	
13.32%

	
0.82%




	
15

	
13.550

	
1114

	
1114

	
Beta-thujone

	
30.07%

	
-




	
16

	
13.961

	
1141

	
1141

	
cis-Verbenol

	
-

	
0.68%




	
17

	
14.105

	
1142

	
1142

	
cis-Sabinol

	
0.75%

	
-




	
18

	
14.177

	
1141

	
1141

	
2-Pinen-4-ol, trans-

	
-

	
1.04%




	
19

	
14.312

	
1144

	
1144

	
trans-Verbenol

	
-

	
3.16%




	
20

	
15.068

	
1169

	
1169

	
endo-Borneol

	
0.64%

	
-




	
21

	
15.315

	
1177

	
1174

	
Terpinen-4-ol

	
2.09%

	
-




	
22

	
15.750

	
1195

	
1196

	
Myrtenal

	
-

	
1.37%




	
23

	
16.093

	
1205

	
1205

	
Verbenone

	
-

	
1.52%




	
24

	
17.441

	
1363

	
1363

	
cis-4-Decenol

	
-

	
0.68%




	
25

	
18.580

	
1290

	
1290

	
Thymol

	
0.71%

	
-




	
26

	
20.833

	
1260

	
1262

	
Benzyl propanoate

	
-

	
1.22%




	
27

	
21.128

	
1390

	
1390

	
beta-Elemene

	
-

	
1.18%




	
28

	
21.955

	
1408

	
1410

	
Caryophyllene

	
-

	
2.01%




	
29

	
22.152

	
1561

	
1561

	
Germacrene B

	
-

	
1.18%




	
30

	
22.906

	
1288

	
1290

	
Bornyl acetate

	
0.76%

	
-




	
31

	
23.040

	
1137

	
1135

	
cis-p-Mentha-2,8-dienol

	
0.69%

	
-




	
32

	
23.205

	
1485

	
1488

	
Germacrene D

	
0.80%

	
-




	
33

	
23.824

	
1290

	
1290

	
Sabinyl acetate

	
1.01%

	
-




	
34

	
24.183

	
1689

	
1688

	
Shyobunol

	
-

	
0.82%




	
35

	
24.866

	
1017

	
1017

	
geranyl-.alpha.-terpinene

	
-

	
1.55%




	
36

	
25.022

	
1578

	
1574

	
Spathulenol

	
-

	
1.08%




	
37

	
25.171

	
1549

	
1544

	
Elemol

	
-

	
2.31%




	
38

	
25.855

	
1602

	
1602

	
Ledol

	
0.63%

	
2.55%




	
39

	
26.024

	
1578

	
1576

	
Spathulenol

	
1.08%

	
1.22%




	
40

	
26.200

	
1583

	
1583

	
Caryophyllene oxide

	
0.93%

	
4.34%




	
41

	
26.881

	
1590

	
1592

	
Globulol

	
1.93%

	
-




	
42

	
27.025

	
1648

	
1644

	
AgarospiroI

	
2.95%

	
-




	
43

	
27.339

	
1640

	
1640

	
Alpha Cadinol

	
0.96%

	
-




	
44

	
27.526

	
1630

	
1630

	
Iso-spathulenol

	
4.45%

	
-




	
45

	
27.596

	
1338

	
1332

	
Gamma-Elemene

	
4.45%

	
-




	
46

	
27.738

	
1900

	
1900

	
Columellarin

	
1.89%

	
-




	
47

	
28.242

	
1658

	
1655

	
Bisabolol oxide B

	
1.13%

	
-




	
48

	
28.465

	
1675

	
1675

	
alpha-Santalol

	
0.78%

	
-




	
49

	
29.816

	
2206

	
2202

	
Isospathulenol

	

	
0.83%




	
50

	
29.973

	
1702

	
1702

	
beta-Santalol

	
3.38%

	
-




	
51

	
30.704

	
1685

	
1680

	
alpha-Bisabololoxide A

	
0.92%

	
-




	
52

	
31.253

	
1460

	
1458

	
Allo-aromadendrene oxide

	
-

	
1.83%




	
53

	
31.598

	
1490

	
1490

	
6-Eudesmen-4-α-ol

	
1.15%

	
-




	
54

	
32.286

	
1466

	
1466

	
Caryophyllene epoxide

	
-

	
1.41%




	
55

	
32.410

	
1600

	
1662

	
Rosifoliol

	
-

	
0.61%




	
56

	
32.605

	
1490

	
1485

	
beta-Selinene

	
-

	
0.63%




	
57

	
32.685

	
1607

	
1603

	
beta-Oplopenone

	
-

	
0.96%




	
58

	
36.392

	
2216

	
2214

	
Manool oxide

	
-

	
11.50%




	
59

	
40.151

	
2468

	
2468

	
Abictol

	
-

	
0.94%




	
60

	
43.429

	
1032

	
1030

	
Hexanedioic acid

	
-

	
4.41%
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Table 2. Potentiodynamic polarization parameters of mild steel in HCl solution with the addition of Artemisia herba-alba and Juniperus phoenicea EOs at 298 °K.
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Conc (g/L)

	
-Ecorr (mV/Ag/AgCl)

	
icorr (µA cm−2)

	
βc (mV dec−1)

	
ηPDP (%)






	
1 M HCl

	
**

	
413

	
944

	
139

	
00




	
Juniperus

phoenicea

	
1

	
391

	
75

	
108

	
92




	
0.75

	
405

	
87

	
104

	
91




	
0.5

	
381

	
97

	
107

	
90




	
0.25

	
396

	
105

	
102

	
89




	
Artemisia

herba-alba

	
1.00

	
392

	
81

	
138

	
91




	
0.75

	
394

	
96

	
135

	
90




	
0.50

	
389

	
105

	
130

	
89




	
0.25

	
404

	
162

	
128

	
83








**: no inhibition percentage for the blank solution.
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Table 3. Impedance parameters of mild steel in 1 M HCl containing different concentrations of the studied EOs.
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Conc.

	
Rs

	
Rct

	
Cdl

	
ndl

	
Q

	
ƞimp




	
(g/L)

	
(Ω cm2)

	
(Ωcm2)

	
(µF·cm−2)

	
(µF·Sn−1)

	
%






	
1 M HCl

	
**

	
1.76

	
33.2

	
89.10

	
0.784

	
312.7

	
00




	
Juniperusphoenicea

	
1

	
0.94

	
425.4

	
32.78

	
0.781

	
83.23

	
92




	
0.75

	
1.06

	
379.9

	
41.03

	
0.806

	
91.76

	
91




	
0.5

	
0.53

	
277.2

	
46.80

	
0.791

	
116.1

	
88




	
0.25

	
1.04

	
258.0

	
53.79

	
0.773

	
141.6

	
87




	
Artemisia herba-alba

	
1

	
1.7

	
375.3

	
31.6

	
0.777

	
85

	
91




	
0.75

	
2.2

	
314.7

	
31.9

	
0.753

	
99

	
89




	
0.5

	
0.9

	
284.4

	
43.7

	
0.784

	
113

	
88




	
0.25

	
1.2

	
188.2

	
51.2

	
0.787

	
137

	
82








**: no inhibition percentage for the blank solution.
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Table 4. Theoretical parameters for Artemisia herba-alba and Juniperus phoenicea inhibitors in the aqueous phase.
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EOs

	
Descriptors

	
EHOMO (eV)

	
ELUMO (eV)

	
∆Egap

(eV)

	
η

(eV)

	
σ

(eV−1)

	
χ

(eV)

	
∆N (eV)






	
Artemisia herba-alba

	
Thujone

	
−6.860

	
-0.829

	
6.031

	
3.015

	
0.331

	
3.845

	
0.161




	
Eucalyptol

	
−6.601

	
0.873

	
7.474

	
3.737

	
0.267

	
2.863

	
0.261




	
Beta-santalol

	
−6.428

	
-0.909

	
5.519

	
2.759

	
0.362

	
3.668

	
0.208




	
Juniperusphoenicea

	
Pinene

	
−6.1964

	
0.4729

	
6.6693

	
3.3346

	
0.2998

	
2.8617

	
0.2936




	
Manoyl oxide

	
−6.7698

	
0.1404

	
6.9102

	
3.4551

	
0.2894

	
3.3146

	
0.2178




	
Hexanedioicacid

	
−7.7058

	
0.0897

	
7.7956

	
3.8978

	
0.2565

	
3.8080

	
0.1298




	
Caryophylleneoxide

	
−6.6356

	
0.0059

	
6.6416

	
3.3208

	
0.3011

	
3.3148

	
0.2266
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Table 5. Percentage of atomic elements obtained by EDX spectra.
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	Element
	Juniperusphoenicea
	Artemisia herba-alba
	Blank





	C
	7.94
	7.36
	0.30



	O
	6.61
	6.02
	7.53



	Si
	0.24
	0.44
	0.00



	Cr
	0.35
	0.29
	0.25



	Mn
	0.83
	0.79
	0.60



	Fe
	84.02
	85.09
	77.16
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
-1 - y
zxw
2
-3 4
Py
@\
g
o 44
<.
E
o
=1
= 6
T —%— IM HC1
——1g/1
7 —v—0.75 g/l
——05¢g/1
0.25 g/l
-8 T T T T T T
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2

E (V/Ag/AgCl)

Artemisia herba alba

——

0.5¢g1
0.25 g/l

—0I.5 . —0I.4 I -0.3
E (V/Ag/AgCl)





nav.xhtml


  separations-10-00396


  
    		
      separations-10-00396
    


  




  





media/file16.png
Intensity [Counts]

Intensity [Counts]

Intensity [Counts]

10,000

5,000

4,000
3,000
2,000

1,000

5,000

Blank

10 15 20
Energy [keV]

Juniperus phoenicea

b

0 5 10 15 20
Energy [keV]
1 MnlLa FeKa . .
Artemisia herba-alba
C
| 1 | | 1 1 I | 1 1 | |
§] G 10 15 20

Energy [keV]






media/file2.png





media/file5.jpg
Ariemisia herba alba &

2,4 @. ey

Z,y(@.cm)





media/file3.jpg
rtcmisiaherb b

E (VIAZAZCY)

E(VAZAECH





media/file1.jpg





media/file7.jpg
CPE

Rct





media/file10.png
duolny .

[01dA[eONng

QUAXI|H

[o1eluBS-8)Og

HOMO LUMO MEP

Optimized Structure





media/file12.png
Carvophyllenc
oxide

-
=
=

[

E "5y

= =

=
]

Dlanoyle oxide

Pinene

J o .J
- #
. H
oy %
| ‘- .ll'_--ll'l .-'l..l
i | - -
-H‘..

Optimized Structure

HOMO

LUDNMO






media/file9.jpg
auofnyy.

[owdAeong

HOMO LUMO MEP

Optimized Structure





media/file0.png





media/file14.png
3
=
k¥
S
=S
S
S
<

isia

Artem

-






media/file8.png
CPE

ct






media/file11.jpg
HOMO LUMO MEP

Optimized Structure






media/file6.png
300 300

) ) % 1IMHCI . % IMHCI
Juniperus phoenicea o 1y . Artemisia herba alba o Iyl
] A 0751 i A 075g1
250 * 05 250 & 05g/1
0.25¢/1 0.25g/1
—— Fitting curves Fitting curves
~ 200 200
g
&
150 ! 150
N’
E
N
100 " 100 4
50 50 -
0 r . r - r . r 1 1 1 T 717 0 T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400

Zrel (Q * cmz) Zrel (Q * cmz)





media/file15.jpg
FeKa

Mnta ! Blank
10000 Jrba K0
CIKe Ll
5000 - 2 fekb a
. sial | cna
a i
)0
° T T T T
0 s 10 s 20
Energy lkevi
4000 o Fora - -
7z " . Il Juniperus phoenicea
B bla ¥
5 sow " o
< sia b b
£ 200 —ge ek
= 1000 gk crall |
° - T T I
o s 10 s 2
Erergy tkev)
g 0% Mna i Artemisia herba-alba
H Fhta
H o
= e > M
§ g ]
H <o
o T T T 1
o s 10 s 2

Energy [keV]





