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Abstract

:

Environment-friendly materials (e.g., Honey and Mint) are used as corrosion inhibitors for aluminum in hydrochloric acid (HCl) using both the density functional theory (DFT) at the B3LYP/6–31G* basis set level and semi-empirical methods (AM1, PM3, MINDO, and RM1). The aim of this study is to investigate the inhibition efficiency (%IE) in terms of their molecular structure. The quantum chemical parameters such as the highest occupied molecular orbital energy (EHOMO), the lowest unoccupied molecular orbital energy (ELUMO), the energy gap (ΔE), the charge on the reactive core, the hardness (η), and the total energy have all been computed. The MINDO method was used to measure the electronic energies and charge densities of the inhibitors that were used. Theoretical calculations were also carried out, with the findings correlating well with the experimental data. Gravimetry and gasometry measurements were used to investigate the effects of honey and mint on aluminum corrosion in a 1.0 M hydrochloric acid (HCl) solution. In acid solutions, honey and mint were found to be effective inhibitors of aluminum corrosion, with honey being the better option. Because of the adsorption of its components on aluminum surfaces, the inhibitory effect of the used inhibitors was addressed. The higher dipole moment of honey than that of mint caused the adsorption of honey on the aluminum surface better. The IEs measured by gravimetry and gasometry are almost identical.
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1. Introduction


Corrosion is a natural phenomenon that degrades the properties of metals and alloys, rendering them unusable, and it may be chemical or electrochemical in nature. Aluminum is a nonmagnetic and non-sparkling smooth, tough, lightweight, malleable metal with a silvery to dull grey appearance based on surface roughness. Aluminum and its alloys can be used in construction and interior fittings, as well as in several industries and hazardous environments. Aluminum is known for its low density and ability to resist corrosion to some extent due to passivation; however, it corrodes in aqueous acidic environments. In acid solutions, aluminum and its alloys’ corrosion have been extensively investigated [1,2,3]. In the industry, certain compounds are used as corrosion inhibitors to deter or slow the corrosion of metals in acidic environments. Because of the toxicity and high cost of these compounds, it is important to find friendlier and less costly inhibitors.



Because of growing environmental consciousness and tighter environmental laws governing the use of man-made corrosion inhibitors, the search for environmentally sustainable substitutes, also known as green corrosion inhibitors, has begun [4]. Natural plant-based products [5,6] and non-toxic man-made chemicals such as dyes [7,8,9], rare earth elements [10,11], Schiff bases [12,13,14], and certain drugs [15,16] can be used as environmentally safe corrosion inhibitors. For nearly two decades, scientists have been conducting extensive research to produce new forms of non-toxic aluminum corrosion inhibitors [17]. The process of green corrosion inhibition in aluminum and its alloys in alkaline aqueous conditions has been the subject of numerous theories. Green corrosion inhibitors are thought to slow aluminum corrosion by increasing the pH stability spectrum of amphoteric layers made up of aluminum oxides and hydroxides and/or repairing/rebuilding weakened oxide and hydroxide layers, reducing reactive reagent diffusion speeds to and from the metal’s surface and/or eliminating corrosion products from the metal’s surface [18].



Bee products have been described as effective green corrosion inhibitors for aluminum and its alloys. The anti-corrosive effects of natural honey in seawater, when exposed to Al-Mg-Si alloy, were investigated by Rosliza et al. [19]. The presence of a thin layer of corrosion inhibitor on the protected alloy’s surface was confirmed by SEM analysis; this layer reduced the overall rate of corrosion. Gudic et al. [20] reported similar findings.



Natural products from tannin-rich plant extracts [21,22,23], black pepper extract [24], mint [25], Lawsonia [26], and Opuntia extract [2], as well as extracts from different parts of the plant such as leaves [27] and roots [28], are environmentally safe, non-toxic and comparatively less costly. Bedair et al. [25] investigated the effect of certain natural ingredients such as mint stems and leaves on mild steel corrosion in 1.0 M HCl. They concluded that the plant extracts were mixed-type inhibitors. By increasing their concentrations and lowering the temperature of the atmosphere, these compounds’ inhibition efficiencies (IEs) improved.



Experiments are useful for explaining inhibition mechanisms, but they can be costly and time-consuming. Many research and industrial labs now have access to high-performance computing and graphical resources thanks to the advancements in computer hardware and software and theoretical chemistry. More recent papers concerning the topic of corrosion [29,30] have included significant quantum chemical measurements. These calculations are commonly used to investigate the inhibitors’ electronic properties.



Several papers reported using honey or mint as a corrosion inhibitor; however, there is little or no literature on numerical modeling of molecular structure characteristics of honey- and mint-friendly inhibitors as aluminum corrosion inhibitors in HCl. Thus, for this study, the authors focused their efforts on evaluating honey and mint as aluminum corrosion inhibitors in HCl, using molecular structure numerical simulations and then theoretically verifying using very simple methods, gravimetric and gasometric methods.




2. Experimental Section


2.1. Computational Methods and Details


Geometric optimizations of atoms were carried out using the Density Functional Theory (DFT) at B3LYP formalism with an electron base set 6–31G (d,p). Quantum chemical calculations were also performed using the widely used Gaussian-03 software package (03, Gaussian, Wallingford, CT, USA) [31]. Measurements of the energy of the highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied molecular orbital (ELUMO), the energy gap (ΔE), and the dipole moment have been performed to understand the inhibition mechanisms with regard to the molecular structures. The HyperChem series of programs force field, which was introduced in HyperChem 8.0 (v8.0, Hypercube Inc., Cambridge, ON, Canada), was used to carry out semi-empirical computations using the AM1, PM3, MNDO, and RM1 semi-empirical methods [32].



Al (111), which has more active sites and a larger surface atom coordination number than other surfaces [33], was chosen as the adsorption substrate for MC modeling in this study. The Adsorption Locator module’s MC simulation was used to examine the adsorption of honey, mint, and water on Al (111). The adsorption model had a dimension of 40.49 Å × 28.63 Å × 21.43 Å and was made up of six layers of Al (111) atoms and 25 layers of vacuum. The COMPASS [34] forcefield was used to optimize the adsorption structures. The Ewald approach and the atom-based method were selected as the electrostatic and van der Waals summation methods, respectively. The Ewald method’s precision was adjusted at 1 × 10−4 Kcal mol−1. The atom-based method’s cutoff distance and spline width were set to 15.5 Å and 1 Å, respectively.




2.2. Aluminum Specimens and Reagents


The specimens used in this investigation were made from 99.99% pure aluminum, in a rectangular shape having 4 cm × 1.3 cm × 0.13 cm. They were used for the gravimetric process. The aluminum samples, for the gasometry method, were having 3 cm × 0.6 cm × 0.13 cm. A prepared solution of Na2CO3 (25 g/L), Na3PO4 (25 g/L), and a wetting agent (a synthetic detergent with the active ingredient dodecylbenzene sulphonate) (10 g/L) was used to degrease the aluminum specimens at 85.0 °C for 2 min, and subsequently washed with distilled water. Then, the samples were dipped in a pickling solution of 4 M HCl for one minute, followed by washing with hot and cold water.



Honey and mint contain different ingredients, so the authors suggest choosing the key component, sucrose for honey and menthol for mint, for the theoretical analysis, which is depicted in Figure 1.




2.3. Preparation of Solutions


The corrosive aqueous solution was made with an analytical grade 37% HCl solution from Merck Chemicals. Natural honey’s chemical composition varies slightly depending on the type. Clover honey was included in the current research. The concentration of the stock solution was measured in parts per million (ppm) using double distilled water as the stock solution.



Mint leaves (Mentha Pulegium) were dried at 60 °C to a constant weight and ground into powder to extract the mint inhibitor. To completely immerse the mint powder, an adequate quantity of powder is put in a flask, followed by enough distilled water. After 3 h of refluxing, the mixture was filtered. The filtrate was evaporated and concentrated to obtain the crude powder, which was then dried in an electric oven to obtain the mint extract. The rigid material was removed and crushed into powder once more. With double distilled water as the stock solution, the concentration of the stock solution was expressed in terms of ppm.



The corrosive solution was made by diluting a commercial HCL solution with doubly distilled water (blank was a 1 M HCl). Inhibitor-containing 1 M HCl solutions were prepared with concentrations ranging from 300 to 900 ppm.




2.4. Gravimetric Measurements


In a 100-mL and a 50-mL beaker of the test solution, gravimetric measurements were performed. The immersion time for weight loss was 2 h at 298 K. To acquire good reproducible data, parallel triplicate tests were correctly completed and used to compute the corrosion rates (CRs).



The following equation, Equation (1), is used to compute CRs:


   Corrosion   Rates  =   W L    (   A s  × t  )     



(1)




where WL is the weight loss in milligrams, As is the sample surface areas in cm2, and t is the immersion time in hours. Equation (2) was used to compute the inhibition efficiency, %IE:


  % I E =   C  R 0  − C  R i    C  R 0    × 100  



(2)




where CR0 is the rate of corrosion of aluminum specimen in the blank solution (i.e., HCl solution without inhibitors) in mg cm−2 h−1, and CRi is the rate of corrosion of aluminum specimen in HCl solution with a certain amount of inhibitor in mg cm−2 h−1. Equation (3) shows the degree of surface covering (θ), and IE can be written as follows:


  θ =   C  R 0  − C  R i    C  R 0     



(3)








2.5. Gasometric Measurements


The volumetric measurement of evolved hydrogen was used to track the development of the corrosion reaction. The corrosion rate, CR, in mL min−1 was calculated using the slope of a straight line, illustrating the variability in hydrogen volume and exposure time. The following equation, i.e., Equation (4), was used to calculate the IE:


  % I E =  (  1 −   C R   C  R 0     )  × 100  



(4)




where CR and CR0 are the CRs, in which the CR is the rate of corrosion of aluminum specimens in the presence of inhibitors, and CR0 is the rate of corrosion of specimens in the absence of the used inhibitors.




2.6. Adsorption Isotherm


The adsorption isotherm model may be derived by assuming that the inhibitory effect is primarily due to the adsorption at metal/solution contact [35]. Adsorption isotherms can provide basic information about the adsorption of inhibitor on the metal surfaces. The isotherm may be driven by the determination of the fractional surface coverage data (θ) as a function of inhibitor concentration. Hence, empirically determining which isotherm best suits the adsorption of inhibitor on the aluminum surface is required. The Freundlich isotherm model describes the experimental data for surfaces coverage, as illustrated in the following equation:


  l o g θ = l o g K +  1 n    l o g C  



(5)







Langmuir isotherm model is another model that can be applied to test the adsorption isotherm, as shown in Equation (6):


   C θ  =  1 K  + n   C  



(6)







A plot of C/θ versus the concentration, C, gives the values of the constants, K and n.




2.7. Surface Characterization


Scanning electron microscope (SEM) images of the aluminium surfaces were obtained using the JSM-5500 LV Scanning Electron Microscope (JEOL Ltd., Tokyo, Japan) The morphology of the aluminium surfaces was examined after immersion in HCl (i.e., in the presence and absence of the inhibitor) for one hour at ambient room temperature.





3. Results and Discussion


3.1. Quantum Chemical Calculations


Quantum chemical simulations were used to investigate the effect of molecule structure on inhibitory behavior [36]. The extent of interaction between the active sites of inhibitor molecules and the aluminum surface was calculated using DFT [37]. Recently, corrosion mechanisms have been thoroughly assessed using both electrochemical and computational modeling methods [38,39]. Figure 2 illustrates the optimal molecular structure of these molecules. Additionally, frontier molecule orbital density distributions of these compounds are depicted in Figure 3.



Quantum chemical characteristics, such as EHOMO, ELUMO, ELUMO–EHOMO (energy gap E), dipole moment (µ), and electronegativity, have been obtained, and they are presented in Table 1. The value of EHOMO is connected to a molecule’s ability to donate electrons to appropriate electron acceptors, according to the frontier molecular orbital theory. The value of ELUMO, on the other hand, is proportional to the molecule’s ability to receive electrons [40,41,42]. A molecule with a higher EHOMO value and/or lower ELUMO value tend to have a higher %IE [43,44,45,46]. From Table 1, we can understand that all the calculated values of EHOMO and ELUMO strongly adhere to the following order: honey > mint, which matches well with that of the IE. Another useful parameter, dipole moment (µ), can be used to see the connection between the inhabitation and molecular structure of the inhibitor. In general, the higher value of μ reveals that the adsorption of the molecule into the metal surface is strong, and results in a higher value of IE [46,47]. We can see in Table 1 that the dipole moment of these two compounds is consistent with the order: honey is greater than the mint except for PM3 and RM1 methods, which explains the priority of honey over mint in inhibitory properties.



Based on literature, the correlation between the dipole moment and the inhibition efficiency is still under discussion [48,49]. Some researchers have reported that lower dipole moment values reveal a good inhibition effect [50,51]. On the other hand, chemical potential can be determined by values of electronegativity, as they indicate the freedom of electrons on the inhibitors. However, higher electronegativities indicate better inhibition. From the obtained data in Table 1, honey showed higher values of electronegativity.



Local electron densities or charges have been shown to play a role in many chemical processes and physiochemical characteristics of substances [52]. Adsorption on a metal surface explains the inhibition action of organic compounds because aluminum’s surface is positively charged in an acidic solution [53]. Table 2 shows that all the oxygen atoms in honey and mint have negative charges, indicating that these atoms are negative charge centers, capable of offering electrons to the aluminum surface and forming a coordination kind of link.



Another essential factor to examine in terms of energy levels is the difference between the HOMO and LUMO energies for the molecules under study. Cherry et al. [54] exploited the ELUMO-EHOMO concept to construct theoretical models capable of qualitatively understanding the structural and conformation barriers in many molecular systems. Low absolute values of the energy gap (ΔE) result in high IE because the energy required to remove an electron from the final occupied orbital is very small [55]. According to the data in Table 1, the AM1 method provides a strong correlation in the ELUMO-EHOMO. Honey is the best inhibitor and has the shortest ELUMO-EHOMO (i.e., 12.192 eV), whereas mint is the least inhibitor and has the largest ELUMO-EHOMO (i.e., 13.676 eV). The inhibition rose to 4.1% because of the 1.484 eV difference between the energy gap of honey and the mint. Table 1 shows that, as the ΔE values decline, the IE increases, indicating the stability of created complexes between honey, mint, and aluminum i.e., the order of IEs is as follows: As evidenced by experimental data, honey outperforms mint. This means that the best correlations between experimental and IEs obtained were achieved using DFT and semi-empirical approaches for gaseous phase. According to the literature, when correlation coefficients is greater than 60% in corrosion investigation, it highly appreciated in quantum chemical calculations [55]. Honey has a higher IE than mint because it contains more oxygen atoms. Honey has an abundance of unbound lone pair electrons that can bond with aluminum. DFT was used to calculate the protonated forms of both Honey and Mint at the B3LYP/6–31G* level, which is the same level used to calculate the neutral (non-protonated) type. The energy gaps of Honey and Mint in their protonated forms are considerably smaller than the neutral form. The dipole moment value has increased in the protonated form, resulting in improved organic molecule adsorption to metal surfaces. The inhibitors exhibited more softness and less hardness in the protonated state. These results imply that, in a protonated form, the inhibitors have higher reactivity.



The molecular structure of an inhibitor affects its adsorption efficiency. The presence of rigidity of a π-delocalized system, more donor functional groups and substituents on benzene rings may result in an increase in electron density at the adsorption center, which produces more coordinate bonding and easier electron transfer to the metal, leading to higher inhibition efficiency. Honey has a higher IE than mint because it contains more oxygen atoms. Honey has an abundance of unbound lone pair electrons that can bond with aluminum. The results demonstrate a good agreement between the computational calculations and the experimental data [37].



The stability and reactivity of a compound could also be used to evaluate its hardness and softness. Thus, compounds are highly reactive compared to hard compounds, and they effortlessly provide electrons to an Al sample during the adsorption. Thus, they work as effective corrosion inhibitors [56]. As shown in Table 1, Honey has an average s value (3.18), while Mint has an average s value (3.48) with values that are very close to each other, which demonstrates the small differences in inhibition efficiency. The same explanation also goes for the case of hardness.




3.2. MC Simulations


The strength and arrangement of the adsorption on the metal surface have a direct impact on how well organic corrosion inhibitor molecules block corrosion [57]. The most stable arrangement of organic molecules adsorbed on the metal surface may be precisely determined using MC modeling, and the adsorption energy can be calculated [58]. In MC simulations [22], the rigid adsorption energy and the deformation energy are added to determine the adsorbed substance’s adsorption energy. While the deformation energy refers to the energy released or required when the adsorbates are relaxed, the stiff adsorption energy refers to the energy released or necessary when unrelaxed adsorbates adsorb on the substrate. MC simulations were used to perceive the interactions between the honey, mint and the Al surface and the mechanism of adsorption. Figure 4 shows the most likely adsorption configurations for honey and mint on the Al sample. This was achieved by the adsorption locator module that presents the smooth disposition and suggests an improvement in the adsorption with the highest surface coverage. Table 3 also compiles the results of the Monte Carlo simulations’ calculations. In the table, rigid adsorption energies for unrelaxed adsorbate compounds, relaxed adsorbate compound deformation energies, and adsorption energies for relaxed adsorbate compounds are all listed. Compared to Honey (−9570.46 kcal mol−1), Mint displayed a lower result for adsorption energy (9114.16 kcal mol−1). This demonstrated the Honey’s increased ability to bind to the surface of Al, creating a stable adsorbed barrier that inhibits corrosion. These findings are consistent with the experimental data. The values for the adsorption energy for Honey at the unrelaxed and relaxed stages of geometry optimization were −235.35 and 956.81 kcal mol−1, respectively. These values were more negative for Honey than for Mint, indicating a stronger propensity toward prohibition for Honey.




3.3. Outcomes of the Experiment


3.3.1. Type of Inhibitor Effect


Gravimetric Calculations


Table 4 summarizes the data of the percentage IE and the surface coverage values (θ) that were obtained from using the weight loss method as the inhibitors at 900 ppm in 1 M HCl.



The best inhibitor was Honey, as shown by the above results, and the percentage IE for the various studied substances decreased in the following order: Honey > Mint



The inhibitory effect of honey and mint was attributed to their compositions’ adsorption on the aluminum surface. The presence of oxygen and electron donors from their double or aromatic bonds, which restricted the active sites on the metal, caused the corrosion rate to decrease, and the electron transfer value is the number of electrons transferred by organic compounds to the metal surface [57]. Honey has many hydroxyl groups which increase its electron-donating ability at the metal’s surface when compared with that of mint (which has only one hydroxyl group); this explains the higher IE of honey than that of mint.



Inhibitor adsorption occurs on a metal’s surface either physically or chemically. Some factors can facilitate the adsorption of organic inhibitors by metals such as the presence of molecules with empty, low-lying energy orbitals and molecules with electrons or hetero species, which are almost inaccessible due to their bonding with electron pairs. This will result in interactions between adsorbates that have unshared pairs of electrons with the surfaces of metals, and lead to form a coordinate type of the bonding system [58].



The type of the functional group in the organic corrosion inhibitors, and their structures, determine the bonding strength. Additionally, the presence of weakly bound electrons, such as those in neutral compounds and anions containing lone pairs of electrons, or in an electron system conjugated with aromatic rings or triple bonds, encourages electron transfer from the adsorbed inhibitor. It can happen when there are hetero species (e. g., O, S, N, P, and Se) in the adsorbed materials as well as lone-pair and/or aromatic units.



In addition, the hydroxyl groups in honey are more acidic, and the presence of a common ion effect and the absence of electron groups give rise to the H+ effect. Because the presence of alkyl groups gives electron richness, the influence of H+ is minimized in the mint condition.




Gasometry


Figure 5 illustrates the volume of evolved hydrogen versus the reaction time during the sample corrosion in 1 M HCl solutions in the presence and in the absence of various inhibitors. After a set amount of time from immersion of the aluminum in the test solution, the hydrogen evolution began. This duration is thought to correspond to the time the acid takes to degrade the pre-deposited inhibitor film before the metal assault begins, and it is known as the incubation period. According to available data, there is a linear relationship between the time of reaction and the volume of hydrogen evolved in all the examined solutions. On the other hand, the presence of the inhibitor decreases the straight line’s slope significantly. The honey inhibitor has a strong capacity to prevent aluminum corrosion in acid solutions, based on the slope of the line, which represents the rate of corrosion. The IE values and the surface coverage values (θ) of different inhibitors used in 1 M HCl generated from the H2-evolution technique are listed in Table 5.



These data also show that honey was the best inhibitor, and the percentage IE for the various studied substances decreased in the following order: honey > mint.





3.3.2. Impact of Inhibitor Concentration


Gravimetry Method


The impact of inhibitor concentration via the weight loss approach was utilized to consider a honey inhibitor as an example. Table 6 summarizes the values of proportion IE and the fractional surface insurance values (θ) obtained by employing the weight loss technique for diverse concentrations of honey inhibitors in 1 M HCl.



With an increment in the inhibitor’s concentration, the weight loss diminished, and so the corrosion inhibition strengthened as can be seen in Table 5. This pattern might be explained by the fact that, as the concentration rises, so do adsorption and surface insurance. Hence, the surface and the medium are effectively separated.





3.3.3. Isotherm of Adsorption


Adsorption behaviour can be used to understand the mechanism of corrosion inhibition. The approach of fitting data to several isotherms was used to assess the data graphically. Figure 6 shows a plot of log θ vs. log C, (Table 7), for the employed inhibitor, indicating that these compounds adsorb on the aluminum surface according to the Freundlich adsorption isotherm, which obeys the following relationship:


log θ = log K + 1/n log C (n > 1)











The findings showed that the Freundlich adsorption isotherm is valid for this inhibitor (R2 = 0.99), with a straight line of intercept log K (K = 4.15 × 10−3) and slope 1/n (n = 1.27).



On the aluminium surface, a plot of data in Table 8, (c/θ) vs. c, for the employed inhibitor (Figure 7) indicates that the adsorption does not follow the Langmuir adsorption isotherm, R2 = 0.7728.





3.4. Metal Surface SEM Analysis


Figure 8a,b shows a magnified (×2500) SEM image of an aluminum specimen submerged in 1 M HCl for 1 h in the absence and presence of a honey inhibitor system. Figure 8a shows SEM micrographs of the aluminum surface in HCl without the inhibitor in which the roughness of the metal surface demonstrates aluminum corrosion in HCl.



Figure 8b shows that, when the honey inhibitor is present, the surface coverage rises, resulting in the production of the adsorbed compound on the metal’s surface, which is then coated by a layer of inhibitor, thus controlling aluminum dissolution.



Finally, the importance of the inverse problem’s solution for the best possible design of the experiments must be emphasized. Finding the ideal corrosion inhibitor concentration and immersion or exposure period really improves experiment control and enables a more accurate computation of the actual and fictitious impedances of aluminum in each solution. Even while making plans for future work, a closed-loop controller can be made by using the best values found for concentration and immersion or exposure time as process references [37,58].





4. Conclusions


The reactivity parameters of honey and mint were investigated in terms of their respective IEs, using theoretical DFT simulations. Honey is highly capable as an effective surface coating for metal to prevent the latter against corrosion, according to all of the quantum chemical characteristics, describing the IE. The theoretical conclusions reached were in good agreement with the experimental findings. Honey and mint are both efficient corrosion inhibitors in HCl as can be understood from the results of several experiments, but honey is the best. Adsorption of organic materials on the metal’s surface inhibited corrosion activity. By physically adhering to the corroding metallic surface, the inhibitors that were investigated successfully lowered the rate of aluminum corrosion in HCL. As the concentration of honey was increased, the efficacy of the inhibition also increased. It was concluded that the Freundlich adsorption isotherm governed the adsorption of honey on aluminum surfaces in 1 M HCl. The SEM images showed how the protection layer on the metal’s surface was constructed. The gasometric calculations and those concerning weight loss IE were in reasonable agreement with each other.
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Figure 1. Molecular structures of the main ingredients of honey and mint as the inhibitors employed in the experiment. 






Figure 1. Molecular structures of the main ingredients of honey and mint as the inhibitors employed in the experiment.



[image: Metals 12 01538 g001]







[image: Metals 12 01538 g002a 550][image: Metals 12 01538 g002b 550] 





Figure 2. Optimized structure of (a) Honey and (b) Mint using B3LYP/6–31G*(d,p). 
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Figure 3. Plots of frontier orbitals and energy gap for (a) Honey and (b) Mint. 
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Figure 4. The adsorption locator module achieved the maximal suitable conformation for the adsorption of the synthesized hydrazides on the Al (1 1 1) substrate. 
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Figure 5. Hydrogen evolution during the Aluminum corrosion in 1 M HCl in the absence and the presence of 900 ppm of inhibitors. 
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Figure 6. Freundlich adsorption isotherm curve fitting of corrosion data for aluminum in 1 M HCl in the presence of varying concentrations of honey inhibitor. 
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Figure 7. Fitting the Langmuir adsorption isotherm to the corrosion data for aluminium in 1 M HCl in the presence of varying amounts of the honey inhibitor. 






Figure 7. Fitting the Langmuir adsorption isotherm to the corrosion data for aluminium in 1 M HCl in the presence of varying amounts of the honey inhibitor.



[image: Metals 12 01538 g007]







[image: Metals 12 01538 g008 550] 





Figure 8. (a) SEM for pure aluminum in 1 M HCl in the absence of inhibitor; (b) SEM for pure aluminum in 1 M HCl in the presence of honey inhibitor. 
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Table 1. Gas-phase AM1, MNDO, PM3, RM1, and B3LYP/6–31G*(d,p) data for honey and mint.
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Method

	
Inhibitor

	
EHOMO

	
ELUMO

	
∆E

	
Hardness

	
Softness

	
Chemical Potential

	
Electrophilicity Index

	
Dipole-Moment

	
Electro-

Negativity

	
% Inhibition






	
AM1

	
Honey

	
−10.54

	
1.64

	
12.19

	
6.09

	
3.05

	
−4.45

	
1.63

	
3.59

	
4.45

	
89.3




	
MINDO

	
−10.52

	
2.31

	
12.83

	
6.42

	
3.21

	
−4.11

	
1.31

	
2.14

	
4.11

	
89.3




	
PM3

	
−10.78

	
1.76

	
12.54

	
6.27

	
3.14

	
−4.51

	
1.62

	
0

	
4.51

	
89.3




	
RM1

	
−10.44

	
2.16

	
12.6

	
6.3

	
3.15

	
−4.14

	
1.36

	
0

	
4.14

	
89.3




	
B3LYP/6–31G*(d,p)

	
−11.04

	
2.5

	
13.54

	
6.77

	
3.39

	
−4.27

	
1.35

	
3.69

	
4.27

	
89.3




	
B3LYP/6–31G*(d,p) protonated form

	
−6.83

	
0.96

	
7.79

	

	

	
3.82

	

	

	

	




	
AM1

	
Mint

	
−10.45

	
3.21

	
13.67

	
6.83

	
3.42

	
−3.62

	
6.83

	
1.54

	
3.62

	
85.2




	
MINDO

	
−10.98

	
2.88

	
13.86

	
6.93

	
3.47

	
−4.05

	
6.93

	
1.32

	
4.05

	
85.2




	
PM3

	
−10.88

	
3.02

	
13.91

	
6.95

	
3.48

	
−3.93

	
6.95

	
1.41

	
3.93

	
85.2




	
RM1

	
−10.47

	
3.37

	
13.84

	
6.92

	
3.46

	
−3.55

	
6.92

	
1.45

	
3.55

	
85.2




	
B3LYP/6–31G*(d,p)

	
−11.39

	
2.98

	
13.57

	
7.19

	
3.59

	
−4.21

	
7.19

	
2.12

	
4.21

	
85.2




	
B3LYP/6–31G*(d,p) protonated form

	
−6.73

	
2.03

	
8.76

	

	

	
2.76
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Table 2. Mulliken atomic charges of honey and mint by B3LYP/6–31G*.
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Honey

	
Mint






	
1

	
O

	
−0.350

	
1

	
C

	
−0.155




	
2

	
C

	
−0.036

	
2

	
C

	
−0.154




	
3

	
C

	
0.176

	
3

	
C

	
−0.090




	
4

	
C

	
−0.001

	
4

	
C

	
0.034




	
5

	
O

	
−0.320

	
5

	
C

	
−0.190




	
6

	
C

	
0.012

	
6

	
C

	
−0.099




	
7

	
O

	
−0.319

	
7

	
C

	
−0.092




	
8

	
C

	
−0.042

	
8

	
C

	
−0.209




	
9

	
O

	
−0.249

	
9

	
C

	
−0.209




	
10

	
C

	
−0.028

	
10

	
O

	
−0.326




	
11

	
O

	
−0.324

	
11

	
O

	
−0.208




	
12

	
O

	
−0.304

	

	

	




	
13

	
C

	
0.121

	

	

	




	
14

	
C

	
−0.016

	

	

	




	
15

	
O

	
−0.320

	

	

	




	
16

	
C

	
−0.037

	

	

	




	
17

	
O

	
−0.322

	

	

	




	
18

	
C

	
−0.023

	

	

	




	
19

	
O

	
−0.319

	

	

	




	
20

	
C

	
−0.003

	

	

	




	
21

	
C

	
−0.014

	

	

	




	
22

	
O

	
−0.326

	

	

	




	
23

	
O

	
−0.316
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Table 3. Data and descriptors obtained using the Monte Carlo simulation for the adsorption of Honey and Mint compounds on Al (1 1 1) a.
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	Compound
	Adsorption

Energy
	Rigid Adsorption

Energy
	Deformation

Energy
	Inhibitor: dEad/dNi
	Water: dEad/dNi





	Honey
	−9570.46
	−235.35
	956.81
	−289.75
	−4.53



	Mint
	−9114.16
	−228.31
	911.18
	−257.15
	−4.53







a The dEads/dNi figures help to clarify the energy of the metal adsorbate arrangement when the energy of the adsorbates was ignored. Honey had a greater adsorption than Mint, as evidenced by the higher dEads/dNi values for Honey molecules (−9570.46 kcal mol−1) compared to −9114.16 kcal mol−1. In addition, the fact that water molecules have a dEads/dNi value of 4.53 kcal mol−1 indicating that Honey and Mint have a larger affinity for adsorption than water. Thus, Honey and Mint created a solid protective barrier and were definitively adsorbed on the Al surface.
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Table 4. Calculated values of (%IE) and (θ) by using the Weight Loss method for aluminum in the aqueous solution of inhibitor and 1 M HCl (duration is 2 h). The standard deviation is shown by the (±) sign, and these numbers represent the average of three measurements.
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	Inhibitor
	(%IE)
	(θ)





	Honey
	89.3 (±) 1.2
	0.89



	Mint
	85.2 (±) 0.95
	0.85
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Table 5. Percentage IE and surface coverage (θ) values acquired, using the hydrogen–evolution approach in the presence of the inhibitors in 1 M HCl. The standard deviation is shown by the (±) sign, and these numbers represent the average of three measurements.
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	Inhibitor Type
	(%IE)
	(θ)





	Honey
	86 (±) 0.81
	0.86



	Mint
	82.1 (±) 0.89
	0.82
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Table 6. IE and fractional surface coverage values (θ) were gained using a weight loss technique for aluminum in an aqueous solution of 1 M HCl for two hours in the absence and presence of different concentrations of honey as the inhibitor. The standard deviation is shown by the (±) sign, and these numbers represent the average of three measurements.






Table 6. IE and fractional surface coverage values (θ) were gained using a weight loss technique for aluminum in an aqueous solution of 1 M HCl for two hours in the absence and presence of different concentrations of honey as the inhibitor. The standard deviation is shown by the (±) sign, and these numbers represent the average of three measurements.





	Inhibitor Concentration
	(%IE)
	(θ)





	(900 ppm)
	89.3 (±) 0.43
	0.89



	(600 ppm)
	62.5 (±) 0.47
	0.63



	(450 ppm)
	49.4 (±) 0.72
	0.49



	(300 ppm)
	38.1 (±) 0.84
	0.38
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Table 7. Log C and Log (θ) values obtained from Table 5.
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	Log C
	Log θ





	2.95
	−0.049



	2.78
	−0.204



	2.65
	−0.306



	2.48
	−0.419
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Table 8. (c/θ), (θ), and c values as determined from Table 5.






Table 8. (c/θ), (θ), and c values as determined from Table 5.





	Inhibitor Concentration
	(θ)
	(c/θ)





	(900 ppm)
	0.89
	1011



	(600 ppm)
	0.63
	963



	(450 ppm)
	0.49
	911



	(300 ppm)
	0.38
	787
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